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FOREWORD 

This document was originally prepared fay Burns and Roe, Incorporated, 
under Subcontract Number 3096 with Union Carbide Corporation, Nuclear 
Division, as an activity of the RDT Standards Program at Oak Ridge 
National Laboratory. The information was compiled by F. J. Patti, 
J. Clapp, E. Cramer, and A. Pan of Burns and Roe, Inc., under the direc-
tion of R. W. Dehoney of Oak Ridge National Laboratory. 

The breadth of the subject matter included in this document precludes 
the possibility of addressing each particular consideration in depth. An 
attempt has been made to provide the analytical tools needed to make pre-
liminary sizing evaluations and, through example calculations, to demon-
strate the relative complexity of the problem. The primary purpose of 
the document is to provide a reference for those procuring heat transfer 
equipment to be used in water-cooled nuclear reactor systems. 

We wish to acknowledge the helpful suggestions received from the 
special RDT subcommittee of the Tubular Exchangers Manufacturers Associa-
tion composed of representatives from Combustion Engineering, Inc.; 
Engineers and Fabricators, Inc.; Struthers Nuclear and Process Company; 
Whitlock Manufacturing Company; and Yuba Industries, Inc. Our gratitude 
for their review of material presented herein is also expressed to repre-
sentatives of the Babcock and Wilcox Company; Brookhaven National Labora-
tory; Idaho Nuclear Corporation; MPR Associates, Inc.; and Southwestern 
Engineering Company, Inc. 
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DESIGN GUIDE FOR HEAT TRANSFER EQUIPMENT 
IN WATER-COOLED NUCLEAR REACTOR SYSTEMS 

Abstract 

Information pertaining to design methods, material 
selection, fabrication, quality assurance, and perform-
ance tests for heat transfer equipment in water-cooled 
nuclear reactor systems is given in this design guide. 
This information is intended to assist those concerned 
with the design, specification, and evaluation of heat 
transfer equipment for nuclear service and the systems 
in which this equipment is required. 

1. INTRODUCTION 

This design guide was prepared to serve as a reference document for 
those concerned with the design, specification, and evaluation of heat 
transfer equipment for nuclear service. The recognized techniques for 
the design of heat transfer equipment that pertain to the performance of 
this equipment in nuclear reactor systems in which water is the primary 
coolant are consolidated in this document. The important heat transfer 
considerations and pertinent structural requirements are covered, and 
special coverage is given to tube vibration because the high fluid flow 
rates in nuclear systems often lead to difficulty with this characteris-
tic. Aspects of heat exchanger design that are associated with non-
nuclear service are included in this document, but the special considera-
tions required in the design and fabrication of equipment to transfer 
heat generated by nuclear fission are emphasized because one or more of 
the heat transfer media is either radiopctive or potentially radioactive. 

Those specifying nuclear heat transfer equipment should find this 
document a useful reference for defining calculational methods, opera-
tional features, and system considerations. This document should also 
guide those evaluating heat transfer equipment in determining equipment 
requirements on a relatively conservative basis. Design checks made by 
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using the methods suggested herein will show whether a design is well, 
founded or marginal. Marginal designs should be reviewed with the 
designer to determine whether the lack of conservatism is warranted by 
the circumstances. 

Another and most important purpose of this document is the provision 
of a basis for communication between purchasers, suppliers, and users of 
heat transfer equipment in nucleal- service through the suggested methods 
for specifying and evaluating design features. 
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2. HEAT EXCHANGERS IN NUCLEAR SYSTEMS 

To familiarize the reader with the application of heat exchangers in 
nuclear service, the systems in water-cooled reactor plants that require 
heat exchangers are described in this section. The systems described are 
in both power reactor and research reactor installations, and these are 
the General Electric Boiling-Water Reactor, Babcock and Wilcox Pressurized 
Water Reactor, Westinghouse Pressurized-Water Reactor, Brookhaven High 
Flux Beam Research Reactor, and the Oak Ridge National Laboratory High-
Flux Isotope Reactor. The heat exchangers in the power reactor systems 
designed for nuclear service are given in Table 2.1, and the exchangers 
in the research reactor systems designed for nuclear service are given in 
Table 2.2. 

In addition to the nuclear systems described herein, there are other 
cooling systems required to maintain the balance of the reactor plants, 
but although important, these systems are not as critical as the nuclear 
systems. The classification of a heat exchanger for nuclear service is 
based on whether special considerations are required in the design and/or 
fabrication of the exchanger as a result of its use in a nuclear facility. 

2.1 Nuclear Service Classification 

Classification for nuclear service is determined by two criteria. 
One is whether components of the exchanger being considered fall within 
the scope of Section III, Nuclear Power Plant Components, of the ASME 
Boiler and Pressure Vessel Code. Prior to the issuance of Section III, 
the types of heat exchangers that are now designed in accordance with the 
rules of Section III were designed in accordance with the rules of Sec-
tion VIII, Pressure Vessels, of the ASME Boiler and Pressure Vessel Code 
as modified by Code Cases 1270N and 1273N. The second criterion for 
nuclear service classification is whether the exchanger must be designed 
to meet Class-I seismic requirements. The Tubular Exchanger Manufactur-
ers Association (TEMA.) has formulated industry-wide standards covering 



Table 2.1. Heat Exchangers in Power Reactor Systems Designed for Nuclear Service 

Reactor Heat Fluid Flow ASME Code Design Seismic TEMA 
System Type* Exchanger Tube Shell Tube Shell Design Class Class 

Reactor Coolant Gen. Electric None 
(BWR) 

Babcock & Wil. Steam Reactor Feedwater III-A III-A I 
(PWR) Generator Coolant 

Combustion Steam Reactor Feedwater III-A III-A I 
(PWR) Generator Coolant 

Westlnghouse Steam Reactor Feedwater III-A Ili-ri T 
(PWR) Generator Coolant 

Reactor Water Cleanup (GE) 
Makeup & Purification (B&Wj 
Chem.& Vol. Control (CE) 
Chem. & Vol. Control (W) 

Combustion 
(PWR) 

Regenerative Reactor 
Coolant 

Reactor 
Coolant 

III-C III-C I 

Westinghouse 
(PWR) 

Regenerat ive Reactor 
Coolant 

Reactor 
Coolant 

III-C III-C I R 

General Elec. 
(BWR) 

Non-regen-
erat ive 

Reactor 
Coolant 

Closed 
Cooling 

III-C III-C II R 

Babcock & Wil. 
(PWR) 

Let Down 
Coolers 

Reactor 
Coolant 

Component 
Cooling 

III-C VIII I R 

Seal Return 
Coolers 

Reactor 
Coolant 

Component 
Cooling 

III-C VIII I R 

Combust ion 
(PWR) 

Let Down 
Cooler 

Reactor 
Coolant 

Component 
Cooling 

III-C III-C I 

Westinghouse 
(PWR) 

Let Down 
Cooler 

Reactor 
Coolant 

Component 
Cooling 

III-C VIII I R 

Excess Let 
Down Cooler 

Reactor 
Coolant 

Component 
Cooling 

III-C VIII II R 

Gen. Electric Regenerative Reactor Reactor III-C III-C II R 
(BWR) Coolant Coolant 

Babcock & Wil. None 
(PWR) 



Table 2.1 (continued) 

Reactor Heat Fluid Flow ASME Code Design Seismic TEMA 
System Type* Exchangers Tube Shell Tube Shell Design Class Class 

Chem.&Vol. Control (W) Westinghouse 
(Cont'd) 

Seal 
Water 

Reactor i 
Coolant 

Component 
Cool ing 

III-C VIII I R 

Residual Heat Removal (GE) Gen.Electric Residual Raw Reactor VIII III-C I R 
Decay Heat Reuoval (B&W) 
Shutdown Cooling (Comb) 
Residual Heat Rem. (W) 

(BWR) Heat Removal Water Coolant Decay Heat Reuoval (B&W) 
Shutdown Cooling (Comb) 
Residual Heat Rem. (W) Bab.& Wilcox 

(PWR) 
Decay Heat 
Removal 

Reactor 
Coolant 

Component 
Cooling 

III-C VIII I R 

Combustion 
(PMR) 

Shutdown 
Cooling 

Reactor 
Coolant 

Component 
Cooling 

III-C III-C II 

Westinghouse 
(PWR) 

Residual 
Heat Removal 

Reactor 
Coolant 

Component 
Cooling 

III-C VIII I R 

Spent Fuel Cooling and 
Cleanup 

General Elec. 
(BWR) 

Spent Fuel 
Cooling 

Spent Fuel 
Pool Water 

Closed 
Cooling 

VIII VIII II R 

Bab.& Wilcox 
(PWR) 

Spent Fuel 
Cooling 

Spent Fuel 
Pool Water 

Component 
Cooling 

III-C VIII II R 

Combustion 
(PWR) 

lipent Fuel 
Cooling 

Spent Fuel 
Pool Water 

Component 
Couling 

VIII VIII II 

Westinghouse 
(PWR) 

Spent Fuel 
Cooling 

Spent Fuel 
Pool Water 

Component 
Cooling 

III-C VIII II 

Sampling Gen. Electric 
(BWR) 

Sample 
Cooler 

Reactor 
Coolant 

Component 
Cooling 

III-C VIII II 

Bab.& Wilcox 
(PWR) 

Sample 
Cooler 

Reactor 
Coolant 

Component 
Cooling 

III-C III-C II 

Combust ion 
(PWR) 

Sample 
Cooler 

Reactor 
Coolant 

Component 
Cooling None None II 

Westinghouse 
(PWR) 

Sample 
Cooler 

Reactor 
Coolant 

Component 
Cooling 

III-C VIII II 



T a b l e 2 . 1 ( c o n t i n u e d ) 

Reactor Heat Fluid Flow ASMS Code Dealgn Solsmlc TEMA 
System Type* Exchangers Tube Shell Tube Shell Design Class Class 
Reactor Bldg. Closed 
Cooling (GE) 

Gen. Electric 
(BWR) 

R.B. Closed 
Cooling 

Raw 
Water 

Closed 
Cooling 

VIU VIII 1 R 

Component Cooling 
(B&W Comb, West.) 

Bab.& Wilcox 
(PWR) 

Component 
CoolIng 

H«iv 
Water 

Component 
Cooling 

VIII VIII I 

Combustion 
(PWR) 

Component 
CoolIng 

Raw 
Wacsr 

Conponent 
Cooling 

VIII VIII I 

WesClnghouse 
(PWR) 

Component 
CoolIng 

Raw 
Water 

Component 
CoolIng 

VIII vin I 

*BWR: Boiling Water Reactor 
PWR: Pressurized Water Reactor 

a* 



Table 2.2. Heat Exchangers in Research Reactor Systems Designed for Nuclear Service 

System 
Reactor 
Typca 

Heat 
Exchanger Tube 

Fluid Flow 
sTeTT 

ASHE Code paiiftn S«Umte T£KA 
Tube Shell " Design CIatt CInot 

Primary Coolant 

Reactor Shutdown 
Cool ing 

Brookhaven 
(KFBR) 

Primary 
Cooler 

Reactor 
Coolant 

Cooling 
Tower 
Water 

ASH£ Case 
127QN & 
1273K 

VXJX 

Oak Ridge Primary Reactor Coollnjs VIII & VIII 6 
(IfFIR) Cooler Coolant Water Code Case Code Ca»e 

I270N & 1270K & 
1273M 1273H 

Brookhaven 
(HFBR) 

Shutdown 
Cooler 

Cooling Reactor 
Tower Coolant 
Water 

VIII VIII (> 
Code Case 
1270H & 
1273H 

Oak Ridge 
(HFIR) Kens 

Spent Fuel Canal 
Cooling and Cleanup 

Brookhaven 
(HFBR) 

Spent Fuel 
Cooler 

Canal Cooling 
Water Tower 

Water 
VIII v m 

Oak Ridge Pool Secondary Pool 
(HFIR) Cooler Coolant Water 

VIII VIII 

aHFBR: High Flux Beam Rcactor, HFIR: High Flux Isotope Reactor 
bReactor building and all associated structures are designed to withstand horizontal accelerations of 0.19 C> 
Q Design includes an earthquake factor of 0.050. 
The primary coolant system handles the shutdown cooling. 
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Che mechanical design of most types of heat exchangers. Some of the 
nuclear heat exchangers listed in Tables 2.1 and 2.2 were designed to 
meet these TEMA standards. 

2.1.1 Code Classification 

The rules of Section III of the ASME Boiler and Pressure Vessel 
Code constitute requirements for the construction of nuclear power plant 
components and appurtenances. Paragraph NA-1120(a) of this code states 
that "Nuclear power system components for which rules are specified by 
this Section of the Code are those components which are designed to pro-
vide a pressure-containing barrier or to act as a pressure-retaining 
member in the nuclear power system or to support the reactor core." 

Four sets of construction rules are specified in Section III of the 
A3ME Boiler and Pressure Vessel Code- These are designated as the rules 
of Code Classes 1, 2, 3, and MC; and they are intended to be applied to 
the classification of pressure-retaining or pressure-containing compo-
nents of a nuclear power system and containment system. However, as 
stated in Paragraph NA~2110(b), "This Section of the Code does not pro-
vide guidance in the selection of the class.of components for a specific 
system. Such guidance is derived from systems safety criteria applicable 
to specific types of nuclear power systems ... as specified in engineer-
ing standards or as may be required by regulatory authorities having 
jurisdiction at the nuclear power plant site." Further, as stated in 
Paragraph NA-2140, "The Owner of a nuclear power plant, directly or 
through his agent, shall be responsible for determining the appropriate 
Code Class(es) for each component cf the nuclear power plant and shall 
specify these Code Classes in the Design Specifications as required by 
NA-3253." 

Heat exchangers within the scope of the code definition of nuclear 
power system components are designed to meet the requirements of either 
Code Class 1 or Code Class 2. These code classes were formerly Class A 
and Class C, respectively, as defined in the Winter 1970 Addenda to 
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Section III, Nuclear Vessels, of the ASME Boiler and Pressure Vessel 
Code. However, as stated in Paragraph NA-2133, "Compartments in compo-
nents consisting of multiple compartments (e.g., heat exchangers) may be 
assigned different Code Classes, provided any interactions between com-
partments produced by service conditions are taken into account and these 
conditions are specified in the Design Specifications (NA-3250)." 

(a) Class 1. Class-1 components must be designed and constructed 
in accordance with the rules of Subsection NB of Section III of the ASME 
Boiler and Pressure Vessel Code. Included among the vessels intended for 
this classification are, for example, 
1. vessels designed to contain nuclear fuel and reactor coolant or mod-

erator and within which any output of thermal energy from the nuclear 
fuel may take place, and 

2. vessels designed to contain reactor coolant and/or moderator that are 
relied upon to the extent that the loss of their service or function 
might impair the safety of the system. 

(b) Class 2. Class-2 components must be designed and constructed 
in accordance with the rules of Subsection NC of Section III of the ASME 
Boiler and Pressure Vessel Code except as provided under Optional Use of 
Code Classes. As stated in Paragraph NA-2134(a), "Any component classi-
fied as Code Class 2 in the Design Specifications may be constructed and 
stamped in accordance with the rules of Subsection NB in their entirety." 

2.1.2 Seismic Classification 

Seismic considerations have become an important aspect of the design 
of nuclear facilities. As a result, all structures and equipment in a 
nuclear facility are classified as Class I, Class II, or Class III on a 
seismic basis. These seismic classifications are defined as follows. 

(a) Class I. Structures and equipment whose failure could cause 
significant release of radioactivity or that are vital to a safe shutdown 
of the plant and removal of decay heat are classified as Class I. All 
Class-I structures and equipment require dynamic analysis to demonstrate 
that they will continue to perform satisfactorily under the spiamic 
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conditions applicable to the site. In addition, the design of such 
structures and equipment shall permit snfc shutdown with twice the basic 
seismic load applicable to the site. 

(b) Class II. Structures And equipment that way be essential to 
the operation of the plant but which arc not essential to a safe shutdown 
are classified as Class II- Class-II structures and equipment shall be 
designeJ to meet the requirements of the applicable seismic zone as 
defined in the latest edition of the Unifotm Building Code of the Pacific 
Coast Building Officials Conference or the local building code, whichever 
is more severe. 

(c) Class III. Structures, components, and systems that are neither 
important to reactor operation nor essential to the safe shutdown and iso-
lation of the reactor and whose failure could not result in the release of 
radioactivity are classified as Class III. These structures shall be 
designed in accordance with the requirements of the applicable local or 
state building codes. 

2-1.3 TEMA Classification 

The Tubular Exchanger Manufacturers Association (TEMA), which con-
sists of manufacturers of she11-and-tube heat exchangers, has issued stan-
dards for the mechanical design, fabrication, installation, operation, and 
maintenance of heat exchangers. These standards also contain thermal, 
physical property, and other data that are useful to the designer of heat 
exchangers. These standards are particularly relevant to the design of 
the mechanical features of heat exchangers. However, care must be exer-
cised in using the formulas for establishing material thicknesses and cal-
culating stresses since these formulas do not conform to the more exacting 
stress analysis requirements of Section III of the ASME Boiler and Pressure 
Vessel Code- When applying the TEMA standards to a specific case, the 
heat exchanger shall be designed to meet the requirements of one of the 
following classifications. 
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(a) TEMA Class R. The TEMA mechanical standards for Class-R heat 
exchangers are used for the generally severe requirements of petroleum 
and related processing applications. Equipment fabricated in accordance 
with these standards is designed for safety and durability under the 
rigorous service and maintenance conditions of such applications. 

(b) TEMA Class C. The TEMA mechanical standards for Class-C heat 
exchangers arc used for the genera.ly moderate requirements of commercial 
and general-purpose applications. Equipment fabricated in accordance with 
these standard;; is designed for the maximum economy and overall compact-
ness consistent with the safety and service requirements of such 
applications. 

(c) TEMA Class B. The TEMA mechanical standards for Class-B heat 
exchangers are used for chemical process service. Equipment fabricated 
in accordance with these standards is designed for the maximum economy 
and overall compactness consistent with the safety and service require-
ments of such applications. 

2.2 General Electric Boiling Water Power Reactor 

The systems of the General Electric Boiling Water Power Reactor plant 
that are discussed here to show their interrelationship and the functions 
of the nuclear heat exchangers are the reactor coolant system, shutdown 
and engineered safeguards cooling system, reactor water cleanup system, 
spent fuel cooling and cleanup system, reactor building closed cooling 
water system, raw cooling w s y s t e m , and the sampling system. 

2.2.1 Reactor Coolant System 

The reactor coolant system removes heat generated in the reactor 
core and provides a high-integrity barrier to contain the radioactive mate-
rials resulting from operation of the reactor. In a direct-cycle boiling 
water system, the reactor coolant system includes the reactor vessel and 
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its contents, reactor coolant recirculation loops, turbine, condenser, 
feedwater heaters, and interconnecting piping and valves, as illustrated 
in Fig. 2.1. 

ETR3-1 

Water boiled in the reactor core within the reactor vessel produces 
wet steam that passes through internal steam separators and dryers. The 
resulting saturated steam goes directly to the high-pressure turbine. 
Steam leaving the high-pressure turbine casing passes through moisture 
separator units prior to admission to the low-pressure turbine casing. 

The main condenser provides feed system deaeration, and it is fol-
lowed by a full-flow demineralizer through which all condensate, extrac-
tion, and make-up flow passes. After cleanup, the condensate passes 
through a number of closed feedwater heaters where its temperature is 
raised by water and steam removed from the turbine at the extraction 
points and by water from the moisture separators. The condensed extrac-
tion steam and cooled extraction and moisture separator water are recy-
cled to the condenser to become part of the feedwater stream. The heated 
feedwater is returned to the reactor vessel. Forced circulation in the 
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reactor core is achieved by the combined use of external recirculation 
loops and jet pumps in the reactor vessel. 

2.2.2 Shutdown and Engineered Safeguard Cooling Systems 

Normal shutdown cooling and core standby cooling are provided by a 
group of systems that share certain major items of equipment. These items 
of equipment are interconnected so that their mode of operation for each 
system is essentially different. Some of these systems do not utilize 
heat exchangers, but they are discussed here to provide a complete under-
standing of the related functions. 

(a) Residual Heat Removal System. The purpose of the residual heat 
removal (RHR) system, illustrated in Fig. 2.2, is to remove post power 
energy under normal and accident conditions. The design objectives of the 

ETR3-2 

Fig. 2.2. Residual Heat Removal System for Boiling Water Reactor. 
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system are 
1. to restore and maintain the water level in the reactor vessel after 

a design-basis (loss-of-coolant) accident so that the core is cooled 
sufficiently to preclude melting of the fuel cladding; 

2. to limit the temperature of the water in the pressure suppression 
pool during reactor core isolation cooling operation (hot standby 
condition) so that if a blowdown should occur durirg this hot standby 
operation, the temperature of the suppression pool water will not 
exceed that necessary to achieve its primary purpose as the quenching 
agent in the pressure suppression containment system; 

3. to remove decay and other sensible heat while the reactor is shut 
down for normal refueling and servicing; 

4. to provide a backup for the standby core cooling system through pro-
visions for spray cooling and primary containment that will limit the 
containment pressure within containment design limits under the 
assumed occurrence of an improbable metal-water reaction; and 

5. to provide for testing to demonstrate the capability of the system 
to fulfill the above objectives. 
The operation of the residual heat removal system can be subdivided 

into four functionally independent subsystems that utilize the same equip-
ment. The major items of equipment utilized by these subsystem operations 
are heat exchangers, pumps, and service water to cool the exchangers. The 
operational modes of these four subsystems are as follows. 

1. The low-pressure coolant injection mode of subsystem operation 
involves restoration of the water level in the reactor vessel after a 
loss-of-coolant accident to at least one-half the core height by flooding 
and maintenance of this water level by making up any leakage from the 
reactor vessel. When the differential pressure between the reactor ves-
sel and the primary containment drops to near zero, the low-pressure cool-
ant injection subsystem will deliver the rated flow. Water is taken from 
the suppression pool, pumped into the residual heat removal heat exchangers 
and then pumped into the core region. The circuit is completed by leakage 
draining back to the suppression pool. This subsystem operational mode is 
illustrated schematically in Fig. 2.3. 
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Fig. 2.3. Low-Pressure Coolant Injection Mode of RHR System. 

2. The containment cooling mode of subsystem operation limits the 
temperature of the water in the pressure suppression pool so that con-
tainment capability can be achieved in the event of vessel blowdown. 
During this mode of operation, water is taken from the suppression pool, 
pumped through the residual heat removal heat exchangers, and then 
returned to the suppression pool. This subsystem operational mode is 
illustrated schematically in Fig. 2.4. 

Under post-accident conditions, water pumped from the suppression 
pool through the heat exchangers can be diverted, if necessary, to spray 
heater systems located in the dry well and suppression chamber. This 
spray system will remove the energy from the dry.^ell and suppression 
chamber by condensing steam and cooling noncondensable gases. 
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Fig. 2.4. Containment Cooling Mode of RHR System. 

3. During the hot standby mode of subsystem operation, the residual 
heat removal heat exchangers operate as reactor steam condensing units. 
Approximately 30 minutes after initiation of the pressure relief valves, 
reactor steam can be manually redirected from the suppression pool to 
the residual heat removal heat exchangers through a pressure reducing 
system. The steam is then condensed and partially subcooled in the 
residual heat removal exchangers. The condensate is returned to the 
reactor vessel by way of the reactor core isolation cooling pump. This 
subsystem operational mode is illustrated in Fig. 2.5. 



1?. 

ETR3-5 

Fig. 2.5. Hot Standby Mode of RHR System. 

4. The shutdown cooling mode of subsystem operation is put into 
operation during the normal shutdown operation after the normal blowdown 
to the main condenser when the pressure in the reactor vessel reaches 
approximately 100 psia. Its function is to remove the residual (decay 
and sensible) heat from the reactor core so that the reactor can be 
refueled apd serviced. The reactor water is cooled by taking suction 
from one of the recirculation loops; this water is pumped through the 
heat exchangers and back to the reactor vessel via the recirculation 
loops. Part of the flow can be diverted to a nozzle in the vessel head 
to provide for head cooling. This subsystem operational mode is illus-
trated in Fig. 2.6. 
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Fig. 2.6. Shutdown Cooling Mode of RHR System. 

(b) High-Pressure Core Spray System. The high-pressure core spray 
system protects against overheating of the fuel if the core should be 
uncovered by the accidental loss of primary coolant as the result of a 
break or rupture of the primary system. The actual cooling effect would 
be accomplished by directing spray jets of cooling water down into the 
fuel assemblies from spray nozzles mounted in sparger rings located just 
above the reactor core. This system is illustrated schematically in 
Fig. 2.7. 

The full-capacity core spray systems provided for the reactor consist 
of pumps, sparger rings, spray nozzles, interconnecting piping, valves, 
and instrumentation. The core spray pumps take their suction from the 
condensate storage tank and discharge it directly to the sparger rings in 
the reactor vessel. The suppression pool serves as a backup source if the 
supply from the condensate storage tank should become depleted. Water 
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Fig. 2.7. High-Pressure Core Spray System for Boiling Water Reactor. 

lost from the primary system inside the dry well finds its way back to 
the suppression pool, thereby providing a continuous source of water for 
the spray system. 

(c) Reactor Core Isolation Cooling System. The performance objec-
tive of the reactor core isolation cooling system is to remove the decay 
heat from the reactor and provide makeup water to the core in the event 
of reactor isolation from the main condensate system and loss of coolant 
flow from the reactor feedwater system. Following a reactor scram, steam 
generation will continue at a reduced rate because of the core fission-
product decay heat. The turbine bypass system will convey the steam to 
the main condenser, and the feedwater system will supply the makeup water 
required to maintain the water inventory for the reactor vessel. This 
system is illustrated in Fig. 2.8. 

If the reactor vessel is isolated from the main condenser, the relief 
valves will automatically (or remote manually) maintain the vessel pres-
sure within desirable limits. If feedwater should become unavailable, the 
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Reactor. 

water level in the reactor vessel will drop because of continued steam 
generation by decay heat. When the water level reaches a predetermined 
low level, the reactor core isolation cooling system will be initiated 
automatically. The turbine drive pump will supply makeup water from the 
condensate storage tank. In the unlikely event that water from the con-
densate storage tank should become unavailable, a backup source of makeup 
water will be available from the primary containment suppression chamber 
pool. 

2.2.3 Reactor Water Cleanup System 

The reactor water cleanup system is illustrated schematically in 
Fig. 2.9. This system is provided to (1) reduce the deposition of 



21 

bRY VJELL 

REACTOR. 

ETR3-9 

FC.5 DVJA.TER 

FILTER J r- NUWKtCjtNEKMlVt Jk 
\ HEAT | NOUKtSENERATlVE 

i — r 
RtACTOR BVDCj 
CLOSED COOUN<* 

* ^— Rtc^EWEEATWE. 
HEAT EXCHNNCiEfc. 

,&tOVODO*lMTo COUbENSER 
0* WASTE- ttUecTo* TANK 
OK waste 

Fig. 2.9. Reactor Water Cleanup System in Boiling Water Reactor. 

waterborne impurities on the surface of the fuel and other reactor core 
components to minimize their effect on heat transfer and fluid flow and 
(2) control the concentration of fission products in the reactor coolant 
system effluent water which is returned to the reactor. The noa-regener-
ative heat exchangers cool the effluent further by transferring heat to 
the reactor building closed cooling water system. 

2.2.4 Spent-Fuel Cooling and Cleanup System 

The spent-fuel pool cooling system is designed to remove the decay 
heat from about 257= of the reactor fuel assemblies a few hours out of the 
reactor plus about 25% more that have been stored in the pool for about 
1 year. In case more spent fuel must be stored in the pool, a valved 
intertie will permit the additional heat load to be handled by the 
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residual heat removal system. The spent-fuel cooling and cleanup system 
is illustrated in Fig. 2.10. 
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Fig. 2.10. Spent-Fuel Pool Cooling and Cleanup System for Boiling 
Water Reactor. 

The fuel pool pumps and heat exchangers are in the reactor building 
below the fuel pool- The exchangers are cooled by the reactor building 
closed cooling water system. Fuel pool clarity and radioactivity level 
are controlled by continuous filtration. 

2.2.5 Reactor Building Closed Cooling Water System 

The reactor building closed cooling water system provides an inter-
mediate coolant loop between selected nuclear system equipment and the 
raw water system, which serves as the ultimate heat sink. This system, 
including the equipment served by it, is illustrated schematically in 
Fig. 2.11. Any possible radioactive leakage from this equipment would be 
confined in this intermediate loop, which is continuously monitored for 
radioactivity. 
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Fig. 2.11. Boiling-Water Reactor Building Closed Cooling Water System. 

2.2.6 Raw Cooling Water System 

The raw cooling water system supplies water to the reactor, turbine, 
and radioactive waste building for cooling purposes. It also serves as 
the operating medium for the chlorinating equipment, as the primary source 
of raw water for the makeup treatment plant, and to cool the emergency 
diesel generators. It provides an inexhaustible standby supply of water 
to flood the reactor and/or the primary containment after a major loss-
of-coolant accident. In addition, this system supplies the cooling 
water for the residual heat removal exchangers and the reactor building 
and turbine building closed cooling water system heat exchangers. 
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2.2.7 Sampling System 

The sampling system is provided to permit samples of process fluids 
and gases to be taken for testing to obtain data from which the performr 
ance of the plant, items of equipment, and systems can be determined. A 
representative sample line in the reactor water cleanup system is illus-
trated in Fig. 2.12. 
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Fig. 2.12. Representative Sample Line in the Boiling-Water Reactor 
Cleanup System. 

2.3 Babcock and Wilcox Pressurized-Water Reactor 

The systems of the Babcock and Wilcox Pressurized-Water Reactor plant 
that are discussed here to show their interrelationship and the functions 
of the nuclear heat exchangers are the reactor coolant system, shutdown 
and engineered safeguard cooling systems, makeup and purification system, 
spent-fuel cooling system, component cooling water system, raw cooling 
water system, and the chemical addition and sampling system. 

2.3.1 Reactor Coolant System 

The reactor coolant system in a pressurized-water reactor removes 
heat generated in the reactor core and transfers it to the secondary sys-
tem by forced circulation of the pressurized water. The system provides 
a high-integrity barrier to contain the radioactive materials that result 
from operation of the reactor. The steam generated in the secondary sys-
tem is used in a conventional power cycle to drive a turbine generator 
for the production of electric power. 
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As illustrated schematically in Fig. 2.13, the reactor coolant 
system consists of the reactor vessel, two vertical once-through steam 
generators that produce slightly superheated steam, four shaft-sealed 
coolant circulating pumps, an electrically heated pressurizer, and inter-
connecting piping. The system is arranged in two transport loops, and 
each loop has two circulating pumps and one steam generator. 

P R E S S U R I Z E R 

Fig. 2.13. Reactor Coolant System for Babcock and Wilcox Pressurized 
Water Reactor. 

2.3.2 Shutdown and Engineered Safeguard Cooling Systems 

Protection of the reactor core during a loss-of-coolant accident is 
provided by the core flooding tanks and the high-pressure coolant injec-
tion, low-pressure coolant injection, and reactor building spray systems. 
These systems and the normal shutdown cooling system share certain major 
items of equipment that are interconnected so that each system has an 
essentially different operational mode. Some of the systems do not use 
heat exchangers, but they are discussed here to provide an understanding 
of their related functions. 
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(a) Decav Heat Removal System. The normal functions of the decay 
heat removal system are to remove reactor decay heat during the latter 
stages of cool-down, maintain reactor coolant temperature during refuel-
ing, and provide a means for filling and draining the fuel transfer canal. 
This system is illustrated schematically in Fig. 2.14. 

Fig. 2.14. Decay Heat Removal System for Babcock and Wilcox 
Pressurized-Water Reactor. 

(b) Low-Pressure Injection System. The low-pressure coolant injec-
tion system is provided to prevent uncovering of the reactor core during 
intermediate to large coolant piping leaks at intermediate to low pres-
sures. Low-pressure injection is started with water supplied from the 
borated water storage tank by using the decay heat pumps, as illustrated 
in Fig. 2.15(a). This supply will continue until a low-level alarm sig-
nal is received from the storage tank. Upon receipt of this signal, 
recirculation of the coolant from the reactor building sump to the reactor 
vessel will begin, as illustrated in Fig. 2.15(b). The decay heat coolers 
will cool the recirculated flow, thereby removing heat from the reactor 
building fluid and preventing further buildup of pressure that would 
otherwise occur in the reactor building because of the decay heat gener-
ated in the core. 
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Fig. 2.15. Low-Pressure Injection System for Babcock and Wilcox 
Pressurized-Water Reactor. 

(c) High-Pressure Injection System. The high-pressure coolant 
injection system is provided to prevent uncovering of the reactor core 
during small coolant piping leaks at high pressures and to delay uncover-
ing of the core during intermediate-size leaks. The high-pressure cool-
ant injection is received from the borated water storage tanks through 
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the pumps normally used for primary coolant makeup, as is illustrated in 
Fig. 2.16. 

' A A A • '' & A 

VWSW. 

KAKEUP PU^PS 
(H\<aH PRESSURE 

n > i 
D 

ETR3-16 

m35C.T\ON) (3-J 
BORAT6D 
WATER 

STORAGE 
TANK 

Fig. 2.16. High-Pressure Injection System for Babcock and Wilcox 
Pressurized-Water Reactor. 

(d) Reactor Building Spray System. Supply water for the reactor 
building spray system is obtained from the borated water storage tank or 
the reactor building sump and is pumped to the reactor building sprays 
by the reactor building spray pumps, as illustrated in Fig. 2.17. 
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Fig. 2.17. Reactor Building Spray System for Babcock and Wilcox 
Pressurized-Water Reactor. 



29 

(e) Core Flooding System. The core flooding system is a passive 
system which consists of two tanks of water under nitrogen pressure that 
are connected to reactor vessel nozzles. The system provides for auto-
matic flooding of the core when the pressure of the primary coolant drops 
below a preset level. 

2.3.3 Makeup and Purification System 

The makeup and purification system supplies the reactor coolant sys-
tem with fill and operational makeup water; circulates seal water for the 
reactor coolant puinps and control rod drives; receives, purifies, and 
recirculates reactor coolant system letdown to provide control of the 
quality and boric acid concentration in the reactor coolant; accommodates 
temporary changes in the required reactor coolant inventory; and provides 
makeup for the core flooding tanks. This system is illustrated schemati-
cally in Fig. 2.18. 

S T E A v \ 

C-iEHtSJOOR 
OUTLET 

f V W V W V 
LETDOWN COOLERS 
-»Nwwvv1—*J 

REACTOR H V W W W 
COOLANT 

POHP 
SEALS 

5EAl KfcTURN COOLERS 
V V W W V 

ETR3-18 
PUR»FlCAT«OM 
DE.VWlERALVl.ER 

MAKE-UP. 
FILTERS 

To DEBORAT\NGi 
DEMINERAH-Z.EK • 

MAKE-UP 
TM-JVi 

4 TO REACTOR COOLANT PUMP "SEALS 

TO REACTOR IMLe-T BORATE O 
SJOEAGE UNE 

Fig. 2.18. Makeup and Purification System for Babcock and Wilcox 
Pressurized-Water Reactor. 
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2.3.4 Spent-Fuel Cooling System 

The spent-fuel cooling system is designed to maintain the temperature 
of the spent-fuel storage pool at 113°F with a heat load based on removal 
of the decay heat generated by one-third of the reactor core. The spent 
fuel is cooled by pumping water from the spent-fuel storage pcol through 
coolers and back to the pool. In addition to its primary function, the 
system provides for purification of the water in the spent-fuel storage 
pool, the water in the fuel transfer canal during refueling operations, 
and the contents of the borated water storage tank after this water has 
been used in the fuel-transfer-to-fuel-pool canal during refueling. This 
system is illustrated schematically in Fig. 2.19. 
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Fig. 2.19. Spent-Fuel Cooling System for Babcock and Wilcox 
Pressurized-Water Reactor. 

2.3.5 Component Cooling Water System 

The component cooling water system provides an intermediate cooling 
loop between selected nuclear system equipment and the raw cooling water 
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system, -which serves as the ultimate heat sink. Any possible radioactive 
leakage from this equipment would be confined in this intermediate loop, 
which is continuously monitored for radioactivity. This system is illus-
trated in Fig. 2.20. 
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Fig. 2.20. Component Cooling Water System for Babcock and Wilcox 
Pressurized-Water Reactor. 

2.3.6 Raw Cooling Water System 

The raw cooling water system supplies water to the reactor, turbine, 
and radioactive waste building for cooling. It also supplies cooling 
water for the component cooling water system. 

2.3.7 Chemical Addition and Sampling System 

Chemical addition and sampling operations are required to alter and 
monitor the concentration of various chemicals in the reactor coolant 
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systen for control of reactivity, for pH control of potassium hydroxide, 
and for oxygen control of hydrazine. The chemical addition and sampling 
system is designed to permit the addition of chemicals to the turbine 
unit and feedwater and condensate systems and to allow samples of the 
reactor coolant and steam generator water to be taken. Representative 
sample lines in portions of the system in which heat exchangers are used 
are illustrated in Fig. 2.21. 
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Fig. 2.21. Representative Sample Lines in Systems of Babcock and 
Wilcox Pressurized-Water Reactor. 

2.4 Combustion Engineering Pressurized-Water Reactor 

The systems of the Combustion Engineering Pressurized-Water Reactor 
plant that are discussed here to show their interrelationship and the 
functions of the nuclear heat exchangers are the reactor coolant system, 
shutdown and engineered safeguard cooling systems, chemical and volume 
control system, spent-fuel cooling system, component cooling system, raw 
water system, and the sampling system. Some of these systems do not use 
heat exchangers, but they are discussed here -to provide an understanding 
of their related functions. 
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2.4.1 Reactor Coolant System 

The reactor coolant system in a pressurized-water reactor removes 
heat generated in the reactor core and transfers it to the secondary sys-
tem by forced circulation of the pressurized water. The reactor coolant 
system also provides a high-integrity barrier to contain the radioactive 
materials resulting from operation of the reactor. The steam generated 
in the secondary system is used in a conventional power cycle to drive a 
turbine generator for the production of electric power. 

As illustrated schematically in Fig. 2.22, the reactor coolant sys-
tem for the Combustion Engineering Pressurized-Water Reactor is comprised 
of two identical heat transfer loops connected in parallel to the reactor 
vessel. Each loop contains one steam generator, which produces saturated 
steam; two circulating pumps; and connected piping. A pressurizer is con-
nected to one of the reactor vessel outlet pipes. 
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Fig. 2.22. Reactor Coolant System for Combustion Engineering 
Pressurized-Water Reactor. 
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2.4.2 Shutdown and Engineered Safeguard Cooling Systems 

In the event of a loss-of-coolant accident, engineered safeguards 
are provided by the safety injection system and the containment spray sys-
tem. These systems share some major items of equipment with the normal 
shutdown cooling system, but these items of equipment are interconnected 
so that each system has an essentially different operational mode. 

(a) Shutdown Cooling System. The initial cooling down of the 
reactor coolant system is accomplished by heat rejection of the steam 
generators and the main steam thereby produced is routed to the main con-
denser. After the reactor has been sufficiently cooled and depressurized, 
the shutdown cooling system is placed in service for further cooling and 
to maintain the reactor in the shutdown condition. 

As illustrated in Fig. 2.23, the shutdown cooling system utilizes 
the low-pressure safety injection pumps to circulate reactor coolant 
through two half-capacity shutdown heat exchangers, returning it to the 
reactor coolant system. Both heat exchangers are required to accomplish 
cool-down in 2h hours, and one exchanger will provide cool-down at a 
reduced rate. The shutdown cooling heat exchangers are also used to 
remove heat from the containment spray flow. 

E T R 3 - 2 3 

Fig. 2.23. Shutdown Cooling System for Combustion Engineering 
Pressurized-Water Reactor. 
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(b) Safety Injection System. The safety injection system provides 
borated water to the reactor core in the event of a loss-of-coolant acci-
dent. This system has two modes of operation: low pressure and high 
pressure. Initially, the high-pressure injection pumps receive their 
supply from the safety injection and refueling water tank, as illustrated 
in Fig. 2.24, and they discharge directly to the reactor inlet lines. 
After this supply is exhausted, the safety injection pumps draw water 
from the sump in tit containment building. Water from safety injection 
tanks (not shown) under nitrogen pressure supplements that supplied by 
the safety injection pumps if the pressure in the reactor vessel drops 
below that in the tanks. 

A A A 

A 

TO PRUAARY 
COOV.ANT V<S. 

HP. SAFETY 
IMJEC-TVONJ 
PIMPS 

E X R 3 - 2 4 

SAFETF \N3ECNON 
4 OEUMC» TANK 

9 
" > FROM CONTAINMENT "SUMP 

(ALTERNATE SOURCE} 

Fig. 2.24. High-Pressure Operational Mode of Safety Injection 
System for Combustion Engineering Pressurized-Water Reactor 

The discharge lines of the low-pressure safety injection pumps are 
piped in parallel through the shutdown cooling heat exchangers and the 
bypass around the heat exchangers, and they discharge directly to the 
reactor inlet line when the containment spray system is in operation, as 
illustrated in Fig. 2.25. 
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Fig. 2.25. Low-Pressure Operational Mode of Safety Injection 
System for Combustion Engineering Pressurized-Water Reactor. 

(c) Containment Spray System. The containment spray system is 
sized to furnish the required containment cooling capacity if the con-
tainment air recirculation and cooling system should be inoperative dur-
ing a loss-of-coolant accident. As illustrated in Fig. 2.26, the spray 
is provided by the containment spray pumps, which take suction from the 

A ̂  A 
E T R 3 - 2 6 

a t l 

5AFETC IWIECTlOVl 
«RT?UEUN£> TA»/ 

<i> 

5HUTDOVOW COdlHto UEAT H EXCHANGERS o o <0 
uJ & 
2 
ul 
5 

FROM COWTMNMENT 
SUMP CONTA\NHtNT SPRAT 

PUMPS 

Fig. 2.26. Containment Spray System for Combustion Engineering 
Pressurized-Water Reactor. 
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safety injection and refueling water tank. The pumps discharge through 
the shutdown cooling heat exchangers, the spray headers, and the spray 
nozzles. When a low level is reached in the safety injection and refuel-
ing tank, the pump suction is automatically transferred to the contain-
ment sump to maintain continuous containment spray. 

2.4.3 Chemical and Volume Control System 

The chemical and volume control system 
1. controls the boric acid concentration in the reactor coolant to match 

long-term reactivity requirements, 
2. maintains the activity level of the reactor coolant within prescribed 

limits by removing corrosion and fission products, 
3. controls the chemistry of the reactor coolant for reactivity control 

and to prevent corrosion, 
4. accommodates the changes in the required volume of reactor coolant as 

operating conditions change the average temperature and thus the 
average density of the coolant, 

5. provides a source of high-purity injection water for the seals of the 
control rod drive mechanisms where required, 

6. provides a controlled path for the discharge of liquids and gases to 
the radioactive waste system, and 

7. provides a source of highly borated water to account for small leaks. 
The chemical and volume control system is illustrated schematically 

in Fig. 2.27. Water is removed from the reactor coolant system and is 
cooled in the regenerative heat exchanger. Pressure breakdown orifices 
reduce the pressure, and the outflow of water is regulated by the volume 
control valves. The temperature of the water is further reduced in a 
letdown heat exchanger in which the pressure is controlled to prevent 
flashing. The coolant is then directed through one of two purification 
demineralizers containing boron-saturated mixed bed resins to remove cor-
rosion and fission products. A third demineralizer is used for the 
reduction of boron concentration as required. The coolant then flows 
through one of two filters and is sprayed into the volume control tank. 
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Fig- 2.27. Chemical and Volume Control System for Combustion 
Engineering Pressurized-Water Reactor. 

It is returned to the reactor coolant system by the charging pumps through 
the regenerative heat exchanger and the charging lines. Chemicals for 
corrosion and pH control are added upstream of the charging pumps. 

2.4.4 Spent-Fuel Cooling System 

The spent-fuel cooling system removes decay heat from fuel stored 
in the spent-fuel storage pool. The system maintains the temperature of 
the water in the pool below 110°F while removing decay heat from one-
third of the freshly discharged core. This system is illustrated in 
Fig. 2.28. 

2.4.5 Component Cooling System 

The component coding water system removes heat from various auxil-
iary systems that handle the reactor coolant and from the spent-fuel pool 
cooling system, as illustrated in Fig. 2.29. The plant service water is 
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Fig. 2-28. Spent-Fuel Cooling System for Combustion Engineering 
Pressurized-Water Reactor. 
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Fig. 2.29. Component Cooling System for Combustion Engineering 
Pressurized-Water Reactor. 
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the cooling medium in the component cooling heat exchangers. The 
component cooling system also removes heat from the shutdown cooling sys-
tems during shutdown operations. The component cooling system provides 
an intermediate loop between the reactor coolant and the service water 
system, reducing the probability of reactor coolant leakage into the 
service water. The pressure of the service water is higher than that of 
the component cooling loop so that leakage will be into the component 
cooling loop. 

2.4.6 Raw Water System 

The raw water system supplies cooling water to the reactor, turbine, 
and radioactive waste building. It also supplies cooling water to the 
component cooling system. 

2.4.7 Sampling System 

The sampling system permits liquid and gas samples to be taken for 
laboratory analysis, and the resulting data are used as a guide in con-
trolling the chemistry of the reactor coolant. A representative sample 
line is illustrated in Fig. 2.30. 
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Fig. 2.30. Representative Line in Sampling System for Combustion 
Engineering Pressurized-Water Reactor. 

2.5 Westinghouse Pressurized-Water Reactor 

The systems of the Westinghouse Pressurized-Water Reactor plant that 
are discussed here to show their interrelationship and the functions of 
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the nuclear heat exchangers are the reactor coolant system, residual 
heat removal and engineered safeguard cooling systems, chemical and vol-
ume control system, spent-fuel pit cooling and cleanup system, component 
cooling system, raw water system, and the sampling system. Some of these 
systems do not utilize heat exchangers, but they are discussed here to 
provide an understanding of their related functions. 

2.5.1 Reactor Coolant System 

The reactor coolant system in a pressurized-water reacto.: removes 
heat generated in the reactor core and transfers it to the secondarj' sys-
tem by forced circulation of the pressurized water. The reactor coolant 
system also provides a high-integrity barrier to contain the radioactive 
materials resulting from operation of the reactor. The steam generated 
in the secondary system is used in a conventional power cycle to drive a 
turbine generator for the production of electric power. 

As illustrated in Fig. 2.31, the principal components of the reactor 
coolant system in the Westinghouse Pressurized-Water Reactor are the 
reactor vessel, pressurizer, and closed coolant loops, with each loop con-
taining a steam generator and a reactor coolant pump. 
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Fig. 2.31. Reactor Coolant System for Westinghouse Pressurized-
Water Reactor. 
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2.5-2 Residual Heat Removal and Engineered Safeguard Cooling Systems 

The residual heat removal, safety injection, and the containment 
spray systems are dependent systems because some components in these 
systecs are shared. The functions of these systems, described in the 
following paragraphs, are dependent on the mode of operation-

(a) Residual Heat Removal System. The primary function of the 
residual heat removal system is to transfer heat energy from the reactor 
core and the reactor coolant system during plant shutdown and refueling 
operations. As illustrated in Fig. 2.32, the residual heat removal sys-
tem consists of dual heat exchangers, circulating pumps, and the associ-
ated piping, valves, and controls. 
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Fig. 2.32. Residual Heat Removal System for Westinghouse 
Pressurized-Water Reactor. 

(b) Safety Injection System. The primary function of the safety 
injection system is to supply borated water to the reactor coolant system 
to limit the temperature of the fuel rod cladding in the unlikely event 
of a loss-of-coolant accident. The safety injection system is augmented 
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by accumulator tanks maintained under nitrogen pressure that are designed 
to discharge into the cold legs of the reactor coolant piping. The safety 
injection system has two operational modes: high pressure and low 
pressure. 

1. The high-pressure operational mode employs the safety injection 
pumps to deliver borated water from the refueling water storage tank to 
the reactor coolant system, as illustrated in Fig. 2-33. After the sup-
ply in the refueling water storage tank has been expended, the pumps will 
take suction from the recirculation flow of the low-pressure operational 
mode. 
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Fig. 2.33. High-Pressure Operational Mode of Safety Injection 
System for Westinghouse Pressurized-Water Reactor. 

2. The low-pressure operational mode initially employs the residual 
heat removal pumps to deliver borated water from the refueling storage 
tank to the reactor coolant system, as illustrated in Fig. 2.34. When 
this supply has been expended, these pumps will take suction from the 
containment sump. This flow is then recirculated through the residual 
heat exchangers before being returned to the reactor coolant system. 
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Fig. 2.34. Low-Pressure Operational Mode of Safety Injection System 
for Westinghouse Pressurized-Water Reactor. 

(c) Containment Spray System. The containment spray system is used 
for containment cooling and washdown following a loss-of-coolant accident. 
Initially, the containment spray pumps deliver water from the refueling 
water storage tank to the containment sprays, as illustrated in Fig. 2.35. 
After the supply from the refueling water storage tank has been expended, 
the pumps will take suction from the recirculation flow through the resid-
ual heat exchangers. 

2.5.3 Chemical and Volume Control System 

The functions of the chemical and volume control system are to 
1. fill the reactor coolant system, 
2. provide a source of high-pressure water to pressurize the reactor 

coolant system when cold, 
3. maintain the water level in the pressurizer when the reactor coolant 

is hot, 
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Containment Spray System for Westinghouse Pressurized-

4. reduce the concentration of corrosion and fission products in the 
reactor coolant, 

5. adjust the concentration of boric acid in the reactor coolant for 
chemical shim control, 

6. provide nigh-pressure seal water for the reactor coolant pump seals, 
and 

7. process the system overflow for reuse of both the concentrated boric 
acid solution and the distilled water. 
The chemical and volume control system is illustrated schematically 

in Fig. 2.36. During power operation, a continuous feed and bleed stream 
is maintained to and from the reactor coolant system. Water leaves the 
reactor coolant system and flows through the shell side of the regener-
ative heat exchanger where it gives up its heat to the makeup water being 
returned to the reactor coolant system. The water flows through the let-
down heat exchanger, and is then subjected to a second pressure reduction 
by a low-pressure letdown valve. It then flows through a mixed-bed 
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Fig. 2.36. Chemical and Volume Control System for Westinghouse 
Pressurized-Water Reactor. 

demineralizer where ionic impurities are removed, through the reactor 
coolant filter, and into the volume control tank through a spray nozzle. 
Charging pumps take the coolant from the volume control tank and send it 
along two parallel paths: (1) to the reactor coolant system through the 
tube side of the regenerative heat exchanger and (2) to the seals of the 
reactor pumps. The leakage water from the reactor pumps goes to the seal 
water heat exchanger and back to the volume control tank for another 
circuit. 
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2.5.4 Spent-Fuel Pit Cooling and Cleanup System 

The spent-fuel pit cooling and cleanup system removes residual heat 
from irradiated fuel in the spent-fuel pit and removes particulates and 
ions from the water. As illustrated in Fig. 2.37, the system consists 
of a pump, heat exchanger, piping, fittings, and a bypass around the heat 
exchanger that contains a filter and a demineralizer. 
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Fig. 2.37. Spent-Fuel Pit Cooling and Cleanup System for Westing-
house Pressurized-Water Reactor. 

2.5.5 Component Cooling System 

The component cooling system serves as an intermediate loop between 
the reactor coolant in various auxiliary systems and the raw water system. 
This double-barrier arrangement reduces the probability of leakage of the 
high-pressure, potentially radioactive coolant to the raw water system. 
The component cooling water removes heat from components of various auxil-
iary systems and flows to the component cooling heat exchangers where its 
heat is transferred to the raw water, as illustrated in Fig. 2.38. 
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Fig. 2.38. Component Cooling System for Westinghouse Pressurized-
Water Reactor. 

2.5.6 Raw Water System 

The raw water system supplies water to the reactor, turbine, and 
radioactive waste building for cooling purposes. It also supplies cool-
ing water to the component cooling system. 

2.5.7 Sampling System 

The sampling system permits samples to be taken for laboratory 
analysis, and the resulting data are used to guide the operation of the 
reactor coolant system, chemical and volume control system, and the 
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residual heat removal system. Representative sample lines in this system 
are illustrated in Fig. 2.39. 
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Fig. 2.39. Representative Lines in Sampling System for Westinghouse 
Pressurized-Water Reactor. 

2.6 Brookhaven High Flux Beam Research Reactor 

The Brookhaven High Flux Beam Research Reactor (HFBR) is cooled, 
moderated, and reflected with heavy water. The normal thermal power of 
the reactor is 40 MW. The core consists of 28 fuel elements of the MTR-
ETR type- The fuel material is fully enriched uranium alloyed in alumi-
num. The reactor is controlled by two sets of neutron absorbing blades, 
and there are eight main control rods and eight auxiliary control rods. 
The HFBR is used for experimental research, particularly that done with 
neutron beams. Nine beam research facilities and seven irradiation facil-
ities are provided in the reactor. 
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The systems of the Broolchaven HFBR that are discussed here to show 
their interrelationship and the functions of the nuclear heat exchangers 
are the primary coolant system, reactor shutdown cooling system, reactor 
natural circulation system, primary coolant purification system, spent-
fuel canal cooling and cleanup system, thermal shield cooling system, 
biological shield cooling system, experimental facility cooling system, 
reactor poison solution system, reactor helium system, and the secondary 
coolant system. Some of these systems do not utilize heat exchangers, 
but they are discussed here to provide an understanding of their related 
functions• 

2.6.1 Primary Coolant System 

Heat is removed from the HFBR core by a flow of heavy water that 
enters the neck of the reactor vessel and flows downward through the 
shroud to the core, as illustrated in Fig. 2-40. A small amount of water 

Research Reactor. 
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bypasses the core to cool the control rod blades. After passing through 
the core, the coolant is dispersed outward to the reflector region and 
flows upward through the reflector to the annulus formed by the shroud 
and the neck of the vessel. The coolant leaves the vessel and passes 
downward through a pipe in the biological shield and through the venturi 
meter which measures flow in the primary system. The flow from the ven-
turi meter is split into two parallel streams, each of which goes through 
a block valve, a primary pump, a check valve, a primary cooler, and a 
primary control valve. The two streams come together again downstream of 
the control valves, and the primary coolant flows up through a pipe in 
the biological shield to the inlet of the reactor vessel. 

2.6.2 Reactor Shutdown Cooling System 

The reactor shutdown cooling system provides for the removal of 
fission-product afterheat from the core when the main pumps are not oper-
ating. As illustrated in F.ig. 2.41, the shutdown cooling system consists 
of two pumps connected in parallel, a shutdown cooler, and the necessary 
piping, valves, and fittings. 
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Fig. 2.41. Reactor Shutdown Cooling System for Brookhaven High Flux 

Beam Research Reactor. 
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2.6.3 Reactor Natural Circulation System 

The reactor natural circulation system removes fission-product 
afterheat in the event of the loss of all forced-flow primary and shut-
down pumps or a major breach in the primary system. In either case, the 
fission heat is cut off abruptly by scramming the reactor. This system 
utilizes flow-reversal valves in the internal structure of the reactor to 
permit upward flow through the core with natural circulation boiling when 
such system operating conditions occur. The steam produced is condensed 
in the shutdown cooler, and the condensate is drained to a heavy-water 
storage tank. When there is insufficient heavy water available in the 
reactor vessel, makeup is pumped into the vessel from another storage 
tank. 

2.6.4 Primary Coolant Purification System 

Treatment of the primary coolant is designed to remove suspended 
particulate matter, dissolved ionic solids, and to maintain the water at 
a pH of 5.0 to 5.1 to inhibit corrosion of aluminum. Heat exchangers are 
not used in the primary coolant purification system since the temperature 
of the coolant leaving the reactor core is low enough to prevent damage 
to the demineralizer resins. 

2.6.5 Spent-Fuel Canal Cooling and Cleanup System 

The spent-fuel canal cooling and cleanup system is a closed-loop sys-
tem that removes fission-product afterheat from the spent fuel elements 
stored in the canal and keeps the water clear for good visibility. As 
illustrated in Fig. 2.42, the system consists of a pump, filter bed, heat 
exchanger, and purification unit. 



53 

ETR3-25 

SPENT FUEl 
CAViW-

Fig. 2.42. Spent-Fuel Canal Cooling and Cleanup System for 
Brookhaven High Flux Beam Research Reactor. 

2.6.6 Reactor Helium System 

The helium cover gas in the top of the reactor vessel is used to 
pressurize the reactor system. It also provides an inert and compress-
ible volume to absorb liquid surges and acts as a vehicle to transport 
radiolytic and corrosion gases from the surge volume. 

2.6.7 Thermal Shield Cooling System 

The thermal shield cooling system consists of circulating pumps, 
valves, heat exchangers, and an expansion tank connected to the cooling 
circuits in the thermal shield to remove the heat generated by radiation 
absorption. Flow may be adjusted.independently in each of the three par-
allel circuits in the shield. This system is illustrated in Fig. 2-43. 
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Fig. 2.43. Thermal Shield Cooling System for Brookhaven High Flux 
Beam Research Reactor. 

2.6.8 Biological Shield Cooling System 

The biological shield cooling system provides the means for removing 
heat generated in the beam port shutters, beam port plugs, and the bio-
logical shield. This system is illustrated in Fig. 2.44. 

2.6.9 Experimental Facility Cooling System 

Two cooling systems are necessary for operation of the experimental 
facilities. One system contains light water and is part of the biologi-
cal shield cooling system. It serves the horizontal beam tube plugs and 
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Fig. 2.44. Biological Shield Cooling System for Brookhaven High 
Flux Beam Research Reactor. 

shutters. The other cooling system required for operation of the 
experimental facilities is a heavy water system that is used primarily 
for the seven vertical irradiation thimbles. This system is illustrated 
schematically in Fig. 2.45. 
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Fig. 2.45. Experimental Facility Cooling System for Brookhaven 
High Flux Beam Research Reactor. 

2.6.10 Reactor Poison Solution System 

Cadmium nitrate solution is maintained in a vessel for use as an 
ultimate shutdown agent. The poison water solution can be injected into 
the reactor vessel above the liquid level. Although the poison solution 
system is an effective shutdown mechanism for the heavy-water filled 
reactor, the primary function of the poison is to provide an adequate 
shutdown margin in the case of light-water flooding of the reactor. 
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2.6.11 Secondary Coolant System 

A central systen supplies secondary cooling water to the HFBR, the 
Brookhaven Graphite Research Reactor, the air conditioning units in both 
reactor buildings and in the Hot Laboratory. The system consists of five 
induced-draft cooling tower cells, each rated at 3000 gpm of water, that 
can be cooled from a temperature of 120°F to 85CF. Appropriate piping 
and pumping systems are provided for delivery of the secondary cooling 
water to the various units where cooling is required. This system is 
illustrated in Fig. 2.46. 
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Fig. 2.46. Secondary Coolant System for Brookhaven High Flux Beam 
Research Reactor. 
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2.7 Oak Ridge National Laboratory High-Flux Isotope Reactor 

The Oak Ridge National Laboratory High-Flux Isotope Reactor (HFIR) 
is a beryllium-reflected, light-water cooled and moderated, flux-trap 
type of reactor that uses highly enriched a 3 5U fuel plates with aluminum 
cladding. The design thermal power level of this research reactor is 
100 MW. The fuel region of the reactor is composed of two concentric 
fuel elements, each of which is approximately 2 ft high. The outer fuel 
element contains 369 curved fuel plates, and it has an inside diameter of 
11 in. and an outside diameter of 17 1/8 in. The inner fuel element con-
tains 171 curved fuel plates, and it has an inside diameter of 5 in. and 
an outside diameter of 10.5 in. The cylindrical volume inside the inner 
fuel element forms a flux trap region in which rods are irradiated to 
produce transuranium isotopes. 

The reactor core assembly of the HFIR is contained in a pressure 
vessel with a diameter of 8 ft that is located in an 18-ft-diam cylindri-
cal pool of water. The top of the pressure vessel is 17 ft below the 
pool water level, and the center line of the reactor cox-e is 27.5 ft 
below the pool level. Adjacent to and connected with the reactor pool is 
a storage pool that is 20 ft deep, 18 ft wide, and 41.5 ft long. Under-
water access is also provided to a small (8-ft-diam) pool intended for a 
future critical facility. 

The systems of the Oak Ridge National Laboratory HFIR that are dis-
cussed here to show their interrelationship and the functions of the 
nuclear heat exchangers are the primary coolant system, primary coolant 
cleanup system, pool coolant and cleanup systems, and the secondary cool-
ant system. 

2.7.1 Primary Coolant System 

The HFIR primary coolant is aemineralized light water. The coolant 
enters the pressure vessel near the top of the vessel, as illustrated in 
Fig. 2.47. It passes in parallel flow paths through the fuel elements, 
control region, target, and reflector and leaves at the bottom of the 
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Fig. 2.47. Primary Coolant System for Oak Ridge National Laboratory 
High-Flux Isotope Reactor. 

vessel. The coolant flow from Uie reactor is distributed to three of 
four identical heat exchanger and circulation pump combinations, each of 
which is located in a separate cell adjacent to the reactor and storage 
pools. The -water leaving each heat exchanger enters the associated main 
circulation pump. Flows from the circulation pumps are combined and 
returned to the reactor vessel. 

The HFIR primary coolant system is also used for shutdown cooling. 
In this mode of operatic , the pumps are driven by small direct-current 
pony motors mounted on the same shaft with the main drive motors. 

2.7.2 Primary Coolant Cleanup System 

A bypass flow is taken from the main coolant flow stream st each of 
the heat exchanger outlets and directed to the primary coolant cleanup 
system. This system consists of a deaerator, filters, and a demineralizer. 
The clean water is returned to the primary coolant system by the primary 
coolant pressurizer pump. Heat >- landers are not required in the primary 
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coolant cleanup system since the temperature of the coolant leaving the 
primary heat exchangers is low enough to prevent damage to the demineral-
izer resins. 

2.7-3 Pool Coolant and Cleanup Systems 

Pool water overflowing into the scuppers flows by gravity into the 
pool surge tank, as illustrated in Fig. 2.48. The pool surge tank main-
tains a positive suction head in the two pool coolant pumps. Up to half 
of the flow leaving the pumps goes through the pool filter, and the 
remainder is bypassed around the filter- The water then enters the shell 
side of the pool heat exchangers. The cooled water from the heat 
exchangers can be directed to the various pools as required by the heat 
load distribution. 

A high level of purity is maintained in the pool water by circulating 
a portion of the water through the pool cleanup system. This system con-
sists of a deaerator, prefilter, demineralizer, and an afterfilter con-
nected in series. 
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Fig. 2.48. Pool Coolant and Cleanup System for Oak Ridge National 
Laboratory High-Flux Isotope Reactor. 
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2.7.4 Secondary Coolant System 

Heat from the HFIR is dissipated to the atmosphere by a conventional 
induced-draft cooling tower. The secondary coolant pumps circulate water 
through the cooling tower and the various heat exchangers, thereby remov-
ing heat from the different systems. The secondary coolant system is 
illustrated schematically in Fig. 2.49. 
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Fig; 2.49. Secondary Coolant System for Oak Ridge National 
Laboratory High-Flux Isotope Reactor. 
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3. CHARACTERISTICS OF HEAT EXCHANGERS 

The criteria for classification of heat exchangers in terms of code 
requirements governing their design were discussed and the use of heat 
exchangers in nuclear reactor systems was reviewed in Section 2. Further 
information on the design conditions and arrangement of those heat 
exchangers that must meet nuclear service requirements in water-cooled 
reactor systems is given in Tables 3.1 and 3-2. A study of this informa-
tion will disclose characteristic ranges of design parameters and 
arrangements for each class of heat exchanger as well as for nuclear heat 
exchangers as a group. These characteristics are discussed in this 
section. 

3.1 Steam Generators 

Examination of Table 3.1 will show that the current steam generator 
designs for water-cooled nuclear reactor facilities are of either the 
recircula ting or the once-through type- In both cases, the exchangers 
are vertical shell-and-tube units with Inconel and stainless steel used 
as the tube-side materials of construction and carbon steel used as the 
shell-side material. Typical tube-side design pressures are in the vicin-
ity of 2500 psig, and the design temperature is about 650°F. Shell-side 
design pressures range from 1000 to 1085 psig, and the design temperatures 
range from 550 to 600°F. 

3.1.1 Recirculating Type 

The recirculating type of steam generator consists of two integral 
sections: an evaporator section and a steam drum section. The evapo-
rator section usually consists of a vertical U-tube heat exchanger, and 
the steam drum section containing moisture separating equipment is located 
in the upper part of the common shell. A typical recirculating type of 
steam generator is illustrated in Fig. 3.1. 



Table 3.1. Characteristics of Nuclear Heat Exchangers in Power Reactor Systems 

TUBE SIDE SHELL SIDE 

System 
Reactor 
Type 

Heac 
Exchanger 

Design 
Press, 
(psig) 

Design 
Temp 

t 
Passe9 Material 

Design 
Press, 
(psig) 

Design 
Temp. 

t 
Passes Material Arrangement 

Reactor Coolant GE 
BWR 

Hone 

R&W 
PWh 

Steam 
Generator 

2500 650'F 1 Inconel 
& SS 

1050 600*F 1 CS Vertical Shell & Straight Tube with 
Superheater Section. Fixed Tube-
she pr *, Orifice H.fflpR 

CE 
PWR 

Steam 
Generator 

248 S 650*F 2 Inconel 
& SS 

1000 550*F 1 CS Vertical Shell & U-Tube with 
Fixed Tubecheet & Segmental Baffles 

W 
PWR 

Steam 
Generatoi 

2485 650 *F 2 Inconel 
6 SS 

1085 600'F 1 CS Vertical Shell & U-Tube, Fixed Tube-
sheet & Orifice Baffles. Steam 
Sulrl Vanes & Moisture Separators 

Reactor Water Cleanup (GE) 
Makeup & Purification (BAH) 
Chemical & Vol Control (CE) 
Chemical 6 Vol Control (W) 

GE 
BWR 

Regenerative 1450 575*F Multl SS 1450 575'F 3 SS Horizontal Shell & U-Tube, Fixed 
Tubesheet & Segmental Baffles 

Reactor Water Cleanup (GE) 
Makeup & Purification (BAH) 
Chemical & Vol Control (CE) 
Chemical 6 Vol Control (W) fl&W 

PWR 
None B&W dealgn does not use a 

regenerative heat exchanger 

CE 
PWR 

Regenerative 2485 650 *F 4 SS 2735 650'F 2 SS Vertical or Horizontal Shell & U-Tube 
with Fixed Tubeiheet & Segmental 
Baffles 

W 
PUR 

Regeneratlve 2735 650* F Multl SS 2485 650'F I SS Shell & U-Tube 

GE 
BUR 

Non-
Regenerative 

1450 575'F Multl SS 150 370'F 2 CS Horizontal Shell & U-Tube with 
Fixed Tubesheet & Segmental Baffles 

B&W 
PUR 

Letdown 
Cooler* 

2500 650'F I SS 100 350'F 1 CS Heliflow Design 

Seal Return 
Coolera 

100 200'F 1 SS 100 200'F I CS Shell & Straight Tube 

CE 
FWR 

Letdown 
Coolers 

650 550*F 12 SS 150 250'F I CS Vertical or Horizontal Shell & U-Tube 
Segmental Baffles 4,Fixed Tubesheet 

W 
PWR 

Letdown 
Coolers 

600 400* F Multl SS 150 250'F I CS Shell & U-Tube 

Exccss 
Letdovn 
Coolera 
Seal 
Water 

2485 

150 

650*F 

250*F 

Multl 

Multl 

SS 

SS 

150 

150 

250'F 

250'F 

1 

1 

CS 

CS 

Shell & U-Tube 

Shall & U-Tube 

ON w 



Table 3.1 (continued) 
TUBE SIDE SHELL SIDE 

3ealgn Oeaign 
Reactor Kent ?reaa. Dealgn # I tin. Deil&n f Syatea Type Exchanger (palg) Teap Paaaea Material (palg) Taap Paaaaa Materiel Arranaaaent 

Cealdual Heat Reaovel (GE) GE Realduel A50 400*F KultL ES AOO'F 1 CB Vertical Shell t. C-Tube Decay Rut Reaoval (B&W) BUR Heat Removal f Shutdown Cooling (CE) ~ 1 
Raaidaal Hut Renoval (U) B&U Decay ISO 300*r I SS 300 300'F 1 CS Shtll & Straight Tuba 

PWR Haat Renoval 

CE Shutdown 500 400'F 2 SS 150 100'F 1 CS Horizontal Shall & U-Tube with FUR Cooling rLxtd Pibaahaat & Sagmtal Bafflee 
« Residual 600 400'F' Hair! SS 150 200*F 1 CS Shall Si U-Tuba 
PUR Steal Removal 

Spent Fnel Cooling and CE Spent Fuel 200 150'F 2 SS ISO 150*F 1 CS Horizontal (KTuba Cleanup BUR Coollng 
B&M Spent Fuel ^ s;o°F 1 88 150 250"G 1 CS Shell & Straight Tuba 

CE Spent Fuel ISO 200*F 2 SS 130 200*F I CS Horizontal Shejl ft O-Tube with 
PUR Cooling Fixed Tubeahaet & Sagaental Bafflee 
U Spent Tuel ISO 200*F 2 SS 150 200*F 1 CS Shall & U-Tube PUS Cooling 

Reactor Bldg. Cloasd CE Reac. Bldg. ISO 200'F I SS 150 150*F Multl CS Horizontal Shall 6 Straight Tuba Cooling (CE)< BUR Closed Cooling with Fixed Tubaaheet & Segaental 
Component Cooling (B&U) n̂ ffl.. Coaponent Cooling (CE) B&U Component Steel 4 Straight Tube vltb Fixed Component Cooling (U) FUR Cooling 100 W ? 1 SS 150 150°P 1 CS Tubaaheet U Segmental Bafflea 

CE Coaponent 
PUR Cooling WO 200°F 1 BQ 150 200°0 1 CS SheU It Straight Tube 
U Coaponent ISO 200'F 1 SS 150 200'F 1 CS 
PUR Cooling Shell <1 Straight Tube 

S"Plln* ^ St eta 1250 5750c j ss 150 ^ ^ 1 cg ffhell & Colled Tub. 
B&U Preaa. Saotpl- 2500 670*F 1 SS ,„„ ,„, . Double Pipe PWR lng Cooling. 150 "0° 1 CS * 
CE ,Reac. Cool. 2485 650'F i Inconel ISO 250*F 1 SS Vertical Double Tube Coll,Bo PUR ant Saople Tubeaheet or Bafflaa U Preaa. Lt- 2485 680'F 1 SS 150 350*F 2 CS 8h(11 & Co"«d Tube PUR quid Saŝ le 



Table 3.2. Characteristics of Nuclear Heat Exchangers in Research Reactor Systems 

TUBE SIDE SHELL SIDE 

System 
Reactor 
Type * 

Keat 
Exchanger 

Design 
Press. 
(psig) 

Design 
Temp. 

• 
Passes Material 

Des lgn 
Press. 
(P^g) 

Design 
Temp. 

0 
Passes Material Arrangement 

Primary Coolant BrooGchaven 
(HFBB) 

Primary 
Co- 1 it 

300 160'F 2 SS 150 160*F 2 CS Horizontal Shell & U-Tube With 
Fixed Tubesheet 6 Modified Disc 
& Donut Baffles 

Oak Ridge 
(HFIR) 

Primary 
Cooler 

1000 200*F 2 SS 150 200"F I CS Vertical Shell & U-Tube with 
Tubesheat Removable with U-Tube 
Segmental Baffles 

Reactor Shutdown 
CoolIng 

Brookhaven 
(HFBR) 

Shutdown 
Coolers 

150 150*F 4 SS 300 150'F I SS Horizontal Shell & U-Tube with 
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•HFBR - High Flux Dean Research Reactor 
HFIR • High Flux Isotope Rccrtor 
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Fig. 3.1. Recirculating Type of Steam Generator With Steam 
Separators and Dryers. 

As illustrated in Fig. 3.1, the feedwater enters the unit above the 
top of the U-tubes through a feedwater ring and combines with the shell-
side recirculating water which comes from the moisture separators. It 
then flows down through the annulus formed between the shell and the 
shroud around the tube bundle. Near the bottom of the shell, the sub-
cooled water flows radially into the tube bundle and then flows upward 
between the tubes of the bundle where it is heated to the saturation tem-
perature and boiling occurs. Steam generators of this type usually oper-
ate with recirculation ratios in the range of 4 to 10, which is another 
way of saying that the quality of the steam-water mixture leaving the 
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heating section varies between 10 and 25%. Shell-side fluid velocities 
in the heating zone are relatively low, usually under 20 fps. 

The steam-water mixture from the tube bundle passes through a steam 
swirl vane assembly. The vanes impart a radial acceleration to the mix-
ture and separate the water particles from the steam. The water spills 
over the edge of the swirl vane housing and combines with the feedwater 
for another pass through the steam generator. The steam rises through 
additional separators to limit the moisture content of the steam to 0.25%. 
These additional separators, called dryers, are closely spaced corrugated 
surfaces that create flow channels in the form of tight slots- Their 
effectiveness depends on the repeated changes in direction imparted to 
the moisture-laden vapor by the corrugations. Drains from these dryers 
improve their effectiveness. Care must be taken to route these drains 
directly be-low the water level to prevent re-entrainment of water. 

One aspect of steam generator performance that is extremely impor-
tant is the efficiency of steam separation in the generator. The increase 
in turbine maintenance resulting from excessive moisture carryover neces-
sitates that special attention be given to the design of moisture separa-
tion equipment. The maximum amount of moisture carryover from the steam 
generator to the turbine is normally specified at 0.25%. The normal prac-
tice in evaluating separator design is to use the velocity head concept. 
This can be expressed as the product of the vapor densicy and the square 
of the vapor escape velocity. The escape velocities from the steam-water 
interface may be taken as a measure of the steam flow rates to be handled 
by the separators. Values of the velocity head in commercial design are 
about 5 lb/ft2 where density is expressed in pounds mass of steam per 
cubic foot and velocity is given in feet per second. 

3.1.2 Once-Through Type 

The once-through type of steam generator is a vertical straight-tube-
and-shell unit that produces superheated steam at constant pressure over 
the power range. A typical once-through i-ype of unit is illustrated in 
Fig. 3.2. The reactor coolant water enters the steam generator at the 
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Fig. 3.2. Typical Once-Through Type of Steam Generator. 
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upper plenum, flows downward inside the tubes while transferring its heat 
to the secondary shell-side fluid, and exits through the lower plenum. 
Steam is generated on the shell side of the unit. The shell, the outside 
of the tubes, and the tube sheets form the boundaries of the steam pro-
ducing section of the vessel. 

There are four heat transfer regions in the steam generator. These 
are the (1) feedwater heating, (2) nucleate boiling, (3) film boiling, 
and (4) superheat regions. 

1. In the feedwater heating region of che steam generator, the 
feedwater is heated to saturation temperatur .*. by direct-contact heat 
exchange. The feedwater entering the unit flows into a feedheating annu-
lus (downcomer) formed by the shell and the baffle around the tube bundle. 
The steam that heats the feedwater- to saturation is drawn through bypass 
openings in the baffles into the downcomer by the condensing action of the 
relatively cold feedwater. The downcomer level of water balances the 
mean density of the two-phase boiling mixture in the nucleate boiling 
region. 

2. In the nucleate boiling region, the saturate water enters the 
tube bundle and the steam-water mixture flows upward on the outside of the 
tubes countercurrenc to the flow of the reactor coolant. The vapor con-
tent of the mixture increases almost uniformly until departure from 
nucleate boiling is reached. Since nucleate boiling gives relatively 
high heat transfer coefficients, the minimum size and cost of the steam 
generator can be achieved if most of the heat transfer takes place by 
nucleate boiling. Therefore, the steam generator is designed so that the 
departure from nucleate boiling heat flux occurs at the highest possible 
steam quality. 

3. Dry saturated steam is produced in the film boiling region at 
the upper end of the tube bundle. 

4. In the superheat region, superheated steam is raised to its final 
temperature. Since the steam that leaves this type of steam generator is 
superheated, there is no need for moisture separators and steam dryers. 

These four heating regions in the typical once-through type of steam 
generator are illustrated in Fig. 3.3. 
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3.2 Water-to-Water Heat Exchangers 

Examination of Tables 3.1 and 3.2 will show that the water-to«VJ'ater 
heat exchangers for nuclear service are all of the shell-and-tube design. 
In all cases, stainless steel is used as the tube-side material of con-
struction, and either stainless steel or carbon steel is used as the 
shell-side material. Design conditions vary according to the function 
served by the heat exchanger, but for a given function, the range of 
design temperature and pressure variation is fairly narrow for the heat 
exchangers listed in Tables 3.1 and 3.2. These exchangers are available 
in a U-tube design, a straight-tube design, and a helical-tube design. 

3.2-1 U-Tube Design 

A typical U-tube design is illustrated in Fig. 3.4. The tubes in 
this design have a "hairpin" shape, and both ends of the tubes are 
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Fig. 3.4. Typical U-Tube Design for Water-to-Water Heat Exchanger. 
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fastened to one tube sheet. This U-bend design permits each tube to 
expand and contract independently, thereby allowing for differential 
thermal expansion. Examination of Tables 3.1 and 3.2 will show that U-
tube water-to-water heat exchangers are used extensively in water-cooled 
nuclear reactor systems. 

3.2.2 Straight-Tube Design 

The straight-tube design, which is illustrated in Fig. 3.5, employs 
straight tubes secured into tube sheets at both ends of the exchanger. 
The most widely used variation of this basic design in nuclear service 
has fixed tube sheets that are welded to the shell of the exchanger. 
When a thermal expansion problem exists, an expansion joint is incorpo-
rated in the shell or a floating tube sheet is used- These alternatives 
can usually be avoided by using the U-tube design. 

Cn; Uv' fv2j 

1. Stationary head bonnet 
2. Stationary head flange, 

channel or bonnet 
3. Stationary head nozzle 
4. Stationary tube sheet 

5. Tubes 
6. Shell 

Shell nozzle 7. 
8. 

9. Transverse baffles or 
support plates 

10. Vent connection 
Tie rods and spacers 11. Drain connection 

12. Instrument connection 
13. Support bracket 

Fig. 3.5. Straight-Tube Design for Water-to-Water Heat Exchanger. 
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3.2-3 Helical-Tube Design 

Examination of Tables 3.1 and 3.2 will show that the helical-tube 
design is used occasionally for heat exchangers in nuclear service. As 
illustrated in Fig. 3-6, one version of this type of design consists of 
one or more spiral-shaped coils held between two flat surfaces. One of 
these surfaces is the base plate, and the other is the casing. When 
bolted together, these plates form a closed spiral-shaped fluid circuit 
outside of the coil and in between the two flat surfaces that runs 
entirely counterflow to the companion circuit inside the coil. There 
are no baffles in the helical design since the coil itself acts as a 
baffle in directing the flow both inside and outside. 

The coils are stacked on top of each other and are held together by 
the base plate and casing. Each coil is attached to the manifold located 
at ea:h end of the coil. The manifolds are bolted to the plates to match 
up with the piping connections to and from the coil side of the unit. 
The connections that admit the fluids to the outside of the coil are 
located on the base plate of the casing and introduce the fluids at the 
proper point outside of the coil. 

Use of the helical design is presently limited to the smaller sizes 
of heat exchangers. The compactness and the reduction of thermal stresses 
that result from the coiled-tube configuration provide the main bases 
for consideration of this type of design. 

3.3 Fluid Flow Arrangements 

Heat exchanger characteristics include the categorization of flow 
arrangements as either parallel flow or counterflow. These two flow 
arrangements are illustrated schematically in Fig. 3.7. In the parallel-
flow units, the two fluid streams enter together at one end, flow through 
the unit in the same direction, and leave together at the opposite end, 
as illustrated in Fig. 3.7(a). In the counterflow units, the two fluid 
streams move in opposite directions, as illustrated in Fig. 3.7(b). Of 
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Fig. 3.6. Helical Design for Water-to-Water Heat Exchanger. 
(Heliflow Heat Exchangers, Graham Manufacturing Company, Inc.) 
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Fig. 3.7. Heat Exchanger Fluid Flow Path Configurations. 

the two flow arrangements, the counterflow type is the most efficient for 
the transfer of heat. 

Classification of the fluid flow arrangements in heat exchangers also 
requires designation of the number of tube-side and shell-side passes. 
The tube-side flow path may consist of a single-pass arrangement, as illus-
trated in Fig. 3.8(a); a two-pass U-tube arrangement, as illustrated in 
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Fig. 3.8. Typical flow Arrangements for Shell-and-Tube Heat Exchangers. 
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Fig. 3.8(b); or a multi-pass tube arrangement, as illustrated in Fig. 
3.8(c) and (d). The shell-side flow path may be a single-pass arrange-
ment, as illustrated in Fig. 3.8(a) and (b); a two-pass arrangement, as 
illustrated in Fig. 3.8(c); or a multi-pass arrangement, as illustrated 
in Fig. 3.8(d). The allowable pressure drop for the tube and shell 
sides is a major factor in determining the number of flow paths 
selected. 

3.4 Flow Baffling and Tube Support 

Baffles, as illustrated in Fig. 3.9, are frequently used in shell-
and-tube heat exchangers to (1) provide structural support and (2) to 
direct the flow of the shell-side fluid. When used strictly for tube 
support (that is, to prevent sagging or vibration of the tubes), the 
least number of baffles possible is the design goal. The TEMA standards1 

provide some guidance in the selection of baffle design, but the minimum 
requirements of TEMA may not be sufficient to prevent flow-induced vibra-
tion. Baffles used to tailor the shell-side flow pattern generally must 
also provide the structural support for the tubes-

A variety of flow configurations are used in she11-and-tube heat 
exchangers to achieve the flow patterns required for maximum heat 
exchange efficiency and to meet other operational requirements. The 
choice of flow configuration is related to the means used to support and 
space the tubes in the heat transfer matrix. The segmental baffles illus-
trated in Fig. 3.10 are generally used to impart transverse velocity 
across the tubes. These arrangements are applicable to heat exchangers 
designed for a single or multi-pass flow pattern on the shell side. 

Split flow arrangements, as illustrated in Fig- 3.11, are used in 
heat exchangers to reduce velocity, minimize vibration, and to limit 
pressure drops. Split flow arrangements are usually used in conjunction 
with the baffle configurations illustrated in Fig. 3.10. 
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Fig. 3.11. Single and Double Split Flow Arrangements. 
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Longitudinal baffles can be combined with vertical circular baffles 
to provide various kinds of split flows, as illustrated in Fig. 3.12. 
Longitudinal baffles used to divide the shell into two sections for two 
shell passes and three sections for three shell passes are illustrated 
in Fig. 3-13. 
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Single Split With Horizontal Baffle Double Split With Horizontal Baffles 

Fig. 3.12. Single and Double Split Flow Arrangements With 
Horizontal Baffles. 
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Segmental Two Shell Pass Segmental Three Shell Pass 

Fig. 3.13. Segmental Two-Shell-Pass and Three-Shell-Pass Baffle 
Arrangements. 

A typical baffle and tube support arrangement used in a steam gener-
ator is illustrated in Fig. 3.14. This baffle is of the orifice type 
illustrated in Fig. 3.15. A disc and doughnut baffle arrangement is illus-
trated in Fig. 3.16. 



Fig. 3.14. Typical Baffle and Tube Support Arrangement Used in a 
Steam Generator. 
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Fig. 3.15. Orifice Baffles Used in Steam Generators. 
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Fig. 3.16. Disc and Doughnut Baffle Arrangement. 

3.5 Shell Supports • 

A saddle type of support is used 'o support heat exchanger shells 
mounted in an inclined or horizontal position. Typical support saddles 
are illustrated in Fig. 3.17. Brackets or support skirts are used to sup-
port heat exchanger shells mounted in the vertical position. Typical 
support brackets for vertical shells are illustrated in Fig. 3.18. When 
the saddle type of support is used, the shell is usually fixed to one 
support and allowed to move relative to the others. The actual number 
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Fig. 3.17. Typical Support Saddles for Inclined or Horizontal Shells. 
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Fig. 3 18. Typical Support Brackets for Vertical Shells. 



82 

and location of the saddles on which the exchanger shell is mounted are 
determined by structural considerations. The designer should specify 
these parameters after considering the stress analysis of the shell and 
the reactions of the piping systems connected to the exchanger nozzles-

A vertically mounted heat exchanger shell supp"-ted with a support 
skirt is illustrated in Fig. 3.19, and a vertically mounted shell with 
a cradle support is illustrated in Fig. 3.20. An inclined mounting with 
cradle supports is illustrated in Fig. 3.21, and a horizontal mounting 
with cradle supports is illustrated in Fig. 3.22. 

Fig. 3.19. Typical Support Skirt for Vertically Mounted Heat 
Exchanget' Shell. 
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Fig. 3.20. Vertical Mounting of Exchanger With Cradie Support. 
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Fig. 3.21. Inclined Mounting of Exchanger With Cradle Supports. 
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Fig. 3.22. Horizontal Mounting of Exchanger With Cradle Supports. 
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3.6 Nozzles 

Normally, the largest nozzles on a heat exchanger are the 
connections for the shell-side and tube-;side fluids. In normal practice, 
nozzles larger than 2 in. are flanged or butt welded, and nozzles smaller 
than 2 in. are threaded, flanged, or socket welded. However, Section IIT 
of the ASME Boiler and Pressure Vessel Code prohibits the use of any con-
nection in which threads are the sealing barrier for Class-1 vessels. 
Therefore, it is not unusual to find a mixture of small flanged nozzles 
and socket welded connections or seal-welded threaded connections on a 
Class-1 vessel. 

Seal-welded threaded connections must be subjected to a critical 
examination. It must be realized that a thread lubricant must be 
selected very carefully or not used at all. The lubricant may break 
down and form corrosive by-products during the seal welding operation. 
On the other hand, if no lubricant at all is used, the joint may gall 
before adequate mechanical strength is developed. There is no connec-
tion in which the use of threads cannot be avoided through proper design. 

When not restricted by the design of exchanger internals, the orien-
tation of the main nozzles should always be selected with a view toward 
simplifying piping layout and minimizing stresses. It is usually prefer-
able to avoid tangential nozzles. Some of the possible tube-side nozzle 
orientations for various numbers of tube passes are illustrated in Fig. 
3.23, and some of the possible nozzle orientations for single-pass shells 
are illustrated in Fig. 3.24. Other possible orientations for multi-pass 
and split-flow shells are illustrated in Figs. 3.11 (page 77), 3.12 (page 
78), and. 3.13 (page 78). 

Such parameters as the number and orientation of nozzles, size of 
pipe, to which the nozzles will be attached, and the forces and displace-
ments to which the nozzles will be subjected will usually be specified 
in the procurement specification. The space into which the exchanger 
must fit will also- be specified in most cases, and this will have a 
pronounced effect on nozzle design. 
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Shell-side nozzles should be sized carefully to provide adequate 
entrance and exit flow areas for the tube bundle to prevent unduly high 
fluid velocities at these two important points. The TEMA standards1 

require that the value of pVa, where p is the density of the fluid in 
pounds per cubic foot and V is the linear velocity of the fluid in feet 
per second, at the bundle entrance or exit not exceed 4000. The velocity 
is based on the actual flow area between the tubes beneath the projected 
cross section of the nozzle and/or the unrestricted radial flow into the 
nozzle between the inside diameter of the shell and the outside diameter 
of the tube bundle. Compliance with this requirement sometimes requires 
the use of a domed nozzle, as illustrated in Fig. 3.25, or a distribution 
ring, as illustrated in Fig. 3.26. 

Fig. 3.25. Typical Domed Nozzle. 

Fig. 3.26. Nozzle Distribution Ring. 
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3.7 Access Covers 

Access to the complete tube sheet and tube ends should be provided 
in all heat exchangers. This access is usually in the form of removable 
channel covers, channels or bonnets, manways, or other such devices. The 
need for ease of access to the tube ends is for plugging and repair in 
the event that tube leaks occur. No definite criteria can be given for 
determination of a specific access size required. In small units, a 
complete end may be removed. In large units, a manway may be combined 
with removable (reusable or throwaway) partition plates to provide access 
to all tubes. The exchanger procurement specification should state the 
minimum acceptable access size if a special manway is to be provided. 
Designs for manways and other access features may vary from manufacturer 
to manufacturer, so it is important that mandatory requirements of these 
features be established early in the procurement stage. 

In large units, it is sometimes advisable to put small handholes in 
manways or channel covers if pressure and economics permit. Handholes 
with inside diameters of not less than 8 in. are desirable at regular 
intervals along the length of the shell to permit inspection of the tube 
bundle without removing the shell. Sufficient access should be provided 
to assess the condition of a typical baffle, the shell side of the tube 
sheet, and the U-bend region in a U-tube bundle. Covers that weigh 50 lb 
or more should have supporting davits, and covers that weigh less than 
50 lb should have handles. 

3.8 Instrumentation 

Instrumentation on the heat exchanger is usually limited to connec-
tions for temperature and pressure at both inlets and outlets. In addi-
tion, connections to permit determination of the flow rates of both the 
shell-side and the tube-side fluids should be provided. Flow data are 
normally recorded in mass flow rate units. Outlets on steam generators 
should have connections for instrumentation to determine steam 
conditions. 
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4. THERMAL AND HYDRAULIC DESIGN OF STEAM GENERATORS 

Boiling heat transfer and two-phase flow, as they relate to steam 
generators, are discussed in this section. Both of these subjects are 
very complex even for idealized conditions. For conditions such as 
those encountered in steam generators, the problems encountered in 
developing mathematical relationships for heat transfer and pressure 
loss are compounded. As a result, empirical correlations must be devel-
oped. Many of the more commonly used empirical correlations are con-
tained in publications such as that by Tong.2 

4.1 Pool Boiling, Flow Boiling, and Two-Phase Flow 

The various regimes in a typical case of pool boiling of water at 
atmospheric pressure are illustrated in Fig. 4.1.2 In the range A-B, 

ETR3-7S 

\ \0 10L 105 10* ior 

Tw ~ TSat (°F) 

Fig. 4.1. Pool Boiling Regimes for We'.er at Atmospheric Pressure: 
A-B, Natural Convection; B-C, Nucleate Boiling; C-D, Partial or Unstable 
Film Boiling; and D-E, Stable Film Boiling (from Ref. 2). 
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the heat transfer mechansim is of single-phase natural convection. In 
the range B-C, the liquid near the wall is superheated and tends to evap-
orate, forming bubbles wherever there are nucleation sites such as tiny 
pits or scratches on the surface. The bubbles forming at the surface 
displace liquid above them, and this liquid mishes back to fill the void 
when the vapor bubbles leave the surface. The vapor bubbles receive only 
a small fraction of the total heat dissipated, but they create intense 
turbulence and mechanically pump hot liquid from the vicinity of the heat-
ing surface into the cooler pool. The mechanism in this range is called 
nucleate boiling and is characterized by a very high heat flux for only 
a small temperature difference. 

There are two sub-regimes in nucleate boiling: local boiling and 
bulk boiling. Local boiling is nucleate boiling in subcooled liquid 
where the bubbles formed at the heating surface tend to condense locally. 
Bulk boiling is nucleate boiling in a saturated liquid. In this case, 
the bubbles do not collapse. As the population of bubbles increases, a 
point (point C in Fig. 4.1) is reached where the outgoing bubbles obstruct 
the path of the incoming liquid. The vapor forms an insulating blanket 
that covers the heating surface, causing an increase in the surface tem-
perature. This has been defined as departure from nucleate boiling (DNB) , 
critical heat flux, burnout, boiling crisis, and by many other labels. 

In the range C-D immediately after DNB has been reached, an unstable 
film forms over the heating surface ana large vapor bubbles originate at 
its outer surface. The film periodically collapses and forms again under 
the action of circulating currents. This mechanism is called partial 
film boiling, transition film boiling, or unstable film boiling. The 
path C-D is readily obtained if the surface is heated by a condensing 
vapor. However, if the source of heat is constant, as in the case of 
nuclear or electrical heating, the partial film boiling region is diffi-
cult to sustain. The surface temperature will undergo a jump disconti-
nuity along the clotted line C-F in Fig. 4.1 and stabilize at point F 
where the temperature of the heating surface is very high. Generally, 
this temperature is above the raeltiivg point of most metals, and the heat-
ing surface will melt before point F i» reached. Therefore, point C, the 
peak heat flux in nucleate boiling, is often called the burnouc point. 
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In the range D-E, vapor continuously covers the surface, and only 
the shape of the outer film surface changes. By further increasing the 
wall temperature, the heat transfer is also increased, mainly by thermal 
radiation. 

Flow boiling is distinguished from pool boiling by the presence of 
a forced flow condition as opposed to natural circulation. The boiling 
regimes described for pool boiling also exist in flow boiling, but the 
mechanisms are more complicated because two-phase flow plays an important 
role in the boiling process. In a general sense, two-phase flow with 
heat addition is a coupled thermohydrodynamic problem. Heat transfer 
causes change of phase and flow pattern, and a change in the hydrodynam-
ics caused by pressure drop along the flow path affects the heat trans-
fer characteristics. Furthermore, in diabatic two-phase flow, a local 
or point description of the phenomena is insuflieient without knowledge 
of the previous history of the flow. Additional complexities are intro-
duced by the hydrodynamic instabilities and the occasional departure 
from thermodynamic equilibrium. 

Knowing the flow patterns of a two-phase flow is as important as 
knowing whether a single-phase flow 3 laminar or turbulent. The three 
major characteristic flow patterns of diabatic vertical two-phase flow 
are (1) bubbly flow, (2) slug flow, and (3) annular flow, as illustrated 
in Fig. 4.2.2 In bubbly flow, the liquid phase is continuous and the 
vapor phase is discontinuous. The vapor is distributed in the liquid in 
the form of bubbles. This flow pattern occurs at low void fractions. In 
slug flow, relatively large liquid slugs appear in the flow as a result 
of the beginning of agglomeration of vapor bubbles. This flow occurs at 
moderate void fractions and relatively low flow velocities. In annular 
flow, the liquid phase is continuous in an annulus along the wall and 
the vapor phase is continuous in the core. This flow pattern occurs at 
high void fractions and high flow velocities. 

In addition to obtaining knowledge of the flow patterns in two-phase 
flow, it is important to establish the local quantities which represent 
the stationary properties affecting the static pressure and the flow 
Q u a n t i t i e s which represent the transport properties affecting the energy, 
momentum, and mass transfer. The void fraction (ex) is defined as the 
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Fig. 4.2. 
(from Ref. 2). 

TITO-Phase Flow Patterns in a Vertical Heated Channel 

ratio of vapor area (Av) to total area at a certain cross section. That 
is 

A 
a=r^ir> (4-1) v £ 

where 
Av = vapor area and 
A^ = liquid area. 

The local average density 

Plocal = + ( 1 " • 
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where 
P v = density of vapor and 
pg = density of liquid. 

The slip ratio 

where 

V 
s = rp , (4.3) 

£ 

V^ = velocity of the vapor and 
V^ = velocity of the liquid. 

The velocity of the vapor 
v v = 7T v A v 

and the velocity of the liquid 

where 

Q£ V = — , 
£ A. ' £ 

Qv = volumetric flow rate of the vapor and 
Q^ = volumetric flow rate of the liquid. 

The quality of the flow (X) is defined as the ratio of vapor mass flow 
rate to the total mass flow rate. That is, 

A G A G 
v v v _ v v , , m 

X ~ A G + AfG„ W ' v v £ £ 
whe re 

= mass flux of vapor = VyPvi 
G, » mass flux of liquid = V,p, , and 
i, ir *t 

W « total mass flow rate. 
Similarly, an average flow density can be defined as 

-flow a X"V + <l " • (A-5> 
Frost these definitions it follows that the slip ratio 

X I1 -
S a I 

x ( i - -ar/. . . 
"nriri— • ( 4 - 6 > 

Typical void distributions in various boiling regions are illustrated in 
Fig. 
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Fig. 4.3. Void Fraction in Various Boiling Regions (from Ref. 2). 

4.2 Heat Transfer Correlations 

The heat transfer correlations developed for fully developed nucleate 
boiling, partial film boiling, stable film boiling, location of the DNB, 
and for superheated steam are discussed in this subsection. 

4.2.1 Fully Developed Nucleate Boiling 

The correlation developed by Jens and Lottes3 is valid for all geom-
etries and for both subcooled boiling and fully developed flow boiling at 
high pressures ranging from 500 to 2000 ps>̂ a. 

Q V225 
f = 0.077e (Tf - T g r , (4.7) 

whe re 
Q = heat transfer rate, Btu/hr, 
A = area of heat transfer surface, ft2, 

= saturation pressure of steam, psia, 
Tj = temperature of exterior of fouling film, °F, and 
T = saturation temperature of steam, °F. 
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A correlation for the nucleate pool boiling heat transfer coefficient 
was developed by Rohsenow.4 

C 3 p i ( T £ - T s ) 3 

A ,b r g cr f « >5>1 
(4.8) 

sf"fg[g(Pjg - pv) C3 h 2 

where 
C^ = specific heat of saturated liquid, Btu/lb'°F, 
p^ = viscosity of saturated liquid, lb/ft-hr, 
T^ = temperature of exterior of fouling film, °F, 
Tg = saturation temperature of steam, °F, 

C ^ = constant for surface-fluid combination given in Table 4.1, 
h^g = latent heat of evaporation, Btu/lb, 
gQ = conversion constant = 4.17 X 10s lbm-ft/hra-lb^, 
a = surface tension of liquid-vapor interface, lb^/ft, 
g = acceleration of gravity, ft/hr2, 

p. = density of saturated liquid, lb/ft3, if 
P v = density of saturated vapor, lb/ft3, 
k^ = thermal conductivity of saturated liquid, Btu/hr'ft'°F. 

Table 4.1. Rohsenow's Values for 
Surface-fluid Combinations in Boilinp Heat 
Transfer Correlation (from Ref. 4) 

Surface-Fluid Combination Gsf 
Water-nickel 0.006 
Water-platinum 0.013 
Water-copper 0.013 
Water-brass 0.006 
Water-nickel and stainless steel 0.013 
Water-stainless steel 0.014 
CCI carbon tetrachloride-copper 0.013 
Benzene-chromium 0.010 
n-Pen t ane-chromium 0.015 
Ethyl alcohol-chromium 0.0027 
Isopropyl alcohol 0.Q025 
35% Potassium carbonate-copper 0.0054 
50% Potassium carbonate-copper 0.0027 
n-Butyl alcohol-copper 0.0030 
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The convection effect, either forced in a tube or natural unbounded for 
surfaces in a pool, is superimposed on the bubble motion effect. 

(Q/A) = (Q/A)c + (Q/A)b , (4.9) 

where (Q/A)c = the heat transfer associated with either forced or natural 
convection in the absence of boiling and is calculated from the expres-
sion h(T - T ). The heat transfer coefficient (h) is calculated by 

w J-3-*} 
assuming that the flow is single-phase liquid and by using the appropriate 
shell-side or tube-side correlation. Agreement of the Rohsenow correla-
tion with pool-boiling data for water is illustrated in Fig. 4.4. 
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Fig. 4.4. Correlation of Pool Boiling Data for Water (from Ref. 2). 

A generalized correlation obtained from pool boiling and nucleate 
boiling data was developed by Levy.5 This expression is as follows. 
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£ = 
A crT 

sat 
S A T S " P V ) 3 L ' 

( 4 . 1 0 ) 

where 
k^ = thermal conductivity of saturated liquid, Btu/hr-ft-°F, 
C^ = specific heat of saturated liquid, Btu/lb'°F, 
p^ = density of saturated liquid, lb/ft3, 

AT = T _ - T , °F, sat surface sat 
a" = surface tension, lb/ft, 

T = saturation temperature, °F, SaC 
p^ = density of vapor, lb/ft3, and 
B^ = coefficient determined from data illustrated in Fig. 4.5. 
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Fig. 4.5. Curve of Coefficient BT From Boiling Heat Transfer Data 
(from Ref. 5). 
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The coefficient B^, determined empirically for a large range of fluids, 
pressures, and surface-fluid combinations, was found to be a function of 
only the vapor density and the latent heat of evaporation • Thus, 
Eq. 4.10 can be approximated by the expression 

o P4''3 o 
? = T a F ^ „ < 4- n) A 495 sat 

for pressures (?) in the range of 100 to 2000 psia. The agreement of 
Levy's correlation with data for a variety of different fluids and for 
water under a wide range of pressures is illustrated in Fig. 4.6. 

O Water 
A n-Qut̂t 
* Carbon, tetrachloride 
+ Isoprop̂  Alcohol 
9 35% Potassium Carbonate. 
a 5oi' Potassium Carbonate. 
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Fig. 4.6. Agreement of Levy's Correlation With Pool Boiling Heat 
Transfer Data for (a) a Variety of Different Fluids and (b) for Water at 
a Wide Range of Pressures (from Ref. 6). 
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A correlation for degassed subcooled water at pressures of 30 to 
90 psia was developed by McAdams-

§ = 0.074(AT J 2 " 8 6 (4.12) Pl 5 3 C 

4.2.2 Partial Film Boiling 

Partial film boiling is the unstable mode of heat transfer in which 
both nucleate and film boiling exist side by side. The transition between 
nucleate and stable film boiling is usually of short duration. It is 
therefore often practical and conservative to assume that stable film 
boiling occurs immediately after the critical heat flux has been exceeded. 

Few data on partial film boiling are available. The following equa-
Q tion is the film correlation developed by McDonough, Milich, and King 

for water in a round tube. 

A I 1 A 
~ = 730e s 7 e^ , (4.13) 

fz " DNBf 

where 
(Q/A)D^g = local burnout heat flux, 

(Q/A)^ = partial film boiling flux at axial location Z, 
T^ = local surface temperature, °F, 

^DNBf = surface temperature at DNB predicted by the Jens and Lottes 
correlation,3 and 

P = absolute pressure, psia. 
The range of variables over which Eq. 4.13 is applicable is as follows. 

Pressure 800 < P < 2000 psia 
Enthalpy H < < 950 Btu/lb sat — DNB — 

Mass velocity (G) 0.2 X 10s < G < 1.4 X 10s lb/hr-ft2 

Heated length [ M 30 < L/D < 62 
Diameter ID' — — 

Wall temperature (T ) "''DNB < T w < 1030°F 

With the DNB conditions and stable film boiling heat transfer coefficient 
known, (Q/A)z and T^ at the end of the partial film boiling region can 
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be determined by using Eq. 4.13. Consequently, the heat transfer surface 
area for partial film boiling can be obtained. The surface-flux correla-
tion for the proposed partial film boiling equation is presented graphi-
cally in Fig. 4.7. 
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Fig. 4.7. Surface-Flux Correlation for Proposed Film Boiling 
Equation (from Ref. 8). 

A qualitative representation of the local instantaneous surface flux 
in the partial film boiling region as a function of local enthalpy and 
wall temperature is presented in Fig. 4.8. Curve a-o represents the 
Westinghcuse Atomic Power Division burnout equation which is correlated 
for flow in round tubes with uniform heat flux at a pressure of about 
200 psia and a mass velocity of 0.2 X 10s < G < 8.0 X 10s. 
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Fig. 4.8. Geometric Representation of MSA Research Corporation 
Transition and Film-Boiling Data (from Ref. 8). 

(Q/A) DNB = 0 . 2 8 
10fc 

H DNB 
10 

1 + 
10' 

,-0.0012 (l/D) (4.14) 

where 
H Qjjg = local enthalpy at burnout, Btu/lb, 

G = mass velocity, lb/hr'ft2, 
L = length of tube from inlet to point of reference, ft, and 
D = inside diameter of tube, ft. 

4.2.3 Stable Film Boiling 

The data developed by Bertoletti et al. for water at a pressure of 
1000 psia are illustrated in Fig. 4.9.2 Based on their data, Bertoletti 
et al. suggested the following empirical correlation for stable film boil-
ing. For AT > 360°F and G < 0.74 x 10s lb/hr-ft2, 

sat — ' 

... '2.54D )0*2 

fl £ = 34AT° '®21 , (4.15) 
, A (0.000135GX)0"8 s a t 

where 
D =• equivalent diameter of flow channel, ft, 
G = mass velocity, lb/hr-ft2, and 
X = weight fraction of steam. 
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Fig. 4.9. Heat Transfer in a Liquid-Deficient Region (from Ref. 2) 

For AT s a t < 360°F and G > 0.74 X 10s lb/hr-ft2 , 

2 1 -
(2.54DP)° 

A/(0.000135GX)°-8 = C 
AT sat 

1.8 

m 
(4.16) 

where C = (e2'25G/1°S)/0.119 and m = 1.284 - (0.42G/106) . 

The following empirical equation was suggested by Polomik et al. 
hTP°e 

k (Pr ) 8 S 
l/3 

a 
a = 0.00136 

rDeG/l - X 
P X a 1 

O . S 5 3 
(4.17) 

where 
hTp = heat transfer coefficient for two-phase film boiling, 

Btu/hr »f t2•°F, 
D^ = hydraulic diameter, ft, 
k = thermal conductivity for steam at temperature which is arith-

8 

metic average of heater wall temperature and bulk temperature, 
Btu/hr-ft-°F, 

(X = void fraction, 
G = mass velocity, lb/hr'ft2, 

U = viscosity of steam at temperature which is arithmetic average e 
of heater wall temperature and bulk temperature, lb/ft*hr, 
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X « steam quality, and 

i . x n - x u - v ^ 
or I X i. 

where = dens icy of saturated vapor ami 
a density of saturated liquid-

The correlation developed by Tong" with flow-vcloctjy dependence $.s 
expressed as 

hD | D V W c 

w,v • v»v 1 

where 
k =» thermal conductivity of vapor at wall temperature, 

V ° vclocicv of mixture, and n 
v
 B viscosity of vapor at wail temperature-

The ranges of the parameters for Eq. 4.18 are as fellows. 
5000 < < 50,000 ~ Re -
1800 < ? < 2200 psia 

The film boiling data determined by various Investigators arc 
plotted in Fig. 4.10 wherein the general characteristics of stable fU» 
boiling over a wide pressure range arc illustrated. 

4.2.4 Location of DNB 

The microscopic study of the departure from nucleate boiling (DN'B) 
has neither provided complete insight into the mechanism of DNB nor 
yielded generally acceptable correlations. The empirical correlations 
developed possess certain shortcomings- These equations arc valid only 
in the ranges of parameters from which they were developed, and extrapo-
lation of such empirical equations is dangerous. Considerable deviation 
and uncertainty in the result can be introduced merely because of differ-
ences in the detecting systems and the non-equilibrium nature of bubbly 
flow. The following DNB correlations for bulk boiling are some of the 
more recently developed ones. 
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!!..,. = enthalpy at DNB condition, and uNo 
Ho - 655 - 0.004(2000 - P)i-63 

The existing uniform DNB heat flux data obtained for water in 
circular tubes and rectangular channels were examined by Macbeth.11 He 
assumed that the critical heat flux depends upon the parameters P, G, and 
1./9, as illustrated in Fig. 4.11; and his equations were developed for 
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Fig. 4.11. Approximate Boundary Limits of the Low-Velocity and High-
Velocity Burnout Regimes for Round Tubes (from Ref. 2). 

low-velocity and high-velocity regions. In Fig. 4.11, the low-velocity 
region lies to the left of any given curve and the high-velocity region 
lies to the right of any given curve. For a uniformly heated round tube 
in the low-flow region, 

( Q / A . ) n M R I „ \ o . 5 1 
= 0.00633h, D-o-1' G 

10s f8 10' 
(1 - X e) , (4.20) 
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where 
h^ = latent heat of evaporation, Btu/lb, 

D = diameter of tube, ft, 
G = mass velocity, lb/hr-ft2, and 

= steam quality at exit condition. 

For a uniformly heated rectangular channel in the low-flow region, 

G (Q/A)™ 
D N B = 0.264h, t i'73 

10s fg c 

mess of rectangular 
round tube in the high-flow region, 

iQe, (1 - X„) (4.21) 

where t = thickness of rectangular channel, ft. For a uniformly heated 

(Q/A) A + (CD/4)(G X 10"6)(H - H ) 
D N B " -S iS- , (4.22) 10s 1 + CL 

where 

A = y D M-£-)*« , 
° e \10s I 

y4/ G lys C = y D 
e Uos 

Hg = enthalpy at exit condition, 
H^^ = enthalpy at inlet condition, 

L = length of heated channel, ft, 
and the y values are as given in Table 4-2. 

Table 4.2. Optimized y Values and RMS Errors for High-Velocity 
Regime Burnout Data for Round Tubes (from Ref. 2) 

RMS Number 
Pressure Error of 
(psia) yo yx y

2
 y

3
 y

4
 y

5 (%) Expts. 

15 1.12 -0.211 -0.324 0.0010 -1.4 -1.05 13.8 88 
250a 
530 

1.77 -0.553 -0.260 0.0166 -1.4 -0.937 4.7 237 250a 
530 1.57 -0.566 -0.329 0.0127 -1.4 -0.737 5.7 170 
1000 1.06 -0.487 -0.179 0.0085 -1.4 -0.555 7.4 405 
1570a 0.720 -0.527 0.024 0.0121 -1.4 -0.096 3.4 133 
2000 0.627 -0.268 0.192 0.0093 -1.4 -0.343 9.0 362 
2700a 0.0124 -1.45 0.489 0.0097 -1.4 -0.529 4.7 37 

3Nomina1. 
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For a uniiVraiy he alea rect»nnj;u 1 nr chnnncI in ihe hijth-flov region, 

(Q/A) A + 0.555CC (c: > l O ^ X H - H ) 
H c . xSL , (A. J?) 

l0o J + CL 

where A and C are defined .is for Eq• 4.22 huz the values y nre as 
given in Table 4.?. 

Table 4.3. Optimized y Values ant! RMS Errors for High-Velocity 
Regime Burnouc Data for Rectangular Channels (fron Ref• 2) 

Pressure 
(psia) V • o Y V 

2 
V y 

• I 
V 
" 5 

RMS 
Error 

(Z) 

Xusnber 
of 

Expts. 

600 23.4 -0.472 -3.29 0.123 -1.4 -3.93 6.1 22 
800 0.445 -1.01 0.384 0.0096 -1.4 -0.0067 12.9 28 
1200 1.88 -0.081 -0.526 0.0035 -1.4 -1.29 4.9 42 
2000 0.546 -0.315 -0.056 0.0027 -1.4 -0.725 9.'. 359 

The use of statistical methods in correlating the DNB heat flux was 
suggested by Jacobs and Merrill.12 They developed a water flow DNB cor-
relation for round tubes with uniform heat flux by using the independent 
variable of inlet temperature instead of the dependent variable of outlet 
enthalpy. Their correlation is as follows. 

^ ^ = 0.78400 - 0.4792T + 0.91581P + 1.33762G 
10s 

- 4.09246L + 2.60341D + 0.11501T2 - 0.54502P2 

- 0.14804G2 + 0.95825L2 + 0.09933TP - 0.20015TG 
- 0.34693D2 - 0.01258T3 + 0.11052PG + 0.22063PL 
- 0.31924PD - 0.11436GL + 0.10575GD + 0.01732LD 
+ 0.07398P3 + 0.00643G3 - 0.02242L3 

+ 0.01384TG2 , (4.24) 
where 

T = "F/100, 
P = psia/1000, 
G = (lb X 106)/ft2'hr, 
L = in./10, and 
D = in.(10). 
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A design equation (lower envelope) vas developed by Jansscn and 
levy.1" For a pressure of 1000 psin and .1 flow quality of X < X , 

(Q/A) . .. 
^ = 0.705 + 0.237 M 1 

10 \10v 

for a pressure of 1000 psia and a flow quality of X, < X < X , 

<Q/A>, 

(4.25) 

DNB = 1.634 - 0-270 
!0-' 

G 
10* 

- 4.710X ; (4.26) 

and for a pressure of 1000 psia and a flow quality of X < X , 

(Q/A)IW l)\'B 0.605 - 0.164 
10 10 

- 0.653X (4-27) 

(4.28) 

where 
X = 0.197 - 0.108(G/10°) and 

> 

X = 0.254 - 0.026(G/10°) . 2 
At pressures (P) other than 1000 psia, the design values are 

(Q/A)DNB = ( Q / A W a t 1 0 0 0 p s i a + 4 4 0 ( 1 0 0 0 " P ) 

The ranges of parameters for these equations are as follows. 
P = 600 to 1450 psia 
G = 0.4 X 10s to 6.0 X 10s lb/hr-ft2 

X = negative to 0.45 
D = 0.245 to 0.25 in. e 
L = 29 to 108 in. 

Data on the DNB heat flux were obtained by Israel, Casterline, and 
Matzner14 for forced-flow boiling in a 16-rod test section arranged in a 
square array. ..r3 following equation was fitted to the data obtained at 
a pressure of 1000 psia by using the method of least squares to establish 
the coefficients. 

~ \ 2 . 7 2 
(Q/A) = 0.688 + 0.144 10s, 

X .-i 
0.831 + 0.221 

10 s X , (4.29) 

where 
(Q/A) = hot rod heat flux, Btu/hr-ft2, 

G = average mass velocity (0.5 to 1.8 X 10s) lb/ft2-hr, and 
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X = average assembly flow quality (0.07 to 0-40). 
Multi-rod DNB heat flux experiments at a pressure of 1000 psia were 

conducted by the General Elcctric Company under the USAEC Cycle Program.iS 

The DXB heat flux data for mass velocities of 0.2 >; 10'', 0.5 x 10'", 
1.0 X 10s, and 1.5 X 10'̂  ib/hr-ft2 and a flow quality range of 9 Co 547. 
by weight of steam are illustrated in Fig. 4.12. The results of this 
study indicate that the DNB heat flux can be slightly higher for a multi-
rod geometry than for a single-rod geometry, and they verify that the pre-
sent DNB heat flux design limits are satisfactory for use in a multi-cod 
reactor. They also establish a basis for future increase of these limits. 
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Fig. 4.12. Four-Rod Test Data for Critical Heat Flux as a Function 
of Steam Quality at a Pressure of 1000 psia (from Ref. 15). 
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Hie characteristics of DNB for fixed heat flux, steam pressure, and 
geometry were established by Daviesi6 as illustrated in Fig. 4.13. Some 
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Fig. 4.13. DNB Point for Various Types of Boilers (from Ref. 16). 

data have shown that where relatively low-temperature heat sources (such 
as pressurized-water reactor conditions) are used, it is possible to 
sustain nucleate boiling at quality levels in excess of 857= if 
mass fluxes less than 400,000 Ib/hr-ft2 and heat fluxes of less than 
150,000 Btu/ft2>hr are used. The heavy line forming the right boundary 
of Fig. 4.13 represents the limit of nucleate boiling. Nucleate boiling 
will occur at all points to the left of this boundary, and film boiling 
will occur at all points to the right of this boundary. The simple pot 
type of boiler with its very low mixture velocity operates with nucleate 
boiling in Zone A of Fig. 4.13. The problem of film boiling is never 
encountered with the recirculating boiler, which operates in Zone B of 
Fig. 4.13, because its mixture quality never exceeds about 25%. Zone C 
represents the operating range of once-through boilers with high-temper-
ature heat sources. 
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The importance of this experimental data obtained by The Babcock and 

boiling is maintained until the mixture qualities reach values in excess 
of 907, as long as the velocity of the mixture is kept below 40 ft/sec. 
The data suggest important improvements in the design of once-through 
steam generators. 

4.2.5 Superheated Steam 

It has been suggested17" that the Dittus-Boelter equation for gas 
and liquids of low viscosity in turbulent flow inside tubes with moderate 
differences between the bulk temperature of the fluid and the temperature 
of the surface (Eq. 9-10a on page 219 of Ref. 7) can be used for the 
longitudinal flow of gases over the outside of a tubular surface if an 
equivalent diameter is substituted for the tube diameter and an appropri-
ate mass velocity is used. This equation is as follows. 

Wilcox Company1® in the region of low-mixture velocities is that nucleate 

hD 
k 
e (4.30) 

where 
D^ = equivalent diameter of flow channel, 
T^ = average bulk absolute temperature, °R = °F + 460, and 
Tf = average film absolute temperature, °R. 

4.3 Hydraulic Considerations 

The hydraulic considerations in the design of steam generators dis-
cussed here include the circulation in a steam generator, two-phase pres-
sure drop correlations, and water level stability. 
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4-3.1 Circulation in a Steam Generator 

Both the recirculating and the once-through nuclear steam generators 
are of the natural circulation type- The secondary-side flow path in a 
typical recirculating steam generator is comprised of four regimes, as 
illustrated in Fig. 4.14. The first is the heat addition regime where 

ETR3-89 

Fig. 4.14. Flow Regimes of Typical Recirculating Steam Generator 
(from Ref. 18). 

heat is added to the shell-side secondary water. The riser that lies 
above the heating zone increases the natural circulation driving force. 
Above the riser is a steam drum with moisture separating equipment to 
remove saturated water from the steam-water mixture. The saturated water 
removed by the moisture separators flows to the top of the downcomer where 
it mixes with the cold feedwater. The heated but still subcooled mixture 
flows to the bottom of the downcomer to enter the heating zone and 
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complete the circuit. The natural circulation driving force is provided 
by the difference between the density of the water in the downcomer and 
that of the steam-water mixture (less dense) in the heating zone and 
riser. 

The corresponding circuit for the once-through type of steam gener-
ator is simpler from the hydraulic standpoint. Since this type of steam 
generator produces slightly superheated steam, there is no need for mois-
ture separation. Nor is there a need for a riser. Thus, the natural 
circulation loop consists solely of the nucleate boiling heating section 
and the downcomer. Feedwater is heated by steam drawn into the downcomer 
by the condensing action of the cooler feedwater. 

The driving force for natural circulation flow is resisted by pres-
sure losses which oppose the flow. Calculation of the pressure losses in 
a steam generator is therefore an integral part of evaluating the circu-
lation and flow rate through the heating zone. Two quantities are inves-
tigated in such an analysis. The first is the circulation ratio, which 
is defined as 

The second quantity is the recirculation ratio, which is defined as 

These quantities are pertinent to secondary flow through the steam gener-
ator, determination of feedwater heating by the recirculated water, and 
evaluation of the water level stability in the unit. 

4.3.2 Two-Phase Pressure Drop Correlations 

The frictional pressure drop for bulk boiling flow has been investi-
gated by Mendler et al.ir who suggest that 

C Total Circulation Flow Rate 
Steam Flow Rate 

R Flow Rate of Recirculated Water 
Steam Flow Rate 

(4.31) 

1 
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whe re 

4> 

h 

f. = friction factor for saturated liquid calculated by xso M 

considering Nw = (D G)/p and the appropriate surface K6 6 S cl tl 
roughness, 

G = total mass velocity, lb/hr"ft2, 
v. = specific volume of saturated liquid, lb/ft3, 
g^ = conversion ratio, Ib-ft/lb-hr2, 
D = equivalent diameter of flow channel, ft, 

2 

LO,M-N = Martinelli-Nelson ratio20 given in Figs. 4.15 and 4.16, 
z = length of channel, ft, and 

LO' LO,M-N mass velocity, void fraction, and pressure dependent 
correlation factor evaluated as follows. 

For pressures between SOO and 1850 psia and mfass flow velocities 
G < 0.7 X 10s lb /hr • f t2, 

= 1.36 + 0.0005P + 0.1 
L0,M-N 10e 

0.000714P 
10 

(4.32) 

where P = system pressure, psia. For mass flow velocities 
G > 0.7 X 106 lb/hr-ft2, 

L0 = 1.26 - 0.0004P + 0.119 
<t> 

+ 0.00028P ^ 
LO,M-N 

(4-33) 
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ETR3-83 

Fig. 4.15. Martinelli-Nelson Two-Phase Friction Factor for Low-
Quality Region Where * Indicates Extrapolated Curve (from Ref. 20). 
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ETR3-83 

Quality (X) 

Fig. 4-16. Martinelli-Nelson Two-Phase Friction Factor for High-
Quality Region Where * Indicates Extrapolated Curve (from Ref. 20). 

A different procedure was suggested by Chenoweth and Martin,21 who 
correlated two-phase pressure drop data for large pipe sizes for both 
air-water and steam-water systems. Their correlation is illustrated in 
Fig. 4.17. The abscissa values are for the superficial liquid volume 
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Fig. 4-17. Correlation for Turbulent Two-Phase Friction Pressure 
Drop in Large Horizontal Pipes (from Ref. 21). 

fraction (LVF) calculated from the individual phase flow rates and 
densities with the assumption of no "slip".2 The individual phase flow 
rates were obtained from the total flow rate and quality. The ordinate 

So 
2 is <4>n directly, which appears as the integrand in the correlation sug-

gested by Mendler et al.1& The curves in Fig. 4.17 indicate different 
values of the ratio 

(dp/dl), GF0 
<dP/dl)LF0 

where 
(dp/dl)GFQ = frictional pressure gradient that would exist if the 

total flow (gas and liquid) was assumed to be gas flow-
ing in the channel and 

(dp/dl)LFQ = frictional pressure gradient that would exist if the 
total flow (gas and liquid) was assumed to be liquid 
flowing in the channel. 

2 
Knowing the value of and using Figs. 4.15 and 4.16 (pages 114 and 115) 

it: nit; vmue ui ^^ « 1 - i-i—lS 
to find AP„ 
to determine the value of <t> „, one can use Mendler's correlation L0,M-N 

TP 
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A convenient treatment of the problem of the two-phase pressure drop 
in a vertical channel involves the use of a friction factor multiplier 
R.22 For this application, R is defined as the ratio oE the two-phase 
friction pressure gradient (dp/dl) to the single-phase value for the 

2 
liquid phase alone (dp/dl)^. That is, 

(dp/dl)a (£P) 
R = (dp/dl), - (£pf » ( 4' 3 4 ) 

where AP^ = two-phase pressure drop in a given channel in which AP^ is 
the pressure drop for the liquid phase alone (the flow rate of only the 
liquid component). Values of R obtained by semi-empirical correlation 
procedures and graphical integration of local values with respect to 
length are plotted in Fig. 4.18 as a function of the system pressure for 
steam whose exit quality ranges from 1 to 1007.. 

ETR3-93 

JO 50 100 500 I0OO 5000 
PRESSURE (PSIA) 

Fig. 4.18. Friction Factor Multiplier for Two-Phase Flow (from 
Ref. 22). 
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From the continuity and energy equations, the following equation for 
the two-phase orifice pressure drop was obtained.2 

^ t p f ^ G P F P 7 2 = K P F / a p G P F ] 1 / 2 + 1 ' <4-35) 

where 
£P_ = pressure drop for two-phase friction, 1 rt 
AP = pressure drop for the friction of a flow with gas mass uJrr 

velocity component, and 
£P = pressure drop for the friction of a flow with liquid mass Lrr 

velocity component. 
Two-phase flows of steam-water1, air-water, natural gas-water, natural 

gas-saltwater, and natural gas-distillate combinations were tested by 
Murdock,23 who derived the following empirical form of Eq. 4-35. 

I ^ t p f ^ G P F I 1 7 2 = ^ ^ L P F ' ^ G P F ) 1 ' 8 + 1 • <4-36> 

Equation 4.36 is valid for pressures ranging from atmospheric to 920 psia, 
differential pressures from 10 to 500 in. of water, liquid mass fractions 
from 2 to 89%, temperatures from 50 to 500°F, and for Reynolds numbers 
from 50 to 50,000 for the liquid and 15,000 to 1,000,000 for the gas. 

4.3.3 Water Level Stability 

A temporary change in feedwater flow in a natural circulation steam 
generator will change the void fraction in the heating zone- This will 
change the density of the coolant in the heating zone, and the water will 
seek a new level. Asa result of feedback in this sequence of events, the 
water level will start to oscillate, and it is possible for these oscil-
lations to be unstable. Such oscillations are undesirable and should be 
highly damped because they may create problems in control of the plant. 
They also cause alternate covering and uncovering of a portion of the 
heat transfer surface and a resulting loss of heat transfer capability. 

Prediction of the dynamic characteristics of a steam generator is a 
complex problem requiring solution of the time-dependent equations of con-
servation of mass, energy, and momentum. Solution of such a system of 
equations is complex and requires the use of a digital or analog computer. 
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The difficulty of predicting the dynamic behavior of a steam generator 
is surmountable because the design parameters that affect stability are 
known. The parameter changes which improve flow stability also tend to 
accompany an increased recirculation flow rate. Typical measures that 
may be taken to improve flow stability include 
1. increasing the temperature of the water in the downcomer by increas-

ing the circulation ratio; 
2. decreasing the pressure drop in the heating zone by increasing the 

pitch of the tubes (this measure may be uneconomical because of the 
larger size steam generator that would result); 

3. decreasing the void fraction, which is equivalent to decreasing the 
steam quality, by increasing the recirculation flow rate; 

4. increasing the pressure drop in the downcomer section by adding a 
flow restriction; and 

5. increasing "holdup" of the secondary coolant inventory. 

4.4 Typical Design Procedure for a Once-Through Steam Generator 

The typical design procedure to be followed for a once-through steam 
generator of the configuration illustrated in Fig. 4.19 is outlined in 
this subsection. The tube-side and shell-side design conditions for this 
generator are as follows. 

Tube 
Number, 
Outside diameter 
Wall thickness, 
Material, 
Pitch, 

15,594 
0.625 in. 
0.034 in. 
Incone1 
7/8 in. 

Shell 
Steam saturation temperature 
Steam saturation pressure, 
Inside diameter, 
Net flow area, 
Equivalent diameter, 
Mass flow velocity, 

> 

43.2 ft2 

0.0677 ft 

535.2°F 
925 psia 
118 3/8 in. 

1.227 X 105 lb/hr«ft2 
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Superheat 
Region 

Film L 
Boiling r 

Nucleate 
Boiling 

ETR3-94 
Primary Coolant 65.66x10s lb/hr 

T p c = 603F 
P p c

h = 2,200 psia 

Hi 
Steam 5.3xl06 lb/hr 

T = 570F 
P = 925 psia 

Feedvater 
T = U55F 
P = 1090 psia 

T p c =555F 
c 

Fig. 4.19. Configuration of Once-Through Steam Generator Used in 
Typical Design Analysis. 

The assumptions upon which the design calculations are based include 
1. that fully nucleate boiling starts at the bottom of the steam genera-

tor (L = D), 
2. the neglect of unstable film boiling, 
3. the neglect of all effects of orifice baffles, 
4. the neglect of the hydrostatic head, 
5. the neglect of heat transfer from the shell-side flow to the down-

comer flow, 
6. the neglect of bypass flow to the downcomer, 
7. the fouling resistance in the superheat region = 0, and 
8. the fouling resistance in other regions — 0.0002. 

The computational steps required to determine the heat load, temper-
atures of the primary coolant, shell-side and tube-side heat transfer 
coefficients, tube wall resistance, and the required surface area in the 
superheat region; the location of the DNB; the surface area required for 
nucleate boiling; and the surface area required for the film boiling 
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region are outlined as follows. The total effective length and surface 
area required for the steam generator are determined, and the results of 
these calculations are discussed. 

4.4.1 Superheat Region 

With a steam saturation pressure of 925 psia, the load in the super-
heat region 

Qs = V H s - V 5 ( 4 ' 3 7 ) 

where 
W = steam flow rate = 5.3 X 10s, s 5 

= enthalpy for superheat steam at exit = 1230.9, 
Hg = enthalpy at saturated condition = 1194.5. 

Q = (5.3 x 10s)(1230.9 - 1194.5) s 
= 192.9 X 10s Btu/hr . 

The temperature of the primary coolant leaving the region 
Qs T = T - — , (4.38) 

Pcs Pch Wc 
P 

where 
T p c^ = temperature of primary coolant entering region = 603°F, 

Qs = 192.9 X 10® Btu/hr, 
W = flow rate of primary coolant = 65.66 X 10s lb/hr, and 
Cp = average specific heat. 

With the exit temperature of the primary coolant assumed to be 601°F, the 
average temperature of the coolant 

T = -|(603 + 601) = 602°F . 

At a pressure of 2200 psia, the average specific heat of the coolant is 
1.44. Therefore, 

T = T = 192.9 X 10s 
Pcs p ch (65.66 X 10s)1.44 

= 603 - 2.04 « 601°F. 
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The log mgan temperature difference 

LMTD = 
AT - AT . max m m 

AT 
In max 

AT . m m 

(4.39) 

<0 

a w 
V 
CL £ 01 (— 

603 T 
P r » r n o r y C o o l a n t 

510'F^ 

Area 

i 
6 0 | F 

5 3 5 . 1 * f 

LMTD = 55-8 -_33 32.8 _ 32.8 
. 65.8 In 1.994 0.690 In — 

= 47•52°F. 

The steam-side (shell-side) heat transfer coefficient (hs) in the 
superheat region is determined by using the equation17 

h s - 0 . 0 Z 3 i ( N R e , ^ < V , ° - - g ) . (4.30, 
e I £ / 

where 
(Np^)^ = Prandtl number for physical properties evaluated at 

Tf = 2(TW + V • 
T^ = average bulk temperature, 
T^ = average film temperature, and 
T w = average wall temperature. 

The average temperature of the superheated steam 
Tb = 2 ( 5 3 5" 2 + 5 7 0 ) 

= 553°F = 1013°R . 
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Assuming a wall temperature of 595.9°F, the average film temperature 

Tf * 1 (Tw + V 
= j (595.9 + 553) 

= 574.5°F = 1034.5°R . 

The mass flow rati! G = 1.227 X 105 lb/hr-ft2, and the flow area 

A = J(L18.4)2 - J(0.625)2(15,594) 

= 6226 in.- = 43.2 ft2 . 

The equivalent diameter of the flow channel 

D = (£t) Flow area = 4(43.2) 
e k Wetted perimeter /0.625\ 15594tc|—y^ J 

= 0.0677 ft. 

At a temperature of 575°F and a pressure of 925 psia, the viscosity = 
0.051 lb/hr'ft and the Reynolds number 

- ^ = (1-227 x 105)0.0677 = 8307.0 
Re ~ \± 0.051 0.051 

= 162,900 . 

The thermal conductivity k = 0.0325 Btu/hr'ft-°F, the specific heat 
C = 0.S90 Btu/lb, and the Prandtl number P 

= ^ = 0-89(0.051) = 0.04539 
Pr k 0.0325 0.0325 

= 1.397. 

Thus, the shell-side heat transfer coefficient 
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hs = ^•023>§iiffa62,900)O-a(1.397)O-(|§|f)0-8 

= 184,0 Btu/hr-ft2* °F . 

The resistance factor 

~ = 0.005435 hr-ft2-°F/Btu , 
s 

and r , . = 0 . fouling 

The tube-side heat transfer coefficient is determined by using the 
equation 

h. = 0.023 (N )c"d (N J0'?-*-* . (4.40) r d. Re Pr l 

Where the average temperature of the primary coolant T = 602°F, 
PCav 

the thermal conductivity k. = 0.300 Btu/hr-ft-°F, 
the viscosity |JL = 179 X 10~T lb-sec/ft2 = 0.207 lb /hr-ft, and 
the specific heat C^ = 1.44 Btu/lb-°F; the Prandtl number N p r = 1.0. 
The Reynolds number 

N Re |j. 

where G = mass velocity = W/A = (65.66 X 10s)/26.9 
= 2.441 X 103 lb/hr-ft2 . 

Thus, 
0.557 

= (2-441 X 10s) 12 = 113,300 
Re 0.207 0.207 

= 547,400 , 

and (N^)0"8 = 38,960 . 

Therefore, 

h ± = (0.023)0°Q^4(38,960)(1.0) = 5794 Btu/hr-ft2-°F , 
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and the resistance factor 

= 0.0001726 hr-ft2.°F/Btu . ni 

Corrected to the outside surface, the resistance factor 

r i o = 0 . 0 0 0 1 7 2 6 | ^ | | | | j 2 = 0 .0002173 hr-ft2-°F/Btu . 

The tube wall., resistance 

tw idQ + 2NW(d0 + W) NW2(dQ + 2W)(2W + tf) 
R . = I R ^ T - — 71—— + 1 Q 1 . . <A .U O X T T 3 t A — N ^ v T • (4-41) w |121g (d0 - tw) 18kftf [dQ + 2NW<dQ + W)J 

where 
t = tube wall thickness, in., w 
k = thermal conductivity, Btu/hr-ft2•°F per ft, 
d0 = outside diameter of tube or root diameter of fin, in., 
N = number of fins per inch, 
W = height of fin, in., 
t£ = average fin thickness, in., and 

the subscripts w and f refer to the tube and fin, respectively. For bare 
tubes (N = 0), Equation 4-41 becomes 

\ do 
rw = ter — • <4-41a) 

\ W I O w 

For Inconel 
t = 0.034 in. , w 
dc = 0.625 in., and 
k = 9.0 Btu/hr*ft•°F; . w 

and the tube wall resistance 

" 12(9K0^625 -^Q!Q34) " °- 0 0 0 3 3 2 9 br-f^-'Frttu . 

As a check on the assumed wall temperature in the superheat region, 
the total heat transfer through the tube-side film resistance and wall 
resistance is equal to the heat transfer through the shell-side film 
resistance• 
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(T — T ) = (T - T ) — pc w r. + r w s I r„ r j.0 w V s 

(602 T ) n nnnmoa , a nr>nn 171 535.2)7 w 0.0003329 + 0.0002173 v w w0.005435 

T = 595-9°F w 

The total resistance 

R = 0.005435 + 0.0002173 + 0.0003329 

= 0.005985 . 

The required surface area 

Qs R 
A = (4.42) s AT 

J_> 

(192.9 X 106)0.005985 = 1,155,000 
47.52 47.52 

24,310 ft2 . 

The length of this surface area 

T - 24.310 _ 24,310 
s ~ 15594it(0.05208) ~ 2551.4. 

= 9.53 ft . 

4.4.2 Location of MB. 

To calculate the heat transfer load in the film boiling region, an 
is assumed and Macbeth's correlation11 is used. DNB 

( Q A ) m R _ 0 , I n ,0-51 2NB = o.00633hp D >6 fg 1 ins 
1 0 ° ° 1 0 

<1 - X e) , (4.20) 
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where 
h = 663.9 Btu/lb, 

D = D£ = 4(flow area)/wettec3 perimeter = 0.0677 ft, 
G = 0.1227 X 10s lb/hr-ft2, and 

(1 — X )„ is assumed to equal 0.046. e Bo 

(Q// ) p N B = 0.00633(663.9)(0.oe??)"0'1^.1227)0" 51(0.046) 
1 0 s 

= (1.887)(0.046) Btu/hr-ft2 . 

( Q / A ) d n b = 8 6 , 8 0 0 Btu/hr-ft2 , 

and X = 95.4% . 

The heat transfer load in the film boiling region 

<*f = (1 - W V f g 

= 0.046 (5.3 X 10e)(663.9) 

= 161.9 X 10s Btu/hr , 

and the temperature of the primary coolant 

Qf = T - — (4.44) 
P C D N B P ° s W C 

P 

6 0 1 - 161.9 X 1 0 6 

(65.66 X 10a)l.43 

= 599.3CF . 

The fully developed nucleate boiling correlation for the shell side 
and the non-boiling heat transfer relation at the location of DNB are 
solved simultaneously for (Q/A)^^ and Tf^ using Jens' and Lottes'3 

nucleate boiling correlation. For Pg = 925 psia, 
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P /225 
(Q/A) = 0.077e S (Tf - T,,)4 (4.7) 

(Q/'A)raB = 4.698 (T — 535.2)4 (4.45) 

DNB 

Where the fouling factor = 0.0002, the non-boiling heat transfer resistance 

r = 0.0002173 + 0.0003329 f 0.0002 

= 0.0007502 

and 1/r = 1333.0 

(Q/A)mb = 1333.0 (599.3 - Tf ) . (4.46) 
DNB 

Solving Eqs. 4.45 and 4.46 for (Q/A) .where 

T- = 546.3°F ; 
DNB 

from Eq. 4.45,. (Q/A)DNB = 71,320 Btu/hr-ft2 and 

from Eq. 4.46, (Q/A)^ = 70,650 Btu/hr-ft2. DIM 15 

Since (Q/A)DNB = 7 0> 6 5 0 ^ CQ/A) = 86,800 Btu/hr.ft2 

determined for the assumed value of (1 - X)DNB, the value of X D N B is 
reassumed and the calculations are reiterated until the two values are in 
the tolerable range. Assuming (1 — X)DNB = 0.038, 

(Q/A)dnb = 1.887(0.038 X 10s) 

= 71,710 Btu/hr-ft2 , 

Q f = 0.038(5.3 X 10s)(663.9) 

= 133.7 X 10s Btu/hr , 
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and T = 6 0 1 - 133.7 X 10s 

Then 

P°DNB (65.66 x 106)(1.43) 

= 601 - 1.42 

= 600°F . 

(Q/A)DNB = 4- 6 9 8 (Tf — 535.2)' 
DNB 

(Q/A) = ( 1 3 3 3 . 0 ) ( 6 0 0 . 0 - T ) , 
U C DNB 

T = 546.3°F , 
DNB 

and 

CQ/A)D N B = 72 ,000 - (Q/ A) r a B = 71 ,710 Btu/hr-ft2 

Thus, the burnout condition is as follows. 
(Q/A)dnb ~ 72,000 Btu/hr-ft2, 

T = 600°F , 
pCDNB 
T, = 546.3°F, and 

DNB 
= 1 ~ 0.038 = 96.2% . DNB 

4.4.3 Fully Developed Nucleate Boiling Region 

The next step in the design analysis is to calculate the required 
surface area for nucleate boiling from the DNB location. This can be 
done by using the incremental method or an integration method. The 
incremental method is used for the calculations in this example analysis, 
and the integration method is discussed as an alternate. 

(a) Incremental Method. The well-established incremental method 
of calculation is used with the correlation developed by Jens and Lottes3 
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to determine the surface area and length required for nucleate boiling. 
The accuracy of the calculation procedure can be improved by increasing 
the number of incremental areas in the nucleate boiling region. The 
division for the system being analyzed is illustrated below. The 

accuracy can be further improved by accounting for the variability of C^ 
with the temperature of the primary coolant and the variability in the 
saturation pressure and temperature of the steam In each incremental sec-
tion resulting from the effect of hydrostatic head and frictional losses. 
This will increase the amount of computational effort required, but such 
an increase is small because of the simplicity of the procedure. 

The procedure centers around the determination of the average value 
of Q/A for the increment being considered. This value is given by the 
expression 

^/ A )i(i +1) " I K > i + « / A > i + l ] > ( 4 . 4 7 ) 
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whare 
(Q/A)^ = heat flux for node i, as determined in the calculation for 

the previous increment, and 
= heat flux for node i + 1, as determined in the calculation 

for the current increment. 
The subscripts used to denote the nodes are as follows. 

0 = entering node, 
1 = node at end of first increment, 

til 
i = node at end of i~ increment, 

i+1 = node at end of (i + l)th increment, 
n-1 = node at beginning of last increment, and 

n = node at end of last increment. 
Double subscripts are used to indicate the increment between two nodes. 

From the heat balance on the primary coolant, the surface area of 
the (i + l)th increment is then calculated by using the equation 

WC IT . - T .. . A 
= ^ ^ (4.48) 

1 ( 1 0 ^ i ( i + l ) 

where 
A = area of heat transfer surface, ft2, 
W = flow rate of primary coolant, lb/hr, 

= specific heat at constant pressure, Btu/lb-°F, 
T . = temperature of primary coolant for node i, °F, per 

lpc(i+l) = temperature of primary coolant for node i + 1, °F, and 
Q/A = heat flux, Btu/hr-ft2. 

The required surface area for nucleate boiling is the summation of all 
the incremental areas. 

1. First Increment. Equate the heat flux determined by the boil-
ing correlation at the point where the primary coolant enters the boil-
ing region with the heat flux for the tion-boiling heat transfer resistance 
at this point. Then 

(Q/A) « C (T, - T )m = — (T - T ) , (4.49) o px fo s r pco ro ' 
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where 
Tf = temperature at exterior of fouling film, °F, 
Ts = temperature of saturated steam, °F, 
m = dimensionless exponent in boiling heat transfer correlation, 

and 
rt = resistance of primary coolant film plus thermal resistance of 

tube wall plus apparent fouling resistance. 
Equation 4.49 can be solved for T^ and (Q/A) by trial and error. to o 
For n = o, 

T = T = 600°F, 
P C° PCDNB 

T- = T„ = 546.3°F, and 
f 0 DNB 

( Q / A ) Q = ( Q / A ) D N B = 7 2 , 0 0 0 Btu/hr-ft2. 

For the first node, n = 1, set T c = 545.8°F, and use the boiling 
correlation 

to calculate 

and 

(Q/A) = C (Tc - T ) m 
l P fi s' 

(Q/A) - - I (T - T ) l Pci ti 

pci rt(Q/A)i + T f i . 

( 4 . 5 0 ) 

(4.51) 

(4.52) 

(Q/A) = 4.698(545.8 - 535.2)' (4.50) 

From Eq. 4.47, 

= 5 9 , 3 0 0 Btu/hr-ft2 . 

and from Eq. 4.52, 

(ft/A) = -|(72,000 + 5 9 , 3 0 0 ) 

= 6 6 , 0 0 0 Btu/hr'ft2-°F ; 
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_ 59,300 
pci ~ 1333.0 + Tf1 

= 44.49 + 545.8 

= 590.3°F . 

Where W C p = (65.55 X 10 6) 1.417 = 93.04 X 10 s, the required surface area 
from Eq. 4.48 

A = (93-04 X 10s)(600 - 590.3) 
oi 66,000 

= 13,674 ft2 . 

In calculating the intermediate increments, the values of T pci 
T^., and (Q/A)^ are known from the previous computations. Assume or set 
the value of u s e boiling heat flux correlation 

(Q/A).+1 = C p(T f ( i + 1 ) - Ts)m (4.53) 

to calculate the heat flux at the next node Substitute this 
value into the equation for the heat flux through the non-boiling 
resistances 

«/A>(i+l) = rt< Tpc(i +l)- Tf(i +l)> <*'54> 
to obtain 

Tpc(i+1) T «/A>(i+i) + TfCi+l> • ( A- 5 5 ) 
t 

2. Second Increment. At n = 2, set = 545.3°F. From Eq. 4.53, tg 

(Q/A) = 4.698(545.3 - 535.2)4 

= 48,900 Btu/hr-ft2-°F . 
From Eq. 4.54, 

(Q/A) = -j (59,300 + 48,900) 
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= 54,100 Btu/hr-ft2 . 

From Eq. 4.55, 
T = 4 8 9 0 0

 + T pc2 1333.0 + lf 2 

= 36.68 + 545.3 

« 582.0°F . 

Where WC = (65.66 X 10s) 1.385 ••= 90.94 x 10s, the required surface area 
from Eq. 4.48 

A = ( 9 0 , 9 4 X 10gj) (590.3 - 582.0) 
12 54,100 

= 13,950 ft2 . 

3. Third Increment. At n = 3, set T c = 544.8°F . £3 

(Q/A) = 4.698(544.8 - 535.2)4 

= 39,900 Btu/hr-ft2-°F . 

(Q/A) = ^(48,900 + 39,900) 
2 3 * 

= 44,400 Btu/hr-ft2-°F. 

T - + 544.79 pc3 1333.0 

= 574.7°F . 

WC = (65.66 X 10s) 1.36 = 89.297 X 10£ P 
and 

A _ (89.297 X 10s) (582.0 - 574.7) 
23 "" 44,400 

= 14,680 ft2 . 



135 

4. Fourth Increment. At n = 4, set T = 544.3°F t 4 

and 

(Q/A) = 4.698(544.3 - 535.2)4 <4 

= 32,220 Btu/hr-ft2.°F . 

(Q/A) = ^(39,900 + 32,200) 
3 4 

= 36,100 Btu/hr-ft2.°F . 

T = 32,200 „ 
pc4 1333.0 

= 568.5°F . 

WCp = (65.66 X 103) 1.33 = 87.33 X 10* 

A = ( 8 7- 3 3 X 10e)(574.7 - 568.5) 
34 36,100 

= 15,000 ft2 . 

5. Fifth Increment. At n = 5, set Tc = 543.8°F t5 

(Q/A) - 4.698(543.8 - 535.2)4 
5 

= 25,700 Btu/hr-ft2-°F . 

(Q/A) = 4 ( 3 2 . 2 0 0 + 25,700) 
4 5 2 

= 28,950 Btu/hr-ft2-°F 

- 563.1°F • WC = (65.66 X 10s) 1.308 = 85.88 X 10s 
P 

and 
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= (85.88 X 105)(568.5 - 563.1) 
45 " 28,950 

= 16,020 ft2 . 

6. Last Increment. The values of T , Tc/, and (Q/A). . pc(n-i) f (n-i) vx/ '(n-i) 
are known from the calculations on the previous increment. The value of 
T for the last node is obtained directly from the overall heat balance pen 
on the primary coolant. 

Q 
T = T - , (4.56) pen pco WCp 

where Q = the overall duty of the nucleate boiling portion of the steam 
generator, Btu/hr. The heat flux determined by using the boiling cor-
relation is equated with the heat flux for the non-boiling heat transfer 
resistance at this node. Then 

(Q/A) = C (T — T ) m = — ( T - T, ) . (4.57) 'n p fn s r pen fn 

Equation 4.57 can be solved for T^ and (Q/A)^ by trial and error. 

4.698(TP - 535.2)4 = 1333.0(555 - T p ) . fs te 

If T, = 542.8°F , 13 

(Q/A)g = 16,260 Btu/hr-ft2-°F, 

(Q/A) = i(25,700 + 16,260) 

= 20,980 Btu/hr-ft2-°F, 

T = 555°F , pcs 

WC = (65.66 X 10s) 1.28 = 84.04 X 10s , 
P 

and 
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= (84.04 X 10°)(563.1 - 555.0) 
53 20,980 

= 32,450 ft2 • 

The total surface area 

A = A + A + A + A + A + A 
N O X 1 2 2 3 3 4 4 5 5 6 

= 13,674 + 13,950 + 14,680 + 15,000 + 16,020 + 32,450 

= 105,774 ft2 , 

. T 106,200 ... / c _ 
a n d n = 15,594(TT)(0.625/12) = 4 1' 4 5 f t ' 

(b) Integration Method. An alternate method of calculating the 
required surface area involves integration wherein an average of the 
primary coolant is used and a constant saturated steam condition in the 
whole steam generator is assumed. Improvement in the accuracy of the 
design can be obtained by using computer techniques. From the boiling 
correlation and non-boiling portion relation, the values of T ^ and 
can be determined for the given values of T . and T . Then the fol-pci pco 
lowing integrated equations will give the required surface area. To 
illustrate the integration method, both the correlation developed by 
Jens and Lottes3 and the correlation developed by Rohsenow4 are 
discussed. 

Using the correlation developed by Jens and Lotts,3 the surface 
area 

A = 
4WC I T .. - T 

£ m ' f l s 
Tc - T fo s 

WC 

(0.231)ePs/225 
(Tfo " V 3 (T,. - T ) 3 

fi s 
(4.58) 

where 
WCp = value for primary coolant, 
h^ = non-boiling heat transfer coefficient. 
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T^ = temperature at fouling surface at high-temperature end of the 
region, 

T^ = temperature at fouling surface at low-temperature end of 
region, 

T^ = temperature of saturated steam, and 
P = pressure of saturated steam, s r 

By equating the correlation developed by Jens and Lottes and the non-
boiling heat transfer portion, 

P /225 S' 
~ 0.077e ,, crix 

T
P C - Tf = h^ (Tf - V • 5 9 ) 

where n^ = non-boiling heat transfer rate, Btu/hr-ft2-°F. If T s and h^ 
are constants, the differential form of the equation is 

P /2 25 s 
dT = ^ ° - 0 7 l e (T - T )3dT<- + dT_ . (4.60) pc h^ f s' f f 

By equating the correlation developed by Jens and Lottes and the energy 
equation for the primary coolant, 

P /225 s 
WC dT = - °-077f (T - T ) 4 (4.61) p pc h^ f s 

By eliminating from Eqs. 4.60 and 4.61 and integrating from T^ = 
T_. to Tc and A = o to A = A, Eq. 4.58 is readily obtained, fi fo n J 

The integration method can also be employed by using the correlation 
developed by Rohsenow.4 

WC 
A = — & 

2hN 
I' M , (Tf0\2 L M L tS\ 1 + — h s — + 2 - XT U n 

h I CTf + h h T_. , c 1 fi. / 
, (4.62) 

\ 1 ' UJ-f0 c'J 

where 
h = heat transfer coefficient for convection and c 
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C = 

C 3 hf sf fg 
8(P,- V 

1 / 2 . 5 - 1 

O 

Based on the superposition of the correlation developed by Rohsenow and 
the convection heat transfer term, 

(Q/A) = C(TP - T ) 3 + h (T. - T ) . " f s c f s (A.63) 

In a fashion similar to that described for the use of the correlation 
developed by Jens and Lottes,3 dT may be eliminated from the following 
equations. 

h 

pc 

dT = T^dT. + ̂  (T, - T )2dT, + dTc . 
p C f \ f S f f 

(4.64) 

WC (dT ) = [— C(Tc — T )J> — h (Tc — T )1 dA. p pc L f s c f si (4.65) 

By integrating the differential equation from T^ = T^ to T^ = T^ and 
A = o to A = A, Eq. 4.62 is readily obtained. 

4.4.4 Film Boiling Region. 

The temperature at the boundary of the film boiling region is 
obtained from the previous calculations. 

6 0 1 1 
Primary Coolaivt 

53ML 

-.600 

J S 3 5 . z . 

Area (Hot to Sc4\e) 
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Since the temperatures of the primary coolant at the inlet and outlet 
of the region are known, the log mean temperature differences (from 
Eq. 4.39) 

LMTD = 65.8 - 65.1 . 65. S 
x n -ewti 

The heat load 

= 65.45°F 

<*f = V 1 - XDNB)hfg (4.66) 

= 0-038 (5.3 X 10 )663.9 

= 133.7 X 105 Btu/hr. 

The film boiling coefficient is calculated by using the correlation sug-
gested by Folomik, et al.9 

l f V f ' 5 

l - q| 
a = 0.00136 

D G „ , e II - X 
X 

O - 8 5 3 

(4.17) 

where 

a = 
l + l - x 'P \ 2 / 3 ' 

The Prandtl number (Npr)^, the thermal conductivity (k^), and the 
viscosity (n^) are evaluated at the average film temperature = l/2(Tw + Tg). 
The values of the terms in Eq. 4.17 are as follows. 

T f = 1/2(595 + 535.2) = 565.1°F, 
P = 925 psia, 
kf = 0.0335 Btu/hr-ft-°F, 
Iif = 0.051 lb/hr-ft, 
C _ = 0.03. Pf ' 
X = 1/2(1.0 + 0.9519) = 0.976, 
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De = 0.0677 ft, 
P y = 2.0585 lb/ft3 , 
P i = 46.89 lb/ft3 , 

(Pv/Pi)2/3 = 0.1244 , 

1 - X 1 - 0.976 
X 0.976 

1 

« 0.02459 , 

a = 1 + (0.02459)(0.1244) ' 
1 " a

a = 0-003171 , 

C P 
<NPr)f = k = i' 4 1 5 8 » a n d 

°e£ _ 0.0677(0.1227 x 10s) = _ 
0.051 

Therefore, 

= 286 Btu/hr-ft2•°F , 

and - J L . 0.003494 . 

The non-boiling heat resistance 

r = 0.0002173 + 0.0003329 + 0.0002 

= 0.0007502 . 

The total resistance 

Rf = 0.003494 + 0.0007502 

= 0.004244 . 

The total required surface area for the film boiling region 
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QfRf 

= (133.7 x 106)0-004244 
65.45 

= 8,670 ft2 . 

The length of the film boiling region 

= 8670/2551.4 = 3.4 ft . 

4.4.5 Steam Generator Length and Surface Area. 

The total effective length of the steam generator 

L = L + L + L c s n f 

- 9.53 + 41.62 + 3.4 

= 54-55 ft . 

The total required surface area 

A = A + A + A. s n f 

= 24,310 + 106,200 + 8670 

= 139,200 ft2 . 

4.4.6 Discussion of Results of Analysis. 

The results of the preceding calculations prove satisfactory when 
compared with data for the Three Mile Island Unit 2 for the same design 
conditions. The numerical data for the required surface areas are given 
in Table 4.4 for comparative purposes. Further improvement in the 
accuracy of the design can be obtained by considering the variability 
in the saturation pressure and temperature of the stream resulting from 
the effect of the hydrostatic head and frictional pressure losses. 
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Table 4.4. Design Analysis Results Compared 
With Data for Three Mile Island Unit 2 

Three Mile Island 
Analysis Results Unit 2 

Steam Percent Percent 
Generator Length of Total Length of Total 

Region (ft) Length (ft) Length 

Superheat 9.53 17.5 6.8 13 
Film 3.4 6.2 5.7 11 
Boiling 
Nucleate 41.62 76.3 39.5 76 
Boiling 
Total 54.55 100.0 52.0 100 

It is important to emphasize again that all the boiling heat transfer 
correlations should be strictly applied within their applicable parameter 
ranges unless the deviations outside these ranges are certain and tolera-
ble. Extrapolations often cause tremendous errors. To illustrate, the 
results of the design calculations based on the same given conditions but 
employing various DNB correlations are given in Table 4.5. The location 
of the DNB directly affects the heat transfer load in both the nucleate 
boiling region and the film boiling region. When DNB occurs earlier 
(lower steam quality), the film boiling region of low heat transfer rate 
will take more load and require more area, while the required area of the 
nucleate boiling region will be decreased only a relatively small amount 
because of its high heat transfer rate. Thus, the results given in 
Table 4.5 indicate that it is extremely important that the proper design 
correlations be used for each specified design condition. The deviations 
from these conditions will overshadow all efforts to further improve the 
accuracy of the design. 
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Table 4.5. Results of Design Calculations Based on Same Conditions 
but Different DNB Correlations 

Nucleate Film Superheat Total 
Boiling Boiling Region Length 

DNB XDNB ( Q / A W ^DNB Lf L s L 
Correlation <%) (Btu/hr-ft2) (ft) (ft) (ft) (ft) 
Shippingport 72.29 60,100 36.4 26.2 9.4 72.0 
equation2-0 

Macbeth^-1 96.2 72,000 41.6 3.4 9.5 54.5 
Jacobs £>nd 49.6 48,900 31.9 51.8 9.4 93.1 
Merrill12 

Janssen and 84.5 66,200 39.8 14.1 9.4 63.3 
Levy13 

Israel, 76.19 61,500 37.8 22.3 9.4 69.5 
Cas terline, 
and Matzner14 
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5. THERMAL AND HYDRAULIC DESIGN OF WATER-TO-WATER HEAT EXCHANGERS 

The thermal and hydraulic design of water-to-water heat exchangers 
involves a complex interplay of several variables. As a result, the 
design cannot be obtained by a direct analytical approach but evolves 
from a trial-and-error procedure. The basic equations required for the 
heat transfer portion of the exchanger design, the fundamental hydraulic 
considerations, the equations required to calculate the tube-side heat 
transfer coefficient and pressure drop, and the various equations that 
can be used to determine the shell-side heat transfer coefficients and 
pressure drop are discussed in the following subsections. The use of 
these equations is then illustrated in a typical design analysis of a 
water-to-water heat exchanger. 

5.1 Fundamental Heat Transfer 

The basic equations required for the heat transfer portion of a heat 
exchanger design analysis are presented in this subsection. The equations 
presented are the basic heat transfer relations, the equations for deter-
mining the overall heat transfer coefficient, and the equation for deter-
mining the log mean temperature difference. 

5.1.1 Basic Heat Transfer Relations 

Most designs for heat exchangers are begun with a specified flow 
rate and temperature change. A certain amount of heat must be removed 
from or added to a flowing fluid per unit time. This is the heat load-
In water-to-water heat exchangers, two fluid flows are involved. One is 
inside the tubes and the other is in the shell side of the exchanger sur-
rounding the tubes. At equilibrium, all heat removed from one fluid is 
assumed to be added to the other fluid. The heat load transferred by 
either fluid in the exchanger is given by the following expression. 
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Q = WC^l^ - T 2) , (5.1) 
where 

Q = heat load, Btu/hr, 
W = flow rate of fluid, lb/hr, 
Cp = specific heat of fluid, Btu/lb-°F (at average steam temperature), 
T = inlet temperature of hot fluid or outlet temperature of cold 

fluid, °F, and 
T 2 = outlet temperature of hot fluid or inlet temperature of cold 

fluid, °F. 
The required size of a heat exchanger for a given heat load depends 

on the overall heat transfer coefficient and the logarithmic mean temper-
ature difference. The size is given by the expression 

Q = U(LMTD)A , (5.2) 
where 

Q = heat load, Btu/hr, 
U = overall heat transfer coefficient, Btu/hr•ft2•°F, 

LMTD = logarithmic mean temperature difference between hot fluid and 
cold fluid, °F, and 

A = effective outside area of tubes, ft2. 

5.1.2 Overall Heat Transfer Coefficient 

The overall heat transfer coefficient is a measure of the ability of 
the tube in a given arrangement to transmit heat from the fluid on one 
side to a fluid on the other side. The individual resistances to heat 
transfer that can be considered separately are the films on the inside 
and outside of the tube, the scale deposits on the inside and outside of 
the tube (fouling resistance), and the heat resistance of the metal wall 
of the tube. The overall heat transfer coefficient is then represented 
by che equation 

1 . — = r + r U w if 
d \ 

i l d7I + rof + ri (5.3) 
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where 
U = overall heat transfer coefficient, Btu/hr*°F per ft2 of outside 

surface, 
r = resistance to flow of heat through metal wall of tube (as shown w 

in Fig. 5.1), hr«°F.ft2 outside surface/Btu, 
r ^ = fouling resistance on inside of tube (as shown in Fig. 5.1), 

hr.°F.ft2 inside surface/Btu, 
d = outside diameter of tube, in., o ' 
d. = inside diameter of tube, in., x ' ' 

r ^ = fouling resistance on outside of tube (as shown in Fig. 5.1), 
hr«°F.ft2 outside surface/Btu, 

r^ = l/lu = resistance to flow of heat through tube-side surface 
film (as shown in Fig. 5.1), hr.°F»ft2 inside surface/Btu, 

r = l/h = resistance to flow of heat through shell-side fluid film o o 
(as shown in Fig. 5.1), hr«°F-ft2 outside surface/Btu, 

h. = heat transfer coefficient of fluid film inside tube, Btu/hr.°F x 
per ft2 of inside surface, and 

h = heat transfer coefficient of fluid film outside tube, Btu/hr•°F o 
per ft2 of outside surface. 

ETR3-95 

r; , 

w 

Fig. 5.1. Resistance to Heat Transfer in a Tube. 

(a) Tube Wall Resistance. The resistance caused by the tube wall 
is usually the smallest individual resistance to heat transfer. The wall 
resistance of tubes with integral circumferential fins corrected to the 
outside surface of the tube is given by the expression 
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t \d + 2NW(d + W) NW2(d + 2W)(2W + t j 

IW I O O . O f J.-

12k (d - t ) 18k.t_[d + 2NW(d + W ) ] 5 V J 
w' o w f f o o 

where 
t = tube wall thickness, in., w 
k = thermal conductivity, Btu/hr*ft2-°F per ft, 
d = outside diameter of tube or root diameter of fin, in., o 
N = number of fins per inch, 
W = height of fin, in., 
t^ = average fin thickness, in., and 

the subscripts w and f refer to the tube and fin, respectively. The same 
equation can be used for bare tubes (N = 0), which are in more common use 
in heat transfer equipment for water-cooled nuclear reactor systems. In 
this case, the tube wall resistance corrected to the outside surface of 
the tube is given by the expression 

- i k - L A T • <5-5> w\ o w/ 

When the second term on the right side of Ea. 5.4 is greater than 
(r + l/hQ)/3, Eq. 5.4 gives increasingly conservative values for higher 
values of that term. A precise value for the tube wall resistance of a 
bare-wall tube, corrected to the outside surface, is given by the 
equation 

d 
rw 241^ x 

(5.6) 

where d. = d - 2t l o w 

(b) Fouling Factors. After a heat exchanger has been in service 
for some time; corrosion products, dirt, and other foreign materials 
(sometimes called scale) are deposited on both the inside and outside of 
the tubes. The effect is an increase in the overall thermal resistance, 
and this causes a decrease in the heat transfer coefficient and a decrease 
in flow area. The latter results in an increase in the pressure drop. 
To assure that the heat exchanger will have sufficient area to maintain 
satisfactory performance under normal operating conditions, it is 
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necessary to account for the deposition of scale in the design by 
introducing a resistance called the fouling factor. 

The best design fouling resistance, selected with all faclors prop-
erly evaluated, will result in a minimum sum of fixed charges on the 
initial investment resulting from the added surface (the surface increases 
with added fouling resistance) plus cleaning and downtime expense (which 
decreases with added fouling resistance). On the basis of past experi-
ence and current or projected costs, the user should specify the design 
fouling resistances for his particular service. Fouling resistances for 
water have been compiled by the Tubular Exchanger Manufacturers Associa-
tion, and typical values for these resistances are given in Table 5.1, 
reprinted from the TEMA Standards.1 For water used in nuclear service 
(primary coolant, demineralized water, and closed-loop water), use the 
values for distilled water given in Table 5.1. The effect of fouling 
resistance on the heat transfer coefficient is illustrated in Fig. 5-2. 

Table 5.1. Fouling Resistance for Water_j£rom Ref. 1) 
Temperature of Heating Medium Up to 2U0°F 2UO°F -UOO°F* 
Temperature of Water 125°F or Less Over 125°F 

Water Velocity Water Velocity 
Ft./Sec. Ft./Sec. 

Types of Water 3 Ft. j 3 Ft. | 
And i Over And l Over 
Less' j 3 Ft. Less • 3 Ft. 

Sea Water .0005 .0005 .001 .001 
Brackish Water .002 .001 .003 .002 
Cooling Tower and Artificsl Spray Pond 

Treated Makeup .001 .001 .002 .002 
Untreated .003 .003 .005 .001+ 

City or Well Water (Such as Great Lakes) .001 .001 .002 .002 
Great Lakes .001 .001 .002 .002 
River Water 

Minimum .002 .001 .003 .002 
Mississippi .003 .002 .OOU .003 
Delaware, Schuylkill .003 .002 .OOU .003 
East River and Hew York Bay .003 .002 .00U .003 
Chicago Sanitary Canal .008 .006 .010 .008 

Muddy or Silty .003 .002 .ooU .003 
Hard (Over 15 grains/gal.) .003 .003 .005 .005 
Engine Jacket .001 .001 .001 .001 
Distilled** .0005 .occz .0005 .0005 
Treated Boiler Feedwater .001 .0005 .001 .001 
Boiler Blovdown .002 .002 .002 .002 

*Ratings in columns 3 and 1» are based on a temperature of the heating 
medium of 2lt0° - U00°F. If the heating medium temperature is over 
U00°F, and the cooling medium is known to scale, these ratings should 
be modified accordingly. 
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CLEAN COEFFICIENT 

200 3 0 0 4 0 0 5 0 0 

Fig. 5-2. Effect of Fouling Resistance on Heat Transfer Coefficient 
(from Ref. 24). 

(c) Tube-Side Resistance. The tube-side resistance to heat flow 
(r^) is equal to 1/h^, where h.. is the tube-side heat transfer coefficient. 
Because of the complexity involved, the calculation of the value of h^ 
is covered in Subsection 5.3. 

(d) Shell-Side Resistance. The shell-side resistance to heat flow 
(rQ) is equal to 1/hQ, where h Q is the shell-side heat transfer coeffi-
cient. Calculation of the value of h is covered in Subsection 5.4. o 
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5.1.3 Logarithmic Mean Temperature Difference 

At each local area on a heat exchanger tube, the rate of heat 
transfer depends on the actual difference between the temperature of the 
fluids inside the tube wall and the temperature of the fluids outside the 
tube wall. Since the same temperature difference will rarely prevail on 
all tubes in all areas of the exchanger, an appropriately weighted aver-
age or mean temperature difference is used in heat transfer calculations. 
This temperature difference is called the logarithmic mean temperature 
difference (LMTD)• 

For either parallel flow or counterflow conditions, as illustrated 
in Fig. 5.3, the temperature difference can be calculated by using the 
following expression. 

ETR3-97 

T. 

C O U N T E R FLOVJ F L O W 

Fig. 5.3. Temperature Distribution in Single-Pass Heat Exchangers. 

t - t 

where 

LMTD = -S- 'l 
t ' (5.7) 

Log e t 
J8 

t = greater temperature difference between hot and cold fluids at § 
one end of the heat exchanger, °F, 

t^ = lesser temperature difference between hot and cold fluids at 
opposite end of the heat exchanger, and 

Logg = In = natural or Naperian logarithm of. 

A modification of Eq. 5.7 is necessary for more complex heat 
exchangers, such as those with multi-pass arrangements on either the tube 
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or shell side. To correct the parallel or counterflow LMTD to the true 
temperature difference for these more complex arrangements, a correction 
factor (F) is used as follows. 

Corrected LMTD = (F)LMTD , (5-8) 

where F = a function of the inlet and outlet temperature on the shell 
and tube sides, as illustrated in Figs. 5.4, 5.5, and 5.6. In the equa-
tions given in these illustrations, 

T = inlet temperature of hot fluid, °F, 
Ta = outlet temperature of hot fluid, °F, 
t = inlet temperature of cold fluid, °F, and l 
t = outlet temperature of cold fluid, °F. 

ETR3-98 

Fig. 5.4. LMTD Correction Factor for Exchanger With One Shell Pass 
and Two, Four, Six, etc., Tube Passes (from Ref. 1). 
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Fig. 5.5. LMTD Correction Factor for Exchanger With Two Shell Passes 
and Four, Eight, Twelve, etc., Tube Passes (from Ref. 1). 

ETR3-100 

Fig. 5.6. LMTD Correction Factor for Exchanger With Three Shell Passes 
and Six, Twelve, Eighteen, etc., Tube Passes (from Ref. 1). 
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5.2 Fundamental Hydraulics 

Hydraulics is an important factor in heat exchanger design because 
the pressure drops associated with the flowing fluids represent power 
consumed and affect the economics of the design- Use of a higher allow-
able pressure drop will allow an increase in the average velocity, and 
this increase in the average velocity will cause an increase in the heat 
transfer coefficient, resulting in a smaller size heat exchanger. On the 
other hand, the pumping costs will increase appreciably with an increase 
in the pressure drop. Only by balancing the operating costs against the 
investment in the heat exchanger can the best compromise be reached. 

A knowledge of the physical properties of the fluid being handled is 
necessary for the solution of any flow problem. These properties include 
density and viscosity. The density (p) of a substance is its mass per 
unit volume (lb/ft3). Viscosity (ja) is a measure of the ease with which 
a fluid flows when it is acted upon by an external force. The absolute 
viscosity (lb/hr-ft) of a fluid is a measure of its resistance to inter-
nal deformation or shear. To evaluate a heat exchanger, such thermal 
properties of the fluid as its specific heat, thermal conductivity, and 
transition temperature must also be known. 

The average velocity of flow (V) at a given cross section is defined 

Three regimes of fluid flow are recognized. They are (1) laminar 
flow, (2) transition flow, and (3) turbulent flow. The type of flow is 
defined by the Reynolds number, which is a dimensionless quantity given 
by the equation 

as V A ' (5.9) 

where 
q = rate of flow, ft3/sec, and 
A = cross-section area available for flow, ft2. 

(5-10) 

where 
D = equivalent diameter or actual diameter where applicable, ft 
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G = mass flow rate, lb/ft2*hr, and 
p = absolute viscosity, lb/hr*ft. 

For Reynolds numbers less than 2000, the flow is considered to be laminar; 
and for Reynolds numbers greater than 4000, the flow is considered to be 
turbulent. Transition flow will fall between these two values; that is, 
when 2000 > N„ < 4000. Re 

When fluid flows in a pipe, there is a frictional pressure drop in 
the direction of flow. The two commonly used forms of the general equa-
tion for pressure drop are 

f LVa 

^ = ( 5 - u ) i 
and 

4f LV2 

(5-12) 
l 

where 
AP = pressure drop in feet of fluid, 
f = Darcv-Weisbach friction factor, dimensionless, w 
fj = Fanning friction factor, dimensionless, 
L = length of pipe, ft, 
V = mean velocity of flow, ft/sec, 
D^ = internal diameter of pipe, ft, and 
g = acceleration of gravity = 32.2 ft/sec2. 

When using a graph or equation to determine the friction factor, it is 
therefore necessary to verify which friction factor was used since an 
error c" four is possible. 

Equations 5.11 and 5.12 are valid for determining the pressure loss 
resulting from friction in laminar or turbulent flow of any liquid of 
reasonably constant density through any straight pipe of constant diam-
eter. The change in pressure resulting from changes in elevation, veloc-
ity, or density of the fluid must also be considered. Therefore, varia-
tions of these equations are used to determine the tube-side and shell-
side pressure drops in heat exchangers. 

Occasionally, a conduit of noncircular cross section is encountered. 
In calculating tf" Reynolds number for this condition, the equivalent 
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diameter is substituted for the circular diameter. The equivalent 
diameter is given by the expression 

n _ Area of flowing fluid(4) U - r • . . " P " Ij j e Wetted perimeter 

With the exception of the friction factor, which is determined 
experimentally, the general equation for prescire drop can be derived by 
dimensional analysis. The friction factor for laminar flow conditions 
(Ngg < 2000) is a function of the Reynolds number only, whereas the fric-
tion factor for turbulent flow (N0 > 4000) is aiso a function of the Ke 
character of the pipe wall. Thus, the friction factor for laminar flow 
can be determined from the expression 

^ - fjSr • (5-14> 
where 

ji = absolute viscosity, lb/ft-sec, 
D. = internal diameter of pipe, ft, 
V = mean velocity of flow, ft/sec, and 
p = density of fluid, lb/ft3. 

When the flow is turbulent, the Fanning friction factor may be obtained 
from the plot illustrated in Fig. 5.7. 

5.3 Tube-Side Heat Transfer Coefficient and Pressure Drop 

On the tube side of a heat exchanger, the fluid flovs through paral-
lel cylindrical conduits that have a circular cross section. Determina-
tion of the tube-side heat transfer coefficient and pressure drop is 
discussed in this subsection. 

5.3.1 Tube-Side Heat Transfer Coefficient 

The rate of heat transfer between the inside of the tube wall and 
the fluid flowing by it can be expressed by the equation 

Q = 1V.A.AT , (5.15) 
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Fig. 5.7. Tube-Side Fanning Friction Factor for Turbulent Flow 
(from Ref. 25). 
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ll|i> flllWi fclie ulae t>i! tiio tubu, flllll |:|je fJliill How cqflditioijs. Determi-
nation of fche tube-aide Iteat tfansfil: coefficient for the three fluid 
flow regimes is tjisctiSised in the following paragraphs. 

(a) Laminar Flow. Whenever possible, laminar flow is avoided in 
heat exchanger design because the heat transfer coefficients are low. 
However, when very viscous liquids are handled, laminar flow cannot be 
avoided without producing undesirably large pressure losses- The heat 
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transfer coefficient for laminar flow conditions of water in tubes is 
plotted in Fig. 5.8 from data developed by Sellers, Tribus, and Klein.26 

The curves are for the ideal heat transfer coefficient (h^) with no 
allowance for variations in viscosity. The ideal heat transfer coeffi-
cient can be corrected to account for variations in viscosity between the 
tube wall and bulk temperature by using the equation 

\ 0 . 1 4 

h. = h., 1 id 
b l , (5.16) 

nw! 

where 
h. = corrected heat transfer coefficient, i 

h., = ideal heat transfer coefficient, id 
= viscosity of bulk free stream, and 
= viscosity at wall temperature. 

(b) Transition Flow. There is much uncertainty about the basic 
heat transfer and pressure drop performance in the transition region of 
fluid flow, and it is advisable that the design of heat exchangers with 
Reynolds numbers which fall in this region be avoided. 

(c) Turbulent Flow. The vast majority of heat exchangers are designed 
for flow in the turbulent region. An increase in flow is accompanied by 
an increase in the frictional pressure drop. The pressure drop is an 
important factor in the design and selection of industrial heat exchangers, 
where not only the initial cost but also the operating expenses must be 
considered. The allowable pressure drop is usually specified by the user. 
As a result, the velocities used in a majority of heat exchangers are 
relatively low, corresponding to Reynolds numbers of no more than 50,000. 
For this case, a widely used heat transfer correlation in which all fluid 
properties are evaluated at bulk fluid temperature is as follows. 

'c u \ l / a 

- ! , (5.17) h. =0.023 k V 8 
fc I 

where 
k = thermal conductivity, Btu-ft/°F-ft2'hr, 
D^ = inside diameter of tube, ft, 
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Fig. 5.8. Local Heat Transfer Coefficient for Laminar Flow (from Ref. 26). 
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C = specific heat of fluid, Btu/lb-°F, and P 
U = viscosity of fluid, lb/hr'ft. 
A plot of Eq. 5.17 for ranges of parameters commonly encountered in 

water-to-water heat exchangers is illustrated in Fig. 5.9, and the tube 
diameter correction factor is illustrated in Fig. 5.10. 

For conditions where the tube length is short, the entrance effects 
should be taken into account. For a sharp-edged entry (sudden contrac-
tion) , the recommended relation7 is 

h. /D.\°'t 

h f = 1 + ' ( 5 ' 1 8 ) 

where 
h. = corrected mean heat transfer coefficient, 

1 C 
h_ = fully developed heat transfer coefficient, r 
D. = inside diameter of tube, and x 
L = length of tube. 

5.3.2 Tube-Side Pressure Drop 

When fluid flows in a tube, there are frictional losses in the direc-
tion of flow in the straight sections of the tubes, in the return bends 
of U-tubes, and at the tube entrances and exits- The tube-side frictional 
pressure drop in the direction of flow in pounds per square inch per foot 
can be calculated by using the Fanning friction factor, illustrated in 
Fig. 5.7, in the following equation. 

f ^ p 

where 
f^ = Fanning friction factor, dimensionless, 
V = average linear velocity of fluid inside tube, ft/sec, 
p = density of fluid, lb/ft3, 
g = acceleration of gravity =32.2 ft/sec2, and 
d. = inside diameter of tube, in. x 
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In calculating the pressure loss in return bends of U-tubes, the 
return bend can be treated as two 90° elbows. If the length of the bend 
is not included with the length of the straight tube to give the total 
equivalent length of tubing, the resistance in the bend is the sum of the 
resistance resulting from the length of the bend plus that resulting from 
the bend itself. If the length of the bend is included with the length 
of the straight tube, the resistance-is only that caused by the bend. 
This resistance is based on a dimensionless length-to-diameter ratio 
(L/D), which is usually plotted23 as a function of the relative radius 
(r/d) where the relative radius is the ratio of the bend radius to the 
inside diameter of the tube. Twice the length-to-diameter ratio (L/D) 
for one 90° bend will yield the total L/D for the 180° tube return bend, 
and the equivalent length of tubing in the 180° bend is determined by 
multiplying the total L/D by the inside diameter of the tubing expressed 
in feet. This equivalent length may also be added to the length of 
straight tubing to account for the resistance resulting from the bend 
itself. As the values of the relative radius (r/d) of U-bends in heat 
exchangers vary from small values approaching 2 to large values of 30 or 
more, it is wise to take an average value over the bends. This average 
value may run from 0.5 to 4 velocity heads. 

The entrance and exit pressure losses for fluids in tubes can be 
determined from the equation 

where K = the number of velocity heads resulting from entrance and exit 
losses. The maximum entrance loss experienced by fluid entering a tube 
is 0.5 velocity head, and this may be reduced to a minimum of 0.04 veloc-
ity head by using a well-rounded entrance. The velocity head loss may 
vary between these two values in accordance with the degree of entrance 
roundness used. There is little that can be done to reduce the exit loss 
for fluid discharged from a tube into a tank or infinite-diameter head 
where the ratio of the diameter of the tube to the diameter of the head 
(d^/dQ) approaches zero. Here, the loss is 1.0 velocity head. Therefore, 
the maximum combined entrance and exit velocity head loss is 1.5 velocity 

(5.20) 
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heads- The total tube-side pressure drop is the sum of the pressure 
losses resulting from friction in the direction of flow, the return 
losses, and the entrance and exit losses. 

The friction factors discussed to this point apply principally to 
isothermal fluids. For fluids being heated or cooled in tubes, the fol-
lowing equation for pressure drop is recommended.27 (Neither the Fanning 
nor the Weisbach friction factor should be used in this equation.) 

ftGt
2Ln AP = s (5.21) 

c (5.22 X 10lo)DiSg0 
where 

APt = pressure drop in tube, psi, 
ft = friction factor from Fig. 5.11, ft2/in.2, 
Gt = tube-side mass velocity, lb/hr-ft2, 
L = length of tube (including equivalent length of bends), ft, 
n = number of tube passes, 
D^ = inside diameter of tube, ft, 
S = specific gravity of fluid, dirnensionless, and © 
6 = viscosity ratio (see Fig. 5.11). 
In flowing from one pass into the next at the channel and floating 

head in heat exchangers with more than one pass, the fluid abruptly 
changes direction by 180°. This change in direction and the inlet and 
exit losses from the tubes introduce an additional pressure drop called 
the return loss, which can be accounted for by allowing four velocity 
heads per pass.27 The return loss can be determined by using the follow-
ing expression. 

"r - rghfc l - (5-22> s 
where 

AP^ = return pressure loss, psi, 
n = number of tube passes, 
V = velocity, ft/sec, 
S = specific gravity of fluid, dimensionless, O 
g = acceleration of gravity, ft/sec2, and 
p = density of fluid, lb/ft3 . 
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Fig. 5.11. Tube-Side Friction Factors for Fluids Being Heated or Cooled (from Ref. 27). 
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When the friction factor values plotted in Fig. 5.11, Eq. 5-21, and 
Eq. 5.22 are used, the total tube-side pressure drop 

AEL, = AP + AP . (5.23) T t r 

5.4 Shell-Side Heat Transfer and Pressure Drop Correlations 

On the shell side of • she11-and-tube heat exchanger, the heat 
transfer fluid flows across che outside of the tubes in complex patterns. 
Baffles of various types are used to modify the shell-side fluid flow 
conditions to achieve an improved coefficient for heat transfer. The 
flow through a baffled shell is partially perpendicular and partially 
parallel to the tubes. The heat transfer coefficient depends upon the 
physical properties of the fluid and the flow regime, but the flow 
regime is a complex function of tube spacing., baffle spacing and geom-
etry, and leakage flow paths. 

During the fabrication of commercial heat exchangers, it is neces-
sary that there be clearances between the baffles and the shell and 
between the tubes and the baffles. Flow through these clearances reduces 
the fluid velocity within the tube v mdle. Consequently, the average 
heat transfer coefficient is less than that computed by ignoring the 
leakages. The various paths of fluid flow through the shell side of a 
cross-baffle heat exchanger containing sequential baffles have been con-
sidered by Tinker.29 The various streams, illustrated in Fig. 5.12, are 
defined in Tinker's nomenclature as follows. 

ETR3-106 

Fig. 5.12. Fluid Streams Through the Shell Side of a Heat Exchanger 
(from Ref. 29). 
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A: tube-to-tube baffle leakage stream, 
B: actual cross-flow stream, 
C: bundle-to-shell bypass stream, and 
E: baffle-to-shell leakage stream. 

(Another bypass stream, defined as the tube field partition bypass stream 
by Heat Transfer Research., Inc.,38 has been considered in performance 
correlations for bundles with tube pass partitions in the direction of 
f low.) 

The bypass area C between the bundle and shell can be reduced by 
using dummy tubes, tie rods with spacers, sealing strips, or tie rods 
with seal strip baffles. The dummy tubes do not pass through the tube 
sheets and can be located close to the inside of the shell. -lie rods 
with spacers hold the baffles in place and can be located to prevent flow 
bypassing. Longitudinal sealing strips can either extend from baffle to 
baffle or be inserted in slots cut into the baffles- When tie rods are 
used with seal strip baffles, the tie rods are located close to the shell 
and the bypassing flow is forced back into the tube bundle by the seal 
strip baffles, which also serve as spacers. 

There is very little that can be done to reduce the flow in areas 
A and E except develop better fabricating techniques to reduce the manu-
facturing clearances required- The leakage and bypass flow cause uncer-
tainties related to pressure loss and the heat transfer coefficients. 
These effects are so complex that there is no exact correlation. Because 
of the difficulty of accounting for all of these factors, the heat trans-
fer coefficient can only be estimated. Various empirical heat transfer 
and pressure drop correlations are discussed in the following 
subsections. 

In many of the heat transfer correlations described in the follow-
ing subsections, a number of dimensionless groups are used. These are 
the Colburn modulus, the Prandtl number, the Stanton number, and the 
Nusselt number. The Colburn modulus is given by the equation 
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where 
hQ = shell-side film heat transfer coefficient, 
G = mass velocity, 
Cp = specific heat, 
H = absolute viscosity, 
k = thermal conductivity, 

h 0 ——— = Stanton number, dimensionless, and GCp 
C p. P —:— = Prandtl number, dimensionless. k 

A modified Colburn modulus with a viscosity correction factor is given 
by the equation 

h 
j* = J GC 

p 

0 . 1 4 

where 
p. = viscosity of fluid at temperature of tube wall and 

= viscosity of fluid at bulk temperature. 

The Nusselt number is defined as hD/'k, where D is the diameter or 
equivalent diameter of the flow zone. 

5.4.1 Correlations Presented by Kern 

Industrial data were correlated by Kern27 to relate the shell-side 
heat transfer coefficient to the Reynolds number, tube arrangement, and 
the baffle cut. This correlation is illustrated in Fig. 5-13 and is 
applicable when the tube bundle has baffles with standard clearances 
between the baffles and tubes and between the baffles and shell.1 For 
values of NRfi from 2000 to 1,000,000, the data shown by the curves are 
represented adequately by the equation 

h D |C n " l / 3 
j = _2_£ LE. H k k ^w 

- O . 1 4 

(5.26) 
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Fig. 5.13. Shell-Side Heat Transfer Curve for Various Baffle Cuts (from Ref. 30). 
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where 
Jjj = heat transfer factor, dimensionless, 
hQ = heat transfer coefficient of shell-side fluid, Btu/hr-ft2-°F, 
De = equivalent diameter, ft, 
k = thermal conductivity evaluated at temperature of bulk fluid, 

Btu/hr-ft2-°F per ft, 
Cp - specific heat of fluid evaluated at temperature of bulk fluid, 

Btu/lb*°F, 
n = viscosity evaluated at temperature of bulk fluid, centipoise x 

2.42 = lb/ffhr, and 
(i = viscosity at temperature of tube wall, lb/ft-hr. 

The shell-side equivalent diameter is taken as four times the hydraulic 
radius obtained for the tube pattern as laid out on the tube sheet.27 

De = de/12 (ft around tube) (5.27) 

where for square pitch 

d = e 

nd 

nd 

2 1 

(in.) (5.28) 

and for triangular pitch 

d = e 
^(0.86pt) - j 

jtd2 o 

nd (in.) (5.29) 

where 
p^ = tube pitch, in., and 
d = outside diameter of tubes, in. o 
The pressure drop through the shell side of a heat exchanger is 

proportional to the number of times the fluid crosses the bundle and 
the distance across the bundle.27 By using a modification of the gen-
eral pressure drop equation, a correlation was obtained for the pres-
sure drop of a fluid being heated or cooled that includes the entrance 
and exit losses. The shell-side friction factor data plotted in Fig. 
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5-14 are to be used in the following expression. 

f G2D N 
s S S C , (5.30) 

S (5.22 X 10lo)D S <t> v e g 

where 
£P s = shell-side pressure drop, lb/ft2, 
e X. s = shell-side friction factor illustrated in Fig. 5.14, 
G s = mass velocity, lb/hr-ft2, 
D s = inside diameter of shell, ft, 
N c = number of times fluid crosses bundle from inlet to outlet, 
S S 
D e 

= specific gravity of fluid, S S 
D e = equivalent diameter, ft 
d> = viscosity ratio = (ja/m-w)°"1". 

The number of times the fluid crosses the bundle from the inlet to the 
outlet 

N c = 12L/BP , (5.31) 
where 

L = length of tube, ft., and 
BP = baffle spacing, in. 

5.4.2 Correlations Presented by Lewis, Zizza, and DeRjenzo 

One of the main difficulties in applying shell-side heat transfer 
coefficients is the determination of a representative velocity for the 
fluid, and one method of determining this velocity was presented by 
Lewis, Zizza, and DeRienzo.31 

In a cross-sectional view of a shell-and-tube heat exchanger, the 
fluid flowing on the shell side must tra-. .1 across the bundle between 
the baffles and along the tubes through the baffle window area. Because 
of the complex flow patterns, the shell-side velocities vary from point 
to point. The mass velocity of the longitudinal flow is given by the 
equation 144M 

G' = - , (5.32) w 3600An 
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Fig. 5.14. Shell-Side Friction Factors (from Ref. 30). 
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where 
G1 = mass velocity of longitudinal flow, lb/sec-ft*"1, w 
M = mass flow rate for shell side, lb/hr, and s 
A' = net free area in tube bundle, in." 

w 

n 
The cross-flow velocity is given by the equation 

144M 
G' i _ a 

c ~ 3600 BP(D-) ' (5.33) 

where 
G1 = mass velocity of cross flow, lb/sec-ft^, 
M = shell-side mass flow rate, Ib/hr, 
BP = baffle spacing, in., and 
D^ = free diameter, in. 

The free diameter (D^) represents the sum of the spaces between the tubes 
and between the outside tubes and the shell perpendicular to the fluid 
flow between baffles. Once the mass velocities of the longitudinal flew 
and the cross flow have been determined, the geometric mean shell mass 
velocity can be determined by using the equation 

This geometric mean velocity can then be used in conjunction with ~npiri-
cal correlations to determine the shell-side heat transfer coefficients. 

An example of a correlation that can be used with the geometric mean 
velocity is one based on tests of commercial heat exchangers presented by 
Tinker.32 

where 
hQ = average shell-side heat transfer film coefficient, Btu/hr-ft2. °F, 
k = thermal conductivity, Btu/hr•ft-°F, 

Dq = outside diameter of tube, ft, 
G' = mean mass velocity, lb /sec-ft2, m J m' 

(5.34) 

(5.35) 
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= viscosity at temperature of bulk fluid, lbra/sec-ft, 
C = specific heat, Btu/lb •°F, p m 
H = viscosity, lbm/sec-ft, and 
p. = viscosity at wall temperature. 

Equation 5.35 is used for liquid-to-liquid or gas-to-liquid heat exchangers 
and is based exclusively on tests of commercial units. It is valid for 
exchangers with segmental baffles and tube banks with a triangular pitch. 
When Eq. 5.35 is applied to tube arrangements with a square pitch, the 
numerical coefficient of 0.25 must be recced to 0.20. 

The results of studies made by D. A. Donohue33 on test data for 
exchangers where disk-and-doughnut baffles were used instead of sequential 
or half-moon baffles indicate that hQ can be estimated for this type of 
baffled exchanger by using Eq. 5.35 if the numerical coefficient of 0.25 
is replaced with 0.23(de)°"S, where is the equivalent diameter in 
inches as defined in Eqs. 5.28 and 5.29. 

5.4.3 Correlations Presented by Bergelin, biovm, and Colburn 

The heat transfer correlation of Bergelin, Brown, and Colburn34 

presented here is applicable to the entire shell-side surface and is 
based on data obtained from experiments where leakage flow was essen-
tially eliminated- Therefore, the heat transfer factor (J) discussed 
herein will not ordinarily be attainable in practice. This correlation 
is part of an extensive work in which correction factors that permit 
practical application are provided. A portion of this work is presented 
here to permit the reader to evaluate the potential of a heat exchanger 
constructed so that there is little internal leakage. 

Experimental data for the heat transfer factor J as a function of 
the Reynolds number for a cylindrical, baffled heat exchanger are illus-
trated in Fig. 5.15. From the data illustrated in Fig. 5.15, the heat 
transfer factor 

J = C G I k p m' 

.2/3 °.14| 
w 

r 1 — r + r V n / 2 
\An 

(5.36) 
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where 
h Q = heat transfer coefficient based on value of A, Btu/hra.f.ti"-̂ "?̂  
Cp = specific heat at constant pressure, Btu/lb-°F, 
G = mass velocity based on S„, lb hr-fta, m B 
n = absolute viscosity, lb/hr-ft, 
k = thermal conductivity, Btu/hr-ft•°F, 

a = absolute viscosity at temperature of tube surface, lb''hr-ft, 
u^ = absolute viscosity at average bulk temperature, lb/hr.ft, 
r = area ratio, 

Sp = average of minimum cross-scctional areas for rows of tubes in 
cross f1ow section, ft", 

A = free cross-sectional area in baffle window, ft . n 
n = 0.6 for (D0Gm/a) > 200, and 
n = 0.48 tor (D0Gm. .i) • 200. 

A 
The area ratio r = , (5.37) 
where 

A = heat transfer area of tubes in window sections, ft2, and w 
A = heat transfer area based on total outside exposed surface area 

of tubes, ft". 
The correlations developed for the pressure drops are also based on 

a heat exchanger in which entrance and exit effects and all internal 
leakages are eliminated or minimised. ̂  The total pressure drop is the 
sum of the pressure drop across the window sections and the pressure 
drop across the cross flow section. For turbulent flow, the pressure 
drop across a window section is given by the expression 

* P W - (2 , 0 . 6 N w ) ( ^ j , ( 5 . 3 8 ) 

where 
= pressure drop across a single window section, lb/ft2, 

N = number of restrictions encountered in window section, 
p = density at average bulk temperature, lb/ft?, 

V = geometric mean velocity, ft/sec, and 
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g = gravitational conversion factor = 32-2 lbm*ft/lb£»sec 
The geometric mean velocity 

s m w 
where 

Vs = (VnVu)l/a , (5.39) 

V = velocity through SD, ft/sec, and m o 
Vw = velocity through An, ft/sec. 

For laminar flow, the pressure drop across a window section is given by 
the expression 

0.55N V >i 0.8V j.» 
AP = + -w s Dyg ,1-1 • ^ . (5.40) 

where 
s = minimum clearance between two adjacent tubes, in.. 
M = absolute viscosity at average bulk temperature, Ib/hr-ft, 
Dv = hydraulic diameter of window, ft, 
BP = baffle pitch, in., and 

all other terms are as defined for Eq. 5 . 3 8 . For turbulent flow, the 
pressure drop across the cross-flow section is given by the expression 

APx = 0.55Nl-^- , (5.41) 

where 
£Px = pressure drop across the cross-flow section, lb/ft2, 

N = number of major restrictions encountered in cross-flow section, 
and all other terms are as previously defined. For laminar flow, the 
pressure drop across a cross-flow section is given by the expression 

AP = 0.55N x \ s (5.42) 

5.4.4 Correlations Presented by Tinker 

A rating system for commercial she11-and-tube heat exchangers based 
on a fluid-flow pattern concept was developed by Tinker.23 This system 
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is responsive Co the major effects of unit size, tube size, tube pitch 
and flow orientation, baffle spacing and cut, and the principal leakage 
and bypass clearances of the heat exchanger. The heat transfer and 
friction characteristics recommended for practical design purposes are 
based on research data. Where possible without serious sacrifice in 
accuracy, certain resistance factor approximations and assumptions were 
used to derive formulas in a simple form for evaluating the fluid flow 
fraction through the cross-flow area of the tube bundle. Simple tabula-
tions of heat transfer and pressure drop characteristic "rating numbers" 
can be readily developed from these formulas for various sty'es or series 
of heat exchangers with consistent design proportions to permit rapid 
rating of the shell-side performance of a heat exchanger. 

The heat transfer group (B ) for flow across tubes is plotted as a 
function of the Reynolds number for various tube pitch patterns in Figs. 
5.16. 5.17, and 5.18: and values of the multiplier (M) for heat trans-
fer arc plotted in Fig. 5.19. The heat transfer group for flow across 
tubes 

h . d |C ̂  
B = o b °LB-o 16.Ik' k 

" 1 / 3 
(5.43) 

where 
h . = outside heat transfer coefficient for baffled region of tube ob 

bundle, Btu/hr-ft^-°F, 
dQ = outside diameter of tube, in., 
k = thermal conductivity, Btu/hr-ft2-°F per ft, 

Cp = specific heat, Btu/lb-°F, 
Ii = absolute viscosity of fluid at mean temperature of fluid, 

centipoises, and 
0 = (|i/|i )°"1* where w 
= absolute viscosity of fluid at mean temperature of tube wall, 
centipoises. 

From Eq. 5.43, the outside heat transfer coefficient for the baffled 
region of the tube bundle 

1/3 
<t>|. (5.44) h h - T 1 1 ^ k ob d o 

v 
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X 

The outside heat transfer coefficient for the entire tube bundle can then 
be obtained from the equation 

h = h , E , o ob s (5.45) 

where E = shell-side effectiveness, s 

E = s 

£ + (£ - a ) 
S 1 2 

2BP O . S " 

£ - I 
X 2 (5.46) 

where 
= baffled length of tubes, in., 

£ = total length of tubes, in., and 
BP = baffle pitch, in., 
The rating number for heat transfer (N^) for basic heat exchanger, 

configurations is shown in Figs. 5.16, 5.17, and 5.18. If the heat 
exchanger configuration being considered is not shown in these figures, 
the rating number can be calculated by using the following simplified 
equation. 
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(C - 1) 3 / 2 
14 (1 -26 ) 
(C )-

i 4 

3 / 2 

- d it o 

Id 
+ 12-j- 0.82C -§ 

14 

fd f 

tf! 
/ 
IP, - d \ t o 

+ C (C )1/2(1.48) 15 14 p - d It 0 
S 

BP j 1 -
H (5.47) 

where 
C 1 4 = bypass clearance constant, 
P t = tube pitch, in., 
dQ = outside diameter of tube, in., 
C 1 5 = baffle hole clearance constant, 
C 3 = portion of circle comprising the baffle, 
dg = diameter of shell, in., 
C 1 6 = baffle edge clearance constant, 
Bp = baffle spacing, in., and 
H = baffle cut, in. 

The bypass clearance constant 

C14 ~ D 3 ' (5.48) 

where D._ = outer tube limit or bundle diameter, in. The baffle hole 
clearance constant 

- d0) 
15 (5.49) 

where d = diameter of tube hole in baffle, in. The portion of circle 
comprising the baffle 

G = 1 - C , (5.50) 3 2 ' 

where C 2 = segmental portion cut from circle to make baffle. The baffle 
edge clearance constant 

( d
c - D > c = ® — ( 5 5 1 ) is d 
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where D = baffle diameter, in. 2 ' 
The fraction of the total fluid flowing through the cross-flow area 

within the limits of the tube bundle of a clean unit 

- r • (5-52) 
h d \x!z 

1 + M r 

The Reynolds number for heat transfer 

d F M 

where 
dQ = outside diameter of tube, in., 
Fft = fraction of total fluid flow within limits of tube bundle, 
Ms = total fluid flow, lb/hr, 
H = absolute viscosity of fluid at mean fluid temperature, 

centipoises, 
M = A multiplier for Reh given in Fig. 5.19, and 

A = cross-flow area within limits of tube bundle, ft2, x 

A = C (BP)D , (5.54) 
X d j 

where C = cross-flow area constant given in Figs. 5.16, 5.17, and 5.18. ci 
The A multiplier to obtain the geometric mean of A and A, 

Mw = m(C ) l / 2 = (A./A ) l / 2 , 
W 1 4 D X 

where 

A m -- geometric mean of Ax and A^ = (A^ 1 2(Ab) 2, and 
A, = area of one baffle window. D 
Based on the value of Re. determined from Eq. 5.53, the value of B h n > Q 

can be obtained from Figs. 5.16, 5.17, and 5.18. Subsequently, the value 
of hQ can then be obtained by using Eqs. 5.44, 5.t5, and 5.46. 

The pressure drop correlation29 to be used is 



184 

£P = 0.334C s x 1 + Y (5.55) 

where 
APS = overall shell-side pressure loss, psi, 
Cx = constant for cross-flow tube rows traversed, 
Ng = number of baffle spaces, 
p = density of fluid, lb/ft3, 

fx = friction factor, 
= Wnw)°* 1 4> 

Fp = modified cross-flow fraction for service unit pressure drop 
calculation, 

Ms = total fluid flow, lb/hr, 
Ax = cross-flow area within limits of tube bundle, ft2, 
Y = pressure loss factor for baffle window, 

Pt = tube pitch, in., and 
ds = diameter of shell, in. 

The pressure loss factor for the baffle window 

Y = 
(C ) 
^ 1 4 

O . B 5 

3 .325 (5.56) 

where y = factor for baffle window proportions. The friction factor (f ) 
X 

is plotted as a function of the modified Reynolds number for pressure 
drop (Rep) in Figs. 5.20, 5.21, and 5.22; and the rating numbers for 
pressure-loss calculation (Np) for basic heat exchanger configurations 
are given in these figures. If the heat exchanger configuration being 
considered is not represented in these figures, the rating number can be 
calculated from the equation 

(C - 1) 3 / 2 

N = 
(C ) 

1 4 

1/2 P - d t O 

5 / 2 

+ C (C )l/s(1.18) 
l O 1 4 

d s 
BP pt - d„ ' - s t sJ 

(5.57) 
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Fig. 3.20. Shell-Side Pressure Drop Characteristics for Multi-Pass, Cross 
Flow Shell-and-Tube Heat Exchangers With Tubes Arranged on an Equilateral 
Triangular Pitch (from Ref. 29). 
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Fig. 5-21. Shell-Side Pressure Drop Characteristics for Multi-Pass, Cross-
Flow She 11-and-Tube Heat Exchangers With Tubes Arranged on a Square Pitch (from 
Ref. 29). 
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Fig. 3-22. Shell-Side Pressure Drop Characteristics for Multi-Pass, Cross-Flow 
She 11-nnd-Tube Heat Exchangers With Tubes Arranged on a Staggered Square Pitch (from 
Rcf- 29). 
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The modified fraction of the total fluid flowing through the 
cross-flow area for the service unit pressure drop calculation 

F P • < 5 " 5 8 > 

0.8 + N (-
P\P 

and the modified Reynolds number for pressure drop 

d F M 
R e

P
 = • < 5 - 5 9 > 

where M = total fluid flow, lb/hr. With the value of Re known, the s p 
friction factor (f^) can be obtained from Figs. 5.20, 5.21, and 5.22. 
Subsequently, the value of AF^ can be obtained from Eq. 5.55. 

5.4.5 Correlations Presented by Donohue 

The equation presented by Donohue25 for the coefficient of heat 
transfer inside a baffled shell is 

ho Do Po G m — 2 — = 0.22 2 k \ u 

o. s o . s ' i , l o . l - ' 

V I (5.60) 

where 

Do = outside diameter of tube, ft, 
k = thermal < vnductivity, iJcu/hr* ft'"-°F per ft, 

Cm a moan mass velocity, lb/hr'ft~, 
u 3 absolute viscosity, lb/hr*ft, 
C o BI specific heat, dtu/lb-°F, 

a viscosity at average fluid temperature. Ih/hr*ft, 
B viscosity at temperature of tube wall, Ib/hr- ft. 

The racan mass velocity 

C » (CC )x/* , ro c w' ' (5.61) 
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•where 
Gc = maximum cross-flow mass velocity, lb/hr-ft2, and 
G w = mass velocity through baffle opening, lb/hr-ft2. 
The total pressure drop on the shell side is the sum of the pressure 

drop through the baffle cutouts and the pressure drop across the tube 
bank.35 

AP = AP +AP . (5.62) s w c 
The pressure drop through the baffle cutouts is given by the expression 

AP = , (5.63) 
w 1013S g 

where 
AP = pressure drop through baffle cutouts, psi, 
Ĝ j = mass velocity through baffle opening, lb/hr-ft2, and 
S = specific gravity of fluid-s 

The pressure drop across the tube bank is given by the expression 

N CG^)2f 
A P c = - 7 2 i T ~ ' ( 5' 6 4 ) 

where, from Ref- 36, 
APC = pressure drop across the tube bank, psi, 
Nr = total number of tube rows crossed, 
G^ = minimum cross-flow mass velocity, lb/sec-ft2, 
g = acceleration of gravity = 32-2 ft/sec2, 
p = density at averago temperature of fluid, lb/ft3, and 

0.75 
£ = 

P_ - d I°"2 fD G _o c 
do 

o .2 
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5.4.6 Correlations Presented by Short 

When using the correlations presented by Short3T to determine the 
shell-side heat transfer coefficient, one must first obtain an effective 
velocity for the appropriate baffle configuration from one of the follow-
ing three equations. For orifice baffles, the effective mass velocity 

G = G x c 
12L|° *55 

BP j 
<»! " V D 0 

7I<Ds> 

O.B3 . „ ==/n 2\°* 4 3 

+ r liil 5 -a 
Gs\ BP | \ A J 

(5-66) 

where 
Gx = effective mass velocity, lb/ft2*hr, 
G0 = mass velocity through annular space of orifice baffle, lb/ft2-hr, 
L = heated or cooled length of exchanger, ft, 
BP = baffle spacing, in., 
Dĵ  = diameter of holes in orifice baffles, ft, 
DQ = outside diameter of tube, ft, 
Pt = center-to-center distance of tubes, in., 
Dg = inside diameter of shell, ft, 
Gg = mass velocity between baffles parallel to tubes of orifice 

baffles, lb/ft2-hr, and 
Aq = total annular area of clearance between baffle holes and tubes 

of orifice baffles, ft2. 
For half-moon baffles, the effective mass velocity 

G - G /12L'°'5 
Gx ~ Gw BP i A . i 

iO .8 i O • 5 LO.8 
(5.67) 

where 
G = mass velocity through opening or window at half-moon baffle, w 

lb/ft2-hr, 
Ajj = free cross-sectional area of opening or window at half-moon 

baffle, fta, 
As ® cross-sectional area of shell minus total cross-sectional at'ea 

of tubes, ft", 
mass velocity 

all other terms are as previously defined. For disk-and-doughnut baffles, 
Gp = mass velocity perpendicular to tubes between baffles, lb/ft2«hr, and 
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the effective mass velocity 

o. 5 / A 3 / D N \ ° ' 3 5 hi 1 0 1 
+ G 

I . , O . 5 , „ \ 0 . 8 3 
1 2 L 1 ° * 5I a\ M 

a BP 

+ G 12L J 
V 
A si 

o. i 
50 D~ s( 

I 1 - 1 7 

(5.68) 

where 
G. = mass velocity through hole in doughnut baffle, lb/ft2*hr, 
A^ = net area of hole in doughnut baffle, ft2, 
GA = velocity through annular space around disk baffle, 

lb/ft2-hr, 
A a = net area of annular space around disk baffle, ft2, 
G r = velocity radially perpendicular to tubes in disk-and-doughnut 

baffles, lb/ft2-hr, and 
all other terms are as previously defined. The film coefficient for the 
shell-side fluid is then obtained from the following equation. 

h D, o o = 0.37 
O . 5 , _ , 0 . 3 3 

P c I I M 
where 

hQ = film coefficient for outside of tubes, Btu/°F*ft2-hr, 
k = thermal conductivity of shell fluid at mean temperature of 

stream, fttu/°F-ft2-hr per ft, 
Cp = specific heat at constant pivasure for shell fluid at mean 

temperature of stream, Btu/°F.lb, 
n = absolute viscosity of shell fluid at mean temperature of stream, 

lb/ft-hr, and 
all other terms are as previously defined. The experimental data that 
provided the basis for Eq. 5.69 are illustrated in Fig. 5.23, in which 
Eq. 5.69 is plotted as a function of the Reynolds number. 

The pressure drop through the shell side of a heat exchanger is 
given by the equation3'' 
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Fig. 5.23. Plot of Equation 5.69 as a Function of the Reynolds Number 
From Experimental Data (from Ref. 37). 
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£P = s 
f LG2 
s x 

2(3600)2pgDo 
(5.70) 

where 
= pressure drop across shell side of exchanger, lb/ft2, 

f = friction factor, 
L = heated or cooled length of exchanger, ft, 
G x = effective fluid velocity, lb/ft2-hr, 
p = specific weight of shell-side fluid, lb/ft3, 
g = acceleration of gravity = 32.2 ft/sec2, and 

D c = outside diameter of tube, ft. 
The shell-side friction factor can be obtained by using the data plotted 
in Fig. 5.24 with the following equations. For orifice baffles, 

f = 
(Nb - 2.5)°'15 

(5.71) 

where 
f = Fanning friction factor, dimensionless, 

Pt = center-to-center distance of tubes," ft, 
Dq = outside diameter of tube, ft, 
Ds = inside diameter of shell, ft, 
D^ = diameter of holes in orifice baffles, ft, 
F = friction and roughness factor for a particular baffle type 

obtained frou. Fig. 5.24, dimensionless, and 
Nb = number of baffles. 

For half-moon baffles, 

f = 
12D 
BP 

o . 7 

20 + 

2' 87 
(F) (5.72) 

where 
BP = baffle spacing, in., and 

.o.r (BP/12DS) = 0.795 for BP >4.32 in. 
In the equation for half-moon baffles given in Fig. 5.24, B^ = height of 
the half-moon baffle, ft. For disk-and-doughnut baffles, 
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Fig. 5.24. Friction Factor Roughness Curves for She11-and-Tube Heat 
Exchangers (from Ref. 37). 
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f = 
P - d t o A \ s 

A, 

O . 8 

F , (5.73) 

where 
As = cross-sectional area of shell minus total cross-sectional area 

of tubes, ft2, and 
A^ = net area of hole in disk-and-doughnut baffle, ft2. 

5.4.7 Correlations of Stream Analysis Method 

The Stream Analysis Method38 is a proprietary analytical tool of 
Heat Transfer Research, Inc., for prediction of the shell-side flow pres-
sure drop and heat transfer. It is based on an analysis of the individ-
ual stream components and the interaction of constructional parameters. 
Because of its proprietary nature, only aualitative information relative 
to this method can be presented here. 

The method is based on a flow model previously suggested by Tinker2^ 
that divides the shell-side flow into a number of parallel streams, as 
illustrated in Fig. 5.12 (page 165). For a better understanding of the 
physical mechanisms involved, the flow distribution model illustrated in 
Fig. 5.12 was reduced to an equivalent piping diagram, as illustrated in 
Fig. 5.25, wherein the flow stream is represented by arrows and letters 
and the resistances to flow for each stream are represented by a value 
and the letter K with the proper subscript. 

The cross-flow, bypass, arid pass partition streams (B, C, and F) 
are shown flowing in parallel across each bafcle space, joining in the 
windows, and dividing again at the next baffle space. The tube-baffle 
and baffle-shell leakage streams (A and E) are shown flowing in parallel 
from a hypothetical nodal point in one baffle space to a corresponding 
point in the next. Once this model is established, piping network flow 
techniques can be applied to solve for the flow rate of each stream in 
terms of the cross-sectional area for flow and the flow resistance. The 
flow rates are given implicitly by the pressure drop equation 
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Fig. 5.25. Schematic Model of Shell-Side Flow Paths and Resistances 
Across One Baffle Space (from Ref. 38). 

AP. = CK. J J 
W J 2 

(5 .74) 

where 
C = term containing all constants; 

Kj = the flow resistance, which is a function of the geometry of the 
flow channel and the Reynolds number; 

Wj = flow rate; and 
Sj = typical flow area for each stream. 

The subscript j in Eq. 5.74 represents any stream A through F. The pres-
sure drop relations are expressed as follows. 

and 
APC - *PF = APb - APX 

AP. = APp = APV + APt. , W 

(5.75) 

(5.76) 
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where 
APJJ = cross-flow pressure drop and 
APJJ = window pressure drop (as illustrated in Fig. 5 . 2 5 ) . 

The final equation required is for the mass balance of the total flow W. 

W = W A + Wg + W c + W £ + Wp . (5.77) 

Once the representative cross-sectional flow areas (S^) are defined, 
Eqs. 5.74 through 5.77 can be solved for the flow rates if the flow 
resistance terms (K_) are known. Solution is somewhat simplified by 
rearranging th-- pressure drop equations, following Tinker's original con-
cept,29 in the following forms. 

FF. = , (5.78) 

where FF^ = the flow fraction of any given stream. That is, 

V = <FF )(W) . (5.79) 

For j = B, C, or F; 

For j = A or E, 

m l / 3 
h -

(5.80) 

Q. = S. J 3 

1 + z\l/s 
K . 

J 

(5.81) 

where z = APW/APX. (5.82) 

The term Q. is the ratio of the flow rate of stream j to that of a 
J J 

hypothetical stream with S = 1 and K = 1, and it was introduced only to 
simplify algebraic manipulation. 

Since the K values are a function of the Reynolds number for the 
stream and therefore of the flow fractions, the solution of the equations 
must be by trial-and-error methods and is performed in accordance with 
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the following live steps. 
1. The initial values of K and z arc assuned ami the flw fractions 

are calculated from Eqs. 5.78. 5.SO, 5.SI, nnd 
2. The individual flow* rates are calculated i"r<?e S./9, and the 

individual flow stream Reynolds numbers are determined. 
3. Actual values of K are determined in»s correlations of the 

individual stream resistance cogfi'icictu in ter$ss the channel 
geometry and the actual Reynolds iw»Wr. 

Cross-flow and window pressure drops are determined, and the 
ratio z is calculated from EQ. 

5. The flow fractions are recalculated and coopared with those 
calculated by using Che assumed values. If the difference between these 
values is greater than desired, the new flow fraction values are substi-
tuted and the calculations are repeated frm step 

The effective heat transfer Reynolds number (Rejj) can then be 
determined for the given values of the effectiveness factor C^j and C^j. 
The effective Reynolds number for cross flow 

+ C X F ( F ? F > + C X E ( F F F.> * CxC(FFC> ' t $' S 3 ) 

where 
DQ = outside diameter of tube, ft, 
W = flow rate, Ib/hr, 
SR = integral average area for cross-flow stream, ft"*', 
u. = viscosity at bulk temperature, lb/ft-hr, 

W 
o 

CxA' CxB' CxC' 
C and C _ = individual flow stream heat transfer effectiveness xE xF 

factors in the cross flow, 
F F A , F F B , F F C , 

FF , and FF„ = individual flow fractions, & r 
^TW = nura^er tubes in window, and 
Nt = total number of tubes in exchanger. 

The effective Reynolds number for window flow 
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vhcr<-
A « cyoss-sccUottsi jflflw 4?c» wiadttt. 

£ ... C.t- * jtir«r;«s iu-ai irnnziv? fci'g^ciUveaess fV ** t 

J'̂ cttff̂  in she vindov 
the battk StciU teri i lirî ni %-A'A c«rf<?5.tictl 3* 

# • <*•«> 
vlumt vhc utttiT* C. >m<J s i'unct i^ns tube iaymu, jiiseh ratio, and 
j'jmf r«r4ti»«. Th*? cwnr-i-im jnnrer o*' i/3 on the S'r.mcH$ nweber is 
ba-icd <«? wrticr iheufet Ica I .Tsui ctapirieai work for 'low inside 
lube*, ;tnt! though itutefcrt;*iblc liworci ScaUy i^v : 1 ov across tube banks. 
it appear* to ĵ ivc s'ca.'iwaS'ly good average a^raesx-tu with present data, 
the i*3t*?«*r t crtrrecrs for ih<s vffcej of the number vi tube rows crossed 
(X ) <n% the nvcr.tjic he.it transfer <eoe£l i x i v n i . lt\ turbulent flow. * is 
ejus* t.O. while in deep lacunar lli>» <Ke - 20), reports indicate a 
decrease with the nutaber oi rows crossed a r e n t ' 1 y resuliing £roa buildup 
oi the temperature boundary layer, this can be correlated as 

» LS/(N • (5.85) s 

Since the effective mass velocities of the cross-flow and window regions 
differ because oi the different average cross-sectionsI flow areas, the 
average ideal heat transfer coefficient fcr the baffled tube bundle was 
taken as a prorated average of the cross-flow and window heat transfer 
emetic tents. In addition, an empirically determined correction factor 
(B) must be applied to account for baffle-induced flow pattern distortion 
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effects. The resulting expression is 

N - ?»L,\ I 2N„t\ 

where 
ĥ j. = ideal cross-flow tube bank heat transfer coefficient determined 

from Eq. 5.85, 
Jlj. =» total number of tubes, 
^TW a nusnber o£ tubes in the window, and 
h{,, = heat transfer coefficient for window also determined from iv 

Eq. 5.85 but based on the effective Reynolds number for the 
window. 

As an additional refinement, a separate correction factor representing 
the effects of the end baffle spacing as opposed to the central baffle 
spacing was introduced. 

The overall pressure drop across the heat exchanger is the sum of 
the individual pressure drops (£P A P ) in each baffle space plus the X w 
pressure drop in each zone (<2P. and AP ). Because of the different ' 1 in out 
flow and construction conditions, these pressure drops are calculated as 
separate terms. Each 

AP = (N — 1)£P + (N. )AP + AP. + AP (5.88) b X D w in out 

where N^ = the number of baffles and the component pressure drops are as 
follows. The cross-flow pressure drop 

AP = AP. + AP , (5.89) X x a 

where 
AP^ = friction loss and 
£>Pa = acceleration loss (small when compared with AP^). 

The friction loss for the cross-flow pressure drop calculation 

AP. = Af N 1 x s (5.90) 
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where 
fx = cross-flow friction factor = cx/ReyNa, 
Ns = number of tube rows in cross flow per baffle space, 
p = bulk fluid density, lb/ft"5, 

Gx = cross-flow mass velocity, lb/hr- ft~, 
g = gravitational constant, ft/hr*-', and 
0 = viscosity gradient correction factor. 

The pressure drop in the window 

% " ̂ W s * ^ W t ' ( 5- 9 1 ) 

where 
APjjs = friction loss and 
AP̂ jt = momentum loss. 

The friction loss for the window pressure drop calculation 

AP„ = 4f N (-!|-£-|f , (5.92) Ws ww|p| 2g r 

where 
fw = window flow friction factor = ^/(Re^1*, 
N w = effective number of tube rows crossed in the window per baffle 

space, and 
G w = window mass velocity, lb/hr-ft2. 

The momentum loss for the window pressure drop calculation 

AP = 2 Wt (5-93) 

where 0 = spacing correction ranges from one to zero. The pressure drop 
at each end of the heat exchanger (AP. and AP } must be calculated ° in out 
individually because of the different entrance and exit configurations. 
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5.5 Typical Racing Procedure for a Water-to-Wacer Heat Exchanger 

Use of the racing procedures discussed in the preceding portions 
of this section is illustrated by the solution of the sample problem 
presented in this subsection and the alternate solutions presented in 
Appendix A. The design parameters are the same for each of the solutions 
presented. Hence, these different solutions provide a means of comparing 
the results obtained by using chc various shell-side heat transfer and 
pressure drop correlations discussed in this section. 

The heat exchanger on which the sample solutions in this subsection 
and in Appendix A are based is a residual heac removal unit for a nuclear 
power station that was designed by using the Stream Analvsis Method.1'" 
The configuration of this heat exchanger is illustrated in Fig. 5-26. 
The operating conditions are also given in Fig. 5.26, and additional 
data are as follows. 

Length of baffled straight tube, 178 in. 
The thermal conductivity for the tube metal k^ = 10.0 Btu/hr.ft.°F per ft, 
and the following physical properties can be obtained from the given 
fluid conditions. 

The surface of the heat exchanger in each sample rating solution 
was sized to match the design duty, within the limitations of computa-
tional accuracy. To make the comparison of the various correlations 
more meaningful in terms of component design, the length of the exchanger, 
tube size, tube pitch, and baffle cut were kept the same in each of the 
calculations. The baffle pitch was selected to give the largest integral 
number of baffles that would keep the calculated shell-side pressure drop 

Baffle cut, 
Shell-baffle clearance, 
Tube-baffle clearance, 

t*5Z 

1/32 in. 
0.004 in. 

Viscosity (centipoise) 
Thermal conductivity 
Specific heat 
Density 

Shell Side 
0.68 at 100°F 
0.364 Btu/hr- ft- °F 
1.0 Btu/ib-°F 
62.0 lb/ft3 

Tube Side 
0.50 at 131°F 
0.379 Btu/hr-ft-°F 
1.0 Btu/lb-°F 
61.7 lb/ft" 
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Fig. 5.26. Configuration and Operating Conditions for Water-to-
Water Heat Exchanger Design Analysis. 



below the 19.1 psi calculated for the design by using Che Scream Analysis 
M e t h o d . T h e calculated tube-side pressure drop was permitted to attain 
any reasonable value. 

The steps performed in the typical rating procedure are outlined as 
follows. 

t. If it is necessary to establish the terminal temperatures of 
either fluid, a heat balance is performed by using Eq. 5.1. 

2. The logarithmic mean temperature difference is calculated by 
using Eq. 5.7. 

3. An overall heat transfer coefficient is assumed, and the required 
surface is established by using the heat balance relationship given in 
Eq. 5.2. This surface is then used to establish the configuration of the 
heat exchanger. This includes selection of the tube size, tube pitch, 
number of passes, shell dimensions, and the baffle pitch. 

4. The shell-side heat transfer coefficient is calculated by using 
one of the correlations discussed in subsection 5.4. 

5. The tube-side heat transfer coefficient is calculated by using 
Che method discussed in subsection 5.3.1. 

6. The heat transfer resistance of the tube wall is calculated by 
using Eq. 5.5. 

7. The overall heat transfer coefficient is calculated by using 
Eq. 5.3 and the resulting value is compared with the value assumed for 
Step 3. If the values agree to within slide-rule accuracy, proceed to 
Step 8. If they do not, return to Step 3 and assume a new value. 

8. Calculate the shell-side pressure drop by using one of the 
methods discussed in subsection 5.4. 

9. Calculate the tube-side pressure drop by using one of the methods 
described in subsection 5.3.2. (The conservative method presented by 
Kern27 is used in the sample solutions.) 

10. If either of the calculated pressure drops differs substantially 
from or exceeds the specified limits, the configuration of the heat 
exchanger must be revised to bring the calculated pressure drop closer 
to the specified value. Such revisions include but are not necessarily 
limited to changing the baffle spacing, number of baffles, number of 
tubes, length of tubes, and number of passes. Since such changes 
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generally affect the fluid velocities and therefore the heat transfer 
coefficients, it is necessary to return to Step 4 of this procedure. 

11. After the configuration of the heat exchanger has been estab-
lished on the basis of thermal and hydraulic considerations, it should be 
checked as described in Section 6 to be certain that there are no poten-
tial problems related to tube vibrarion. If such a problem exists, the 
configuration should be changed by introducing additional tube supports 
in the form of baffles or by reducing the shell-side velocities. Since 
either change is likely to affect the shell-side heat transfer coeffi-
cient, it will be necessary to return to Step 4. 

12. After the configuration has been established in accordance with 
the preceding steps, work can proceed on the stress analysis and mechani-
cal design of the exchanger as described in Sections 7, 8, 9, and 10. 

Following the steps outlined for this sample design procedure, from 
Fig. 5.26 
t = 95 °F, 
t„ = 105.5°F, 
T1 = 140°F, 
T = = 121.8°F, 
and the heat load Q = 20 X 10'3 Btu/hr. 
The logarithmic mean temperature difference 

t - t 
LMTD = i (5.7) 

34.5 - 26.8 

= 30.5 . 

t t 
P = 2 1 

T t 1 1 

and 
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T - T 
R = -1 S = liil = 1 < 7 3 t - t 10.5 2 1 

Therfore, from Fig. 5.4, the corrected log mean temperature difference 

Corrected LMTD = (F)LMTD (5.8) 
= 0.965 (30.5) 
= 29.5 °F . 

Assume that the overall heat transfer coefficient 

U = 354 Btu/hr-ft2.°F . 

Then the effective outside surface area of the tubes 

A (F)LMTD(U) ( 5 - 2 : ) 

20 X 10e 
29.5(354) 

= 1920 ft2 

The number of tubes in the exchanger 

N = = 686 , t «D L 

and the number of U-tubes = 686/2 = 343. From the tube layout, the cor-
responding inside diameter of the shell 

D =30.0 in. s 

To determine the shell-side heat transfer coefficient,, the repre-
sentative velocity of the fluid was determined by using the method 
presented by Lewis, Zizza, and DeRienzo.31 From the following sketch, 
the baffle spacing was assumed as 

BP = 178 in./18 =9.9 in. 
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The net free area in the window region 

A' = £(30)2 - 30[0.05(30)] - (315)J(0.625)2 n o 4 

= 212.0 in.2 

The mass velocity of the longitudinal flow in the window 

144M 
3600(G^) = - p - ^ (5.32) 

n 

= 144C1- 9 X 10°) 
212 

= 1,291,846 lb/hr-ft2 

<4 = 359.0 lb/sec-ft2. 

Considering cross flow, the free diameter 

Df = 30 - 28 (0.625) = 12.5 in. 

The mass velocity of cross flow 

144M 
3600(Gc> = BP(DJ) ( 5' 3 3 ) 



208 

= 0-9 X 10s) 
9.89(12.5) 

= 2,213,145 lb/hr-ft; 

G^ = 615.0 lb/sec-ft2. 

The shell-side geometric mean mass velocity 

G^ = (G;G^)i/2 (5.34) 

- [359(615)]l/2 

= 470.0 lb/sec.ft2 . 

The heat transfer correlation presented by Donohue35 is used to determine 
the shell-side heat transfer coefficient in this sample solution. 

h D I t G | ° - S / C n l ° - 3 % ° - 1 4 

F - O - ^ L - P M I T • < 5 - 6 0 > ' w' 

For water ja /u. = 1 . Therefore, nv w ' 

h D 
= 0 . 2 2 0.05208( 470.0)(3600) 1.64 

= 249. 0, 

and the film coefficient for outside of tubes 

249.01c = 249.0(0.364) 
o D 0.05208 o 

o. s 
(4.505)°"33 

= 1740 Btu/hr-ft2. °F 

The shell-side resistance to heat flow 

r 0 = i = 0.000574 , 
o 
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and the fouling factor 

r , = 0.0005 of 

The total shell-side heat transfer resistance 

R = r + r _ o o of 

= 0.000574 + 0.0005 

= 0.001074 . 

To determine the tube-side heat transfer coefficient, the flow area 
per tube = 0.218 in.2, and the flow area per pass 

n 
3t = 2 

0 .218 
144 

For 343 U-tubes, 

= 343(0.218) = Q > 5 1 9 f t 2 
t 144 

The mass velocity through the tubes 

1000,000 = 2 ) 1 1 9 } 0 0 0 l b / h r. f t 2 f 
t a 

and the velocity through the tubes 

_ Gt = 2,119,000 
t ~ 3600p 3600(61.7) 

= 9.53 ft/sec. 

Using Figs. 5.9 and 5.10 (page 161) at T = 131°F and d. = 0.527 in., 
the film heat transfer coefficient inside the tubes 

h = 1.027(2380) 

= 2440 Btu/hr. ft2-°F 
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The tube-side resistance to heat flow 

ri = -im = > 

and the fouling factor 
r._ = 0.0007 . if 

The total tube-side heat transfer resistance, 

R. = r. + r., = 0.00111 l l if 

Corrected to the outside surface, 

IT! - o-oH&ig) R. = R. O-O 1 

= 0.00132 , 

and the resistance to flow of heat through the metal wall of the tube 

r = 0.000443 . w 

The total heat transfer resistance 

R = R + R. + r o io w 

= 0.001074 + 0.00132 + 0.000443 

= 0.00284 . 

The overall heat transfer coefficient 

U = i = 352 Btu/hr-°F-ft2 . K 

This value is in satisfactory agreement with the value assumed to determine 
the effective outside surface area of the tubes. 
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To determine the shell-side pressure drop, the previously determined 
values for the mass velocity of longitudinal flow in the window area 

(3600)G' = 1,291,846 lb/hr-ft2 w 

and the mass velocity of cross flow 

(3600)G^ = 2,213,145 lb/hr-ft2 

are used with the correlations presented by Donohue.35 The pressure drop 
through one baffle window opening 

2. 9G 
AP — (5.63) 

w 1013S 

= 9(l,291,846)2 

1013(0.9935) 

= 0.487 psi . 

For 19 window openings, 

£AP = 19(0.487) = 9.26 psi •w 

Since f = 
P - d t o 

0.75 
,o.a 'd G o c 

o. 2 

0. 75 
1 - 0.625 

0.625 
o.; 0.05208(2213145) T O . 2 

1.64 

= 0.0891 , 

the pressure drop for one cross-flow pass 



_ 2(2)(0.0391)(615.0)2 
32.2(62) 

= 67.5 psf 

= 0.469 psi . 
For 20 cross-flow passes, 

VAp^ = 20(0.469) = 9.38 psi . 

The total shell-side pressure drop 

AP = Ap + Ap 

s w c 

= 9.26 + 9.38 

= 18.6 psi -
This value approximates the rating value given for the shell-side pres-
sure drop. Therefore the assumed values for the inside diameter of the 
shell and baffle spacing are correct for this pressure drop. 

The tube-side pressure drop is calculated by using the conservative 
method presented by Kern.27 Since the tube-side mass velocity 

Gt = 2,117,421 lb/hr.ft2 , 

the Reynolds number 

_ _ DiGt 0.0439(2,117,421) 
R 6t ~ ~ 1721 

= 76,800 . 

From Fig. 5.11 (page 164), the friction factor f = 0.000165. Therefore, 
the tube-side pressure drop 
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f G' Ln 
P = (5.21) 

C ( 5 . 2 2 x 1 0 i O ) D . S c i g 

0. 000165 (2,ll7,421)2j-yj—j (2) 

(5.22 X 101O)(0.0439)(0. 989) 

The return loss 
= 11.2 psi . 

" rS-lifel V s 

8(9.53)a(61.7) 
0,989(64.4)(144) 

= 4.89 psi. 

The total tube-side pressure drop 

AP = + AP (5.23) T t r 

= 11.2 + 4.89 

= 16.10 psi. 

The results of the preceding calculations made for this sample 
design solution are tabulated in the heat exchanger specification sheet 
illustrated in Fig. 5.27. 

5.6 Discussion of Results of Analyses 

The results obtained from the sample rating calculations presented 
in Subsection 5.5 and Appendix A are summarized in Table 5-2. When 
comparing the results of the various methods, it is worth recalling that 
the conditions used were for an actual case of a residual heat removal 
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ETR3-120 
1 JOB NO. 
2 CUSTOMER REFERENCE NO. 
3 ADDRESS PROPOSAL NO. 
4 PLANT LOCATION DATE 

5 SERVICE OF UNIT ITEM NO. 

6 SIZE TYPE '(VERT.)' CONNECTED IN 
7 SQ. FT. SURF./UNIT '^JF^F* SHELLS/UNIT SQ. FT. SURF./SHELL 'PERRI' 

8 PERFORMANCE OF ONE UNIT 
9 SHELL SIDE TUBE SIDE 

10 FLUID CIRCULATED Wflt.pr •Rrvrn+.prl Wa+.pr 
11 TOTAL FLUID ENTERING lb/hr 1.900,000 1,100,000 
12 VAPOR 
13 LIQUID Ib/hr 1,900,000 1,100,000 
14 STEAM 
15 NON-CONDENSABLES 
16 FLUID VAPORIZED OR CONDENSED 
17 STEAM CONDENSED 
18 GRAVITY 
19 VISCOSITY (centipoise) .68 @ 100 .5 e 131 °f 
20 MOLECULAR WEIGHT 
21 SPECIFIC HEAT BTU/LB-* F BTU/LB-* F 
22 THERMAL CONDUCTIVITY BTU/HR-FT-* F BTU/HR-FT-* F 
23 LATENT HEAT BTU/LB BTU/LB 
24 TEMPERATURE IN 95 *F 1U0 • F 
25 
26 

TEMPERATURE OUT 
OPERATING PRESSURE -105.5 IE. 

PSIG 
. ,_121.8_ 

PSIG 
27 NO. PASSES PER SHELL 
28 VELOCITY FT/SEC FT/SEC 
29 PRESSURE DROP , 18.6 PSI 16.1 PSI 
30 FOULING RESISTANCE (MIN.) 
31 HEAT EXCHANGED-BTU/HR 2 0 . 000,000 _ MTD CORRECTED-' F 
32 TRANSFER RATE—SERVICE 35 U BTU/hr ftZ °F CLEAN 

33 CONSTRUCTION OF ONE SHELL 
34 DESIGN PRESSURE PSI PSI 
35 TEST PRESSURE T-SI PSI 
36 DESIGN TEMPERATURE • F • F 
37 TUBES U NO. 3I4.3 O.D.5^" BWG 1 8 LENGTH 2 0 5 " PITCH 1" A 
38 SHELL 3 0 I.D. O.D. SHELL COVER (INTEG) (REMOV) 
39 CHANNEL OR BONNET CHANNEL COVER 
40 TUBESHEET—STATIONARY TUBESHEET-FLOATING 
41 BAFFLES—CROSS cut TYPE Segmental FLOATING HEAD COVER 
42 BAFFLES—LONG TYPE IMPINGEMENT PROTECTION 
43 TUBE SUPPORTS 
44 TUBE TO TUBESHEET JOINT 
45 GASKETS 
46 CONNECTIONS-SHELL SIDE IN OUT RATING 
47 CHANNEL SIDE IN OUT RATING 
48 CORROSION ALLOWANCE—SHELL SIDE TUBE SIDE 
49 CODE REQUIREMENTS TEMA CLASS 
50 REMARKS D. A. Donohue Correlation 
51 
52 
53 
54 

Fig. 5.27. Specification Sheet for Heat Exchanger Designed by Using 
Shell-Side Heat Transfer Correlations Presented by Donohue. 



Table 5.2. Summary of Rating Calculations in Section 5.5 and Appendix A 

Shell Tube Overall Numbe r Total Shell 
Side Side Heat Baffle of Tube Inside 

Author and AP AP Transfer Spacing U- Surface Diam 
Reference Number (psi) (psi) Coeff. (in.) Tubes (ft^) (in.) 

Kern, 27 18.2 11.4 294 14 412 2300 34.0 
Lewis et al., 31 16.4a 15.6 352 15 345 1929 30.0 
Bergelin et al., 34 15.9 18.5 390 22 311 1738 29.0 
Tinker, 29 18.6 18.8 369 20 313 1749 29.0 
Donohue, 35 18.6 16.1 352 10 343 1920 30.0 
Short, 37 18.3 10.4 279 36C 435 2433 34.0 
Stream Analysis, 38 19.1 16.4 354 18 343 1918 30.0 

aApplied Kern's correlation. 
^Correlation based on heat exchanger without internal leakage. 
cBaffle spacing exceeds the maximum allowable space for 5/8-in. tubes given by TEMA. 
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unit for a nuclear power station that was designed by using the Stream 
Analysis Method.38 

The correlations of Kern27 and Donohue35 were selected because the 
authors are eminent in the field of heat exchanger design. The same is 
true of the correlation of Tinker,32 which is described in the paper by 
Lewis, Zizza, and DeRienzo.31 The correlation presented by Bergelin, 
Brown, and Colburn3"* was selected because it is based on experiments on 
a heat exchanger with little internal leakage. The results are therefore 
indicative of what could be obtained from an ideal heat exchanger. The 
correlation by Tinker23 represents an attempt to account for internal 
leakage streams with techniques that, although complex, are amenable to 
band calculations. The correlations of Short37 presented here for ori-
fice baffles and disk-and-doughnut baffles are useful. Their application 
in the sample calculations to segmental baffles demonstrates that they 
can be applied to other baffle designs. 

The results obtained by using the correlations of Bergelin, Brown, 
and Colburn34 presented herein are primarily of academic interest since 
the presentation is based on an ideal heat exchanger without internal 
leakage- The heat transfer surface should be less than that obtained by 
using any other method. This expectation is verified by the results of 
the calculations given in Table 5-2. Prevention of internal leakage 
forces all of the shell-side fluid to flow across the tube bundle, result-
ing in a shell-side pressure drop, for a given baffle pitch, that is 
higher than that which would occur if leakage were permitted-

The correlations proposed by both Kern27 and Short37 give results 
that have a substantial degree of conservatism. In a large exchanger, 
such as the one considered in the sample calculations, this degree of 
conservatism is undesirable and can probably be avoided by using a dif-
ferent technique. 

As reported by Lewis, Zizza, and DeRienzo,31 the correlations pre-
sented by Donohue33 and by Tinker32 give heat transfer surface areas 
which are essentially equal to those given by the Stream Analysis Method.38 

For the example case considered, this appears to be true. However, one 
should always be cautious when using any heat transfer and pressure drop 
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correlations. Their use outside the range of parameters on which they 
are based can lead to erroneous results. 

Use of the method presented by Tinker29 results in a heat transfer 
surface that is quite comparable to that given by the Stream Analysis 
Method.38 The shell-side pressure drop is also close to that obtained 
by using the Stream Analysis Method. Although the baffle spacing differs 
somewhat from that obtained by the Stream Analysis Method, it is closer 
than that obtained by any other method. 

In general, the results given in Table 5.2 suggest that a number of 
analytical tools which give approximately equal results can be employed 
in the rating process of heat exchangers. However, if a set of conditions 
markedly different from that chosen for the example case is evaluated, 
the techniques employed to produce the results given in Table 5-2 may 
produce significantly different results. 

An example of a markedly different parameter would be the choice of 
a baffle cut of 307o rather than the 45% cut that was employed in the 
sample calculations. Normally, a large baffle cut is helpful in reducing 
shell-side pressure drops, but it also tends to reduce the shell-side 
heat transfer coefficient. It is very unlikely that a 45% cut would be 
employed in most cases of large units. If a 30% cut had been employed 
in the sample case, the results given in Table 5-2 would undoubtedly 
change significantly. 
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6. TUBE VIBRATION IN HEAT EXCHANGERS 

The tube bundle in a heat exchanger is potentially vulnerable to 
several inherent forces because of the relatively thin tube wall thick-
nesses and relatively high flexibility of the tubing. Since the tubing 
is highly susceptible to vibration from several sources, the design for 
the heat exchanger should possess inherent features to guard against 
harmful tube vibration. 

Vibration can lead to heat exchanger tube failure if the amplitude 
of vibration is such that significant stresses result and if the ampli-
tude is sufficient to produce tube-to-tube or tube-to-baffle contact. 
The probability of tube failure due to vibration is enhanced if resonance 
between a tube natural frequency and the forcing frequency occurs; but, 
with sufficient damping, resonance may be tolerated. Even away from the 
resonant condition, tube-to-baffle contact can produce failure. 

An analysis of the problem of vibration in heat exchangers should 
involve consideration of all the possible sources of vibration. Vibration 
in a heat exchanger can be induced 
1. hydrodynamically by shell-side flow, 
2. hydrodynamically by tube-side flow, 
3. by oscillations or pulsations in the flow rate of the shell-side or 

tube-side liquid, 
4. by vibration transmitted through piping and supports, and 
5. by external mechanical vibration transmitted to the apparatus. 
These sources can induce vibratory modes on the tubes, baffles, and shell 
of the heat exchanger. The first source cited is most prevalent, partic-
ularly with respect to tube vibration failure, and it accounts for the 
largest number of heat exchanger failures resulting from vibration. The 
second source is usually negligible at fluid velocities which occur in 
heat exchanger tubes. The last three sources listed must be treated 
from a system design standpoint, and they cannot be disregarded if a 
satisfactory design is to be achieved. 

The shell-side flow characteristics of heat exchangers, von Karman 
vortex shedding frequency and Strouhal number, shell-side cross-flow 
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velocity, natural frequencies of tube vibration, lift and drag forces, 
vibration amplitude magnification factor, and statical deflection, ampli-
tude of vibration, and vibratory bending stress are discussed and the 
resulting conclusions and design recommendations are presented in this 
section. An example problem is also presented to illustrate the use of 
the formulas, data, and concepts discussed. 

6.1 Shell-Side Flow Characteristics 

The fluctuating lift and drag force coefficients and the value of 
the Strouhal number for the flow of fluid transverse to cylindrical tubes 
are generally given as a function of the Reynolds number evaluated from 
the equation 

(3.6 X 103)D Vp 
N R e= (6.1) 

where 
D = outside diameter of tubes, ft, o 
V = velocity of fluid flow, ft/sec, 
p = density of fluid, lb/ft3, and 
p = viscosity of fluid, lb/hr-ft. 
Transverse fluid flow past a stationary cylinder results in the 

formation of periodic vortices in the wake of the cylinder. The nature 
of these periodic vortices, known as von Karman vortices, can be corre-
lated with Reynolds number ranges as follows. 

1. For 1 < NRe < 90, vortices are formed in a symmetrical pattern, 
but they do not break away and no oscillating lift forces are produced. 

2. For 300 < N R g < 200,000, vortices are formed and released alter-
nately from the sides of the cylinder, forming a vortex street downstream 
and producing periodic oscillating forces on the cylinder. 

3. For 200,000 < N R e < 10sH , the separating boundary layer is tur-
bulent, no regular vortex wake is distinguishable, and the oscillating 
forces are random with no single dominant frequency. There is a sudden 
decrease in the drag coefficient in this region. 
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4. For N > 10s through 10r, the drag coefficient increases again Ke 
and there are indications that the wake is again organized. 

Most commercial heat exchangers are designed to operate in the 
Reynolds number range of 300 to 200,000. 

6.1.1 Von Karman Vortex Shedding Frequency 

As stated, vortex shedding is a primary cause of tube vibration 
perpendicular to the flow velocity. The von Karman vortex shedding fre-
quency at which vortices are shed from a stationary cylinder subjected 
to transverse fluid flow is related in non-dimensional form by the 
Strouhal number (Ng) as follows. 

f D 
N s = - P , (6.2) 

where 
f = vortex shedding frequency, cycles/sec, s 
D = outside diameter of tube, ft, and o 
V = velocity of transverse fluid flow, ft/sec. 

For the range of Reynolds numbers from approximately 300 to 200,000, 
the Strouhal number relative to a single non-oscillating cylinder is 
essentially constant at a value of about 0.2. The few studies of vortex 
shedding frequencies in tube banks that have been made indicate that the 
surrounding tubes have considerable influence on the value of the Strou-
hal number. Such correlations were presented by Chen,39 who plotted 
values of the Strouhal number versus the transverse spacing ratio (x̂ .) 
for a range of parametric values of the longitudinal spacing ratio (x^) 
for both in-line and staggered tube banks by using the data from several 
different investigations. These spacing parameters are illustrated in 
Figs. 6.1 and 6.2, where it may be seen that for certain combinations of 
these ratios (x = T/D and x. = L/D ), the value of the Strouhal number t O i/ o 
can be of the order of 0-5. 

It should be emphasized that the correlations developed by Chen are 
based on data for gas flow. However, the data are representative of a 
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Fig. 6.1. Strouhal Number (N ) as a Function of the Transverse (xfc) 
and Longitudinal (x,,) Spacing Ratios for In-Line Tube Banks (from Ref. 39). 

recent and detailed study of vortex phenomena for the tube bundle 
geometries of heat exchangers. 
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ETR3-120 

Fig. 6.2- Strouhal Number (Ns) as a Function of the Transverse (xt) 
and Longitudinal (x£) Spacing Ratios for Staggered Tube Banks (from 
Ref. 39). 

6.1.2 Cross-Flow Velocity 

To perform a meaningful vibration analysis on a heat exchanger, the 
cross-flow (transverse flow) velocity of the shell-side fluid must be 
known. The interstitial transverse flow velocities on the shell side of 
the exchanger continuously vary across the tube bundle because the width 
of the shell and the number of tubes vary from point to point. Further, 
the flow distribution along the length of a tube span is likely to be 
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nonuniform. These complexities and others, such as those created by 
leakage flows, make it doubtful that a precise determination of the shell-
side transverse flow velocities can be made. It is therefore recommended 
that an average shell-side transverse flow velocity be used-

Relationships for determining the average shell-side transverse flow 
velocity were presented by Tinker,29 who recommends their use in rating 
commercial heat exchangers of the shell and tube variety. The basic rela-
tionship recommended for determining the average shell-side transverse 
flow velocity is 

Vx = oAx(3.6WX ' ( 6' 3 ) 

where 
V = average shell-side transverse flow velocity, ft/sec, X 
W = mass flow rate through the heat exchanger shell, lb/hr, 
p = density of shell-side fluid, lb/ft3, and 

A^ = mean cross-flow area within the tube bundle between baffle 
windows, ft2. 

The relationships recommended by Tinker29 for determining the mean cross-
flow area at the center line of a circular cylindrical unit are as fol-
lows . For 

Flow Tube 
Direction Orientation 

— 1.0C IP - D I 

• 1.0C IP - D I 
Ax = ~~144\ P ° P b L (6.5) 

/ 
^ / 1.414C IP - D 
' A = w 

x 144 °'DDL P rB^ (6-6) 

where 
C^ = that portion of the tube bundle diameter representing the mean 

width of the bundle between baffle windows (Tinker suggests a 
value of 0.97), 
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P = tube pitch, in., 
D = outside diameter of tube, in., o 
D = diameter of tube bundle from center line to center line of outer B 

tubes, in., and 
L = length of tube span between baffle plates- in. 

It should be pointed out that for Eq. 6.4, it is not uncommon to have 
triangular pitch with flow parallel to the base of the triangle. In the 
flow orientation illustrated, the cross-flow area is 1.155 times greater 
than it would be if the flow were parallel to the base of the triangle. 

It should also be noted that the area between the tube bundle and 
the shell is neglected in Eqs. 6.4, 6.5, and 6.6; and only 9TA of the 
true area between the tubes is used. As formulated, these equations are 
only valid at the midplane (center line of the shell) of the tube bundle. 
To apply these equations at any other plane, the value of D^ should be 
the chord distance across the bundle at the plane of interest. Use of 
these equations should yield satisfactory results for large units where 
the bypass area between the tube bundle and the shell is relatively small. 
Prom the standpoint of higher calculated transverse velocities, use of 
these equations for units with small diameters will yield more conserva-
tive results since an appreciable area available for fluid flow is being 
neglected. 

Another important factor in the design of the heat exchanger is the 
establishment of the correct baffle window cutout. It is considered good 
design practice to have the velocity of the fluid in the baffle window 
approximately equal to the average cross-flow velocity. Cases have been 
reported of tube failure caused by too high a fluid velocity through the 
baffle window relative to the average cross-flow velocity of the fluid. 

6.2 Natural Frequencies of Tube Vibration 

A tube in a heat exchanger can be considered as a continuous beam 
with multiple supports, where the intermediate simple supports are the 
baffle plates and the fixed end support(s) is the tube sheet(s). General 
solutions for finding the natural frequencies of beams on multiple 
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supports with various end conditions were presented by MacDuff and 
Felgar40 in the form of charts, tables, and nomograms. Frequency con-
stants are tabulated for continuous beams with up to 12 equal spans that 
include as many as five modes of vibration, beginning with the fundamen-
tal mode, for each span. The frequency constant is defined as 

f L2 

C = , (6.7) 

where 
C = frequency constant, 
f = natural frequency of vibration, cycles/sec, 
L = length of span, in., and 
r = radius of gyration, in. 

Values of this constant are presented for each of three end conditions 
in Tables 6.1, 6.2, and 6.3. One simply selects the frequency constant 
of interest from the appropriate table. 

Table 6.1. Frequency Constant for Continuous Steel Beam of k Equal Spans 
With Extreme Ends Simply Supported (from Ref. 40) 

UNIFORM BEAM 
EXTREME ENDS 
SIMPLY SUPPORTED 

Number 
of 

. Spans 
= k 

C/104 = (fnL2/r)/104 

for Mode Numbers 
1 2 3 5 

1 1 

1 31.73 126.9b 285.61 507.76 793.37 

1 1 

2 31.73 1*9-59 126.9b 160.66 285.61 

1 1 

3 31.73 1*0.52 59.56 126.91* 11*3.98 

1 1 

b • 31.73 37.02 1*9.59 63.99 126.91* 
1 1 5 31.73 3b.99 bb.19 55.29 66.72 

t L f t t u t u t 6 31.73 3U.32 1)0.52 1*9.59 59.56 
r T T T 1 7 31.73 33.67 38.1*0 1*5.70 53.63 r T T T 1 

8 31.73 33.02 37.02 1*2.70 1*9.59 

r T T T 1 

9 31.73 33.02 35.66 1*0.52 1*6. U6 

r T T T 1 

10 31.73 33.02 3U.99 39-10 1*1*.19 

r T T T 1 

11 31.73 32.37 3**. 32 37.70 1*1.97 

r T T T 1 

12 31.73 32.57 3**. 32 37.02 1*0.52 
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Table 6.2. Frequency Constant for Continuous Steel Beam of k Equal Spans 
With Extreme Ends Fixed (from Ref. 40) 

UNIFORM BEAM 
EXTREME ENDS 
CLAMPED 

Number 
of 

Spans 
= k 

C/104 = (f L2/r)/l04 
n 

for Mode Numbers 
1 2 3 k 5 

\— -

1 72.36 198.31+ 388.75 61+2.63 959-98 

\— -

2 *+9-5 9 72.36 160.66 198.31+ 335-20 

\— -

3 1+0.52 59.56 72.36 11+3.98 178.25 

\— -

k 37.02 1+9.59 63.99 72.36 137.30 

\— -
5 3h.99 1+1+ .19 55.29 66.72 72.36 

^ ĵ ŝr jv̂ r̂ • 6 31+.32 1+0.52 1+9.59 59.56 67.65 ^ ĵ ŝr jv̂ r̂ • 
T 33.67 38.1+0 1+5.70 53.63 62.20 

^ ĵ ŝr jv̂ r̂ • 

8 33.02 37-02 1+2.70 1+9.59 56.98 

^ ĵ ŝr jv̂ r̂ • 

9 33.02 35.66 1+0.52 1+6.1+6 52.81 

^ ĵ ŝr jv̂ r̂ • 

10 33.02 31+.99 39.10 1+1+.19 1+9-59 

^ ĵ ŝr jv̂ r̂ • 

11 32.37 3U.32 37.70 1+1.97 1+7.23 

^ ĵ ŝr jv̂ r̂ • 

12 32.37 31+.32 37.02 1+0.52 1+1+.91+ 

Table 6.3. Frequency Constant for Continuous Steel Beam of k Equal 
Spans With Extreme Ends Supported (from Ref. 40) 

UNIFORM BEAM 
EXTREME ENDS 
CLAMPED-SUPPORTED 

Number 
of 

Spans 
= k 

C/104 = (fnL2/r)/l04 

for Mode Numbers 
1 2 3 1 + 5 

A A. 

1 1+9.59 160.66 335.2 573.21 871*. 69 

A A. 

2 37-02 63.99 137.30 185.85 301.05 

A A. 

3 31+. "2 1+9.59 67.65 132.07 160.66 

A A. 

1+ 33.02 1+2.70 56.98 69.51 129.1+9 

A A. 
5 33.02 39.10 1+9-59 61.31 70.1+5 

i&r /fh* /frfa 
1 L L I 1 1 

6 32.37 37.02 I+I+.9I+ 5*+. 1+6 63.99 
7 32.37 35.66 1+1.97 1+9.59 57.81+ 
8 32.37 31+.99 39.81 1+5-70 53.63 
9 31.73 31+.32 38.1+0 1+3.1+1+ 1+9.59 
10 31.73 33.67 37.02 1+1.21+ 1+6.1+6 
11 31.73 33.67 36.33 39.81 1+1+.19 
12 31.73 33.02 35.66 39.10 1+2.70 
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Although it is not anticipated that the continuous beam -with its 
extreme ends simply supported can be directly applied to the design of 
heat exchanger tubing, it was included with the other end conditions of 
the continuous beam for analytic evaluation and comparative purposes. 
For example, it can be seen that the beam with simply supported extreme 
ends (Table 6.1) has the same frequency constant for its fundamental 
mode (mode number 1) regardless of the number of spans, and this constant 
correspond to the lower limit of the natural frequency of vibration for 
the continuous beam. 

The frequency constant for the fundamental mode of vibration of the 
beam with one end fixed (Table 6.3) drops off from its greatest value at 
a single span to a value which is, practically speaking, constant for 
nine or more spans and equal to that for the simply supported beam. 
Therefore, the effect of end fixity for the clamped-supported beam in its 
fundamental mode is completely attenuated at nine spans. 

The behavior of the beam with its extreme ends clamped-fixed (Table 
6.2) is similar to that of the clamped-supported beam except that the 
effect of the double end fixity is not completely attenuated within 12 
spans. It would require a larger number of spans for its fundamental 
frequency constant to level out at the minimum value associated with the 
simply supported beam. 

For all three types of continuous beam end conditions, the frequency 
constants for the higher modes decrease with an increasing number of 
spans and approach the fundamental frequency constant. These higher mode 
frequency constants are close enough to the fundamental mode frequency 
constant to make the continuous beam highly susceptible to resonant 
vibration with a source of forced input frequency that is greater than 
the fundamental. Therefore, it is not necessarily conservative to merely 
design for a difference between forced input frequency and fundamental 
frequency. It is preferable to design so that the forced input frequency 
will be maintained below the fundamental frequency. 

Since the values of the frequency constant given in Tables 6.1, 6.2, 
and 6.3 are based on a characteristic density and modulus of elasticity 
for steel, a correction factor (Km) must be applied for other beam mate-
rials. This correction factor 
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,1/2 
K m (6.8) 

where 
E = modulus of elasticity for other beam material, psi, 
p = density of other beam material, lb/ft3 

ps = density of steel = 490 lb/ft3, and 
Es = modulus of elasticity for steel = 30 X 10° psi. 
Using the tabulated data of MacDuff and Felgar,40 the general equa-4 0 

tion for the natural frequency then becomes 

CrK 
f m (6.9) n 

It should be noted that if applied to heat exchanger tubing, the frequency 
given by Eq. 6.9 would account for only the mass of the tubing. To deter-
mine the natural frequency of heat exchanger tubing, one must consider an 
effective mass which includes the weight of the tubing, the weight of 
fluid within the tubing, and the weight of a portion of the fluid external 
to the tubing that is forced to move as the tube vibrates. An equation 
that incorporates this effective mass of heat exchanger tubing during 
vibration and is applicable for all tube materials can be developed by 
combining Eq. 6.9 with Eq. 6.8 and substituting the values of Eg(30 X 
10° psi) and pg(735 X 10 6 lb-sec2/in.4, the mass density equivalent to 
490 lb/ft3). The resulting expression is 

f = (4.944 X 10" 6) C ^ n (6.10) 

where 
C = frequency constant (tabulated value X 104), 
E = modulus of elasticity of beam material, psi, 
I = moment of inertia (second moment of area), in.4, 
g = gravitational acceleration, in./sec2, 

W = effective weight of tubing, lb/in., and 
L = length of span, in. 
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The effective weight of the tubing 

W = VF + W + W , (6.11) e t c a ' ' 
where 

W t = weight of tubing, lb/in., 
W c = weight of fluid inside tube, lb/in., and 

= weight of fluid external to tube, lb/in. 
The weight of fluid external to the tube 

W a = KpfVfa , (6.12) 

where 
K = 1.00 for cylinders, 
P£ = density of fluid external to tube, lb/in.3, and 
V]-, = unit volume of tubing, in. 3/in. 

6.2.1 Effect of Longitudinal Tube Stress 

The tubing of heat exchangers that are designed to incorporate U-bends 
or a floating head will be subjected to axial membrane (longitudinal) stress 
(in addition to hoop membrane stress) which can be tensile or compressive, 
depending upon the pressure differential which exists between the tube-
side and shell-side pressures. Timoshenko41 shows that the effect of an 
axial force on the lateral vibration of a prismatic bar can be calculated 
by using the following expression. 

f = f np n 
FT2 1 1 / 2 

l+£ii_ , (6.13) 
EIrt2/ 

where 
f = natural frequency under tension or compression (the value 

FL2/EIrt2 is positive in tension and negative in compression), 
fn = natural frequency of unstressed tube, cycles/sec, 
F = axial tensile (positive) or compressive (negative) force, lb, 
L = length of tube span, in. , 
E = modulus of elasticity, psi, and 
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I = moment of inertia (second moment of area), in. 

6.2.2 Effect of Tube-Baffle Hole Clearance 

With the tubing of the heat exchanger considered as a continuous 
beam, the intermediate baffle plate supports are assumed to behave as 
hinged supports since the clearance between the tubes and the edge of 
the baffle hole is generally large enough not to impose rotational 
restraint to beam flexure. The clearance between the tube and baffle 
will be sufficient to allow free thermal growth of the tube relative to 
the baffle as well as ease of fabrication and assembly. The allowance 
for free thermal growth is generally small. For example, a l-in.-OD 
stainless steel tube with a temperature differential of 100°F between 
the tube and carbon-steel baffle would require a diametral clearance on 
the order of 1 mil. The allowance for ease of fabrication and assembly 
is relatively large when one considers the TEMA standards1 requirement 
of 1/32 in. for baffle spacing of less than 36 in. If more restrictive 
clearance allowances can be imposed on fabrication and assembly, partial 
restraint can be imposed on beam flexure at the tube-baffle support. 
This would result in a higher natural frequency of tube vibration for a 
given baffle spacing or permit a greater baffle spacing for a given nat-
ural frequency of tube vibration. 

To evaluate the effects of tube-baffle hole clearance, it should be 
observed that reducing the clearance to zero is equivalent to developing 
full fixity in the limit. As a result, the heat exchanger tube would no 
longer be a continuous beam but rather a series of isolated or discrete 
single-span beams with full fixity at their ends. The fundamental (first 
mode) frequency is calculated by using the following general equation43 

in which the value of the term "a" is related to the condition of end 
support. 

EIg\l / 2 

(6.14) 

where 
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fn = natural frequency of vibration, cycles/sec, 
a = 3.50 for both ends fixed, 
= 1.59 for both ends simply supported, 

E = modulus of elasticity of tube material, psi, 
I = moment of inertia, in.4, 
gc = gravitational constant = 386 in./sec2, 
W e = effective weight of tube per unit length, lb/in., and 
L = length of tube span, in. 
To determine an effective span (Lgj) corresponding to the condition 

of zero clearance and having the same natural frequency of vibration of 
a simply supported span, the following equality is made. 

This result implies that the number of baffles for a given heat exchanger 
could theoretically be reduced to two-thirds of that required on the 
basis of the simply supported span. However, practical considerations 
require departure from the condition of full end fixity since clearance 
must be allowed for free thermal growth of the tube relative to the baf-
fle as well as for ease of fabrication and assembly. 

Consideration would also have to be given to the use of relatively 
thick baffles if restriction of the tube-baffle hole clearance is con-
templated. The baffle must have sufficient flexural rigidity relative 
to the tubing to be effective as an end restraint, and a given clearance 
through too short a length (baffle thickness) would allow too large an 
angular rotation of the tube ends to constitute effective end restraint. 
It is therefore recommended that a baffle thickness of no less than the 
diameter of the tube be used if the tube-baffle hole clearance is to be 
restricted. 

(6.15) 

Equation 6.15 is solved for L ef 

L . = 1.48L . (6.16) 
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6.2.3 U-Bends 

The vibratory characteristics of the U-bend portion of U-tube heat 
exchangers are not well defined for several reasons. First, the U-bend 
possesses both in-plane and out-of-plane vibrational modes. Second, the 
U-tube bundle generally consists of a family of U-bend radii. The small-
radii bends are relatively stiff and act as short rigid links which tend 
to couple the two straight segments of the U-tube, while the large-radii 
bends are relatively flexible and tend to decouple the two straight seg-
ments of the U-tube. Third, the degree of fixity (or rotational restraint) 
at the baffle supports in most instances will not be well defined and will 
affect both in-plane and out-of-plane vibrational modes. And last, the 
flow pattern of the shell-side fluid in the region of the U-bend is more 
complex than the shell-side cross flow between baffles-

Therefore, a definitive approach to vibrational design and analysis 
of the U-bend portion of the heat exchanger cannot be prescribed. How-
ever, some of the vibrational characteristics of U~bends with known end 
conditions can be discussed and may serve as a design guide. Equations 
and design charts were presented by Ojalvo and Newman44 to help predict 
both the in-plane and out-of-plane natural frequencies of clamped ring 
segments. From their paper, the following equation may be deduced for 
the in-plane fundamental frequency for a ring opening angle of it radians 
(representing the U-bend). 

(6.17) 

where 
f . = lowest natural frequency in the plane of the ring (U-bend), 

cycles/sec, 
R = mean radius of the ring (U-bend), in., and 

the other terms are as previously defined in Subsection 6.2.2. 
Equation 6.17 can be written in terms of the arc length as follows. 
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f . = 2.019 m K ( 6 . 8 ) 

= 2-019f 

where f = fundamental frequency of a straight beam of lenefch i with full n a 
fixity at both ends. Therefore, the in-plane fundamental frequency of the 
U-bend is approximately twice that of a straight member of equal length. 

Similarly, the following equation may be deduced44 for the out-of-
plane fundamental frequency for a ring opening angle of Jt radians. 

f = 0.866f . (6.19) no n 

The ratio of in-plane to out-of-plane fundamental frequencies of the 
U-bend with full fixity at its ends is 

f . 2.019f 
r 1 - o7866r= 2- 3 3 • <6-20> no n 

With its in-plane fundamental frequency significantly higher than 
its out-of-plane fundamental frequency, the U-bend will be more suscep-
tible to out-of-plane forces. Because of the unpredictable flow pattern 
of the shell-side fluid in the U-bend region, efforts should be made to 
divert the main stream of shell-side flow away from this region. When 
this is impractical, stiffening of the U-bend region may be accomplished 
by lacing bars through the U-bend tubing. Alternately, the U-bends may 
be guided to restrict out-of-plane deflection. 

6.3 Lift and Drag Forces 

A dimensional analysis will show that the force exerted by fluid 
flow transverse to the axis of a stationary cylinder is of the form 
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2 

F = C F A S ~ -
 (6-21) 

where 
F = force, lb/in., 
CF = coefficient of force, 
A = projected area per lineal inch of tube, ft2/in., 
p = density of fluid, lb/ft3, 
V = velocity of transverse fluid flow, ft/sec, and 
g = gravitational acceleration, ft/seca. 

The two components of force associated with the transverse fluid flow can 
be computed by using an appropriate value of Cp as follows. The lift 
force (perpendicular to the direction of flow) 

FL = CLAfg~ • ( 6' 2 2 ) 

where C^ = coefficient of lift force; and the drag force (parallel to the 
direction of flow) 

f d = c D a ! f ' ( 6 - 2 3 ) 

where C^ = coefficient of drag force. 
A suitable value of C^ is not readily determined from the literature. 

The results of a number of investigators35'45-43 using theoretical and 
experimental methods indicate a range of values from 0.2 to 1.9. Since 
this parameter is little understood even for single rigid tubes, the heat 
exchanger designer may be inclined to use a value of 2.00 for C^ to 
ensure that a conservative result is obtained. 

Work has also been done to determine a suitable value of CD, and 
resulting data4s~5° indicate a constant value of Cp = 1.00 for the 
Reynolds number range of 300 to 200,000 for stationary cylinders. When 
the cylinder is oscillating, there is evidence of a different phenomenon 
of vortex shedding that can apparently result in considerably different 
coefficients than observed for stationary cylinders. This phenomenon 
has been studied at some length,46'51-53 and a value of C Q = 1.35 is 
recommended53 for the oscillating cylinder. 
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6.4 Vibration Amplitude Magnification Factor 

When a mechanical system is subjected to a time varying force, the 
resulting peak dynamic deflections are generally found to be different 
in magnitude but relatable to the deflections which occur if the system 
is subjected to static loads numerically equal to the peak dynamic loads. 
Thus, the deflections of heat exchanger tubes that result from the fluid 
lift and drag forces, FQ and F^, may be evaluated by making a static 
analysis and applying an appropriate modifying factor to correct to the 
dynamic case. 

It is generally recognized that the classical forced vibration, 
viscous damped, spring mass model is not directly applicable to the heat 
exchanger tube vibration problem. However, such a model can be instruc-
tive in understanding the problem. The differential equation of motion 
for a single-degree-of-freedom, linear, viscous damped, spring mass 
system subjected to an alternating force is 

M — + C ^ + Kx = F 0 sin ut , (6.24) 
dt2 d t 

where 
M = effective mass of tubing, including fluid within the tubing and 

fluid external to the tubing, for the tube span; 
C = viscous damping coefficient of shell-side fluid; 
K = spring constant of the tubing considered as a beam; 
x = amplitude of vibration; 
F q = lift force perpendicular to the transverse fluid flow 

= fL<l>; 
w = 2itfs; and 
t = time. 
Starting with this differential equation of motion, Thomson54 

developed the following equation for the magnification factor x/x (the S C 

circular frequencies w and wn have been replaced by the frequencies fs 

and f , respectively). 
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st 
t 

f \21 2 r if \i 2]l/2 
< 1 -M nl 

+ W! 1 1 

K ( 6 . 8 ) 

where 
x/xst = magnification factor representing the factor by which the 

zero frequency deflection of the tubing can be multiplied to 
attain the amplitude (x) of the tube vibration, 

x s t = the zero frequency deflection of the tubing under the action 
of a steady force (FQ) 

= F0/K, 
fg = vortex shedding frequency, 
f n = natural frequency of vibration of the tubing, and 
5 = damping factor. 

Equation 6.25 shows that the damping factor has a large influence 
on the magnification factor in the region of resonance. It also shows 
that the frequency ratio has the controlling influence on the magnifica-
tion factor away from the region of resonance. 

Values of x s t and fR can be accurately determined for use in Eq. 
6.25, but values of the damping factor and the vortex shedding frequency 
usually are not well known. Further, there is not a single value for 
fg with the possible exception of when resonance occui-s; that is, when 
fs = fn- There is no easy solution for the designer. He cannot take 
the liberty of assuming low damping without an accurate value for fg. 
In order to take the liberty of assuming resonance, accurate damping 
data must be available. 

There are three approaches to possible solutions of the vibration-
deflection problem. The first is to qualify the exchanger by physically 
testing a model or prototype, which is an expensive proposition. The 
second is to design in damping mechanisms, but this approach is subject 
to much uncertainty. The third approach is to ensure by design that 
there is a large separation between the nominal vortex shedding and tube 
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fundamental frequency, with the shedding frequency being smaller in 
magnitude. The third approach, with factors of separation as high as 3, 
is the more commonly used one. 

6.5 Static Deflection, Amplitude of Vibration, and 
Vibratory Bending Stress 

The static deflection, amplitude of vibration, and vibratory bending 
stress are developed herein for the heat exchanger tubing considered as 
a continuous beam whose natural frequency of vibration corresponds to its 
fundamental frequency and whose span between baffle supports behaves as a 
simple beam. Recognizing that the vortex shedding frequency should be 
held below the fundamental frequency of the tubing, the assumption that 
the beam span between baffles behaves as a simple beam is directly appli-
cable to heat exchanger tubing with extreme ends simply supported and 
with nine or a greater number of equal spans. This assumption is con-
servative for heat exchanger tubing with extreme ends fixed, where the 
tabulated frequency constant is still slightly higher (even for 12 spans) 
than the frequency constant for a simply supported beam. Accordingly, 
the static deflection for a simply supported beam under a uniformly 
applied loading 

5FTL4 5F L 3 
_ L _ O . 

Xst ~ 384EI ~ 384E1 ' (6.26) 
where 

x s t = static deflection, in., 
F^ = unit lift force, lb/in., 
L = length of tube between baffles, in., 
E = modulus of elasticity of tube material, psi, 
I = second moment of area of tube cross section, in.4, and 

F = total lift force, lb, = F (L). " L 
The amplitude of vibration 

x = ^ - ( x s t ) , (6.27) 
st 
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where 
x = amplitude of vibration, in., and 

x/xst = magnification factor (Eq. 6.25). 
The vibratory bending stress 

where 
Sjj = vibratory bending stress, psi, and 
z = section modulus of tube, in.3 

Equation 6.28 is developed in terms of lift forces. Normally, drag 
forces are negligible. However, a determination of the significance of 
drag forces should be made for each case. After the stresses from all 
loadings have been determined, an evaluation of these stresses can be 
made in accordance with the appropriate rules of Section III of the ASME 
Boiler and Pressure Vessel Code-

6.6 Conclusions and Design Recommendations 

The conclusions and design recommendations that may be drawn from 
the preceding discussion of factors affecting tube vibration in heat 
exchangers are outlined as follows. 

I. In general, heat exchanger tubing considered as a continuous 
beam with multiple supports is highly susceptible to resonant vibration 
at one of its natural frequencies when the vortex shedding frequency of 
the cross flow of the shell-side fluid is equal to or greater than the 
fundamental frequency of the tubing. This is particularly true as the 
number of spans is increased because of the proximity of the harmonic 
modes of vibration to that of the fundamental mode. It is therefore 
recommended that the vortex shedding frequency be held to less than the 
fundamental frequency of vibration of the heat exchanger tubing. 
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2. As discussed in Subsection 6.4, the magnification factor is a 
function of both the frequency ratio and the damping factor, and both of 
these parameters are subject to considerable uncertainty. Therefore, in 
the absence of test data applicable to the case being considered, it is 
recommended that the vortex shedding frequency be held to one-third of 
the fundamental frequency of vibration of the heat exchanger tubing. 

3- Since the von Karman vortex shedding frequency is directly 
related to the shell-side cross-flow velocity, the evaluation of this 
frequency will only be as accurate as the evaluation of the cross-flow 
velocity. Inasmuch as the relationships for the mean cross-flow area 
given in Subsection 6.1.2 are applicable to determination of the average 
shell-side cross-flow velocity, it must be recognized that velocities 
below and above this average exist throughout the cross-flow area-
Therefore, it is recommended that a number of flow area sections be eval-
uated and that consideration be given to the higher velocities that may 
exist in the annulus between the tube bundle and shell of the heat 
exchanger. 

4. It is noted that the vortex shedding frequency varies inversely 
with the baffle spacing and that the natural frequency of the heat 
exchanger tubing varies inversely with the square of the baffle spacing. 
To achieve the relationship between the vortex shedding frequency and 
the fundamental frequency of vibration of the heat exchanger tubing 
recommended in item 2 above, it is recommended that reduction of baffle 
spacing be used as the primary method of control. The requirements for 
a nominal baffle spacing can be established in this manner. 

5. It is noted in Subsection 6.2.1 that the presence of axial ten-
sion in the heat exchanger tubing results in an increase in the natural 
frequency of the tubing. Further, it is noted in Subsection 6.2.2 that 
a tube-baffle hole clearance sufficiently restrictive to impose partial 
restraint at the baffle supports will result in an increase in the 
natural frequency of the tubing. It is therefore recommended that con-
sideration be given to these factors when they exist in the design so 
that relaxation from the nominal baffle spacing can be realized. Caution 
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should be exercised for the condition of axial compression and for the 
limits of increased baffle spacing, as discussed in Subsection 6.2.2. 

6. Direct impingement of the shell-side inlet flow on a portion of 
the heat exchanger tube bundle could result in a localized problem of 
tube vibration. It is therefore recommended that consideration be given 
to the use of flow baffles, vanes, etc., in the neighborhood of inlet 
flow nozzles to prevent direct impingement of flow on the tube bundle. 
This is particularly important in exchangers of U-tube design since the 
U-bends are subject to both in-plane and out-of-plane vibrational modes. 
When the heat transfer requirements will permit, the shell-side flow pass 
should be directed so that the outlet rather than the inlet nozzle will 
be in the vicinity of the U-bends. Alternately, the U-bends could be 
kept away from the main stream of the shell-side flow. 

6.7 Example Problem 

This sample problem is presented to illustrate the use of the 
equations, data, and design recommendations developed in this section 
in the determination of the susceptibility of heat exchanger tubing to 
vibration induced hydrodynamically by the shell-side fluid flow. The 
design for the heat exchanger analyzed in this sample problem is 
illustrated in Fig. 6.3, and the pertinent data for the exchanger are 
given in Table 6.4. 

The unit illustrated in Fig. 6.3 is a vertical U-tube exchanger 
with 15 baffles, a 30% baffle cut, and triangular tube pattern. The 
baffle cut forms a boundary between the interior and exterior tubes of 
the bundle. A typical interior tube is laterally supported at the tube 
sheet and all 15 baffles. A typical exterior tube is laterally supported 
at the tube sheet and essentially every other baffle, its extreme ends 
excepted. For this sample problem, it is assumed that longitudinal 
baffles have been incorporated in the gap between the tube bundle and 
the shell to reduce the velocity of the fluid in this bypass region. 
The location of the outlet nozzle is such that little flow will occur 
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Fig. 6.3. Configuration of Heat Exchanger Used in Example Tube 
Vibration Problem. 

in the region of the U-bends. This is a noteworthy design feature that 
will protect the U-bends from hydrodynamically induced vibration. How-
ever, their susceptibility to vibration from other sources must be 
investigated. 
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Table 6-4. Pertinent Data for Heat Exchanger Used in Example Tube 
Vibration Problem 
Tube-side fluid 

Average temperature, 
Density at average temperature, 

water 
130 °F 
61.5 lb/ft3 

Tube 
Size, 
Material, 
Pattern, 
Bundle-to-she11 clearance, 

5/8 in. OD x 18 BWG (0.049 in.) 
Austenitic stainless steel 
Triangular at 1-in. pitch 
1 in. radial 

Shell-side fluid 
Average temperature, 
Density at average temperature, 
Flow rate 

water 
110°F 
61.8 lb/ft3 
10e lb/hr 

Shell inside diameter 35 in. 
Nozzle inside diameter 12 in. (0.785-ft2 flow area) 
Baffle 

Number, 
Thickness, 

Spacing, 
Tube-to-baffle clearance 

5/8-in.-thick baffles, 
3/4-in.-thick baffle, 

To shell clearance, 
Cut, 

15 
5/8 in. for 14 baffles 
3/4 in. for 1 adjacent U-bend 
15 in. 

0.035 in. diametrical 
0.005 in. diametrical 
0.5 in. radial 
30% of shell inside diameter 

6.7.1 Determination of Shell-Side Cross-Flow Velocities 

At the inlet and outlet nozzles , the flow area 

_ red2 _ n(l) 
n 4 4 

2 - 0.785 ft2 , 

and the velocity 

v - w 1,000,000 
n pAn(3600) 61.8(0.785)(3600) 

= 5.72 ft/sec. 

At the center line of the tube bundle, the flow area 
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l.OC 
A » x 144 

P - D 
D|DDL (6.4) P B 

1. 0(0. 97) j 1 - 0.625|33(15) 
144 

= 1.25 ft2 , 

and the average shell-side transverse flow velocity at the center line 

V = ¥ (6.3) 
x pAx(3.6 X 103) 

1,000,000 
61.8(1.25)(3600) 

= 3.60 ft/sec. 

At the edge of the baffle flow region, the flow area 

= 1.13 ft2 , 

where the value of D_ is the chord distance across the tube bundle at the B 
baffle edge, and the transverse flow velocity 

= 1,000,000 = 3 9 8 f V Vb 61.8(1.13)(3600) rc/sec-

6.7.2 Determination of Vortex Shedding Frequencies 

Based on the 1-in. triangular pitch tube pattern and the given out-
side diameter of the tube, from Fig. 6.2 

xt = T/Dq = 1/0.625 =1.6, 

x _ = L/D = 1.732/0.625 = 2.77 , £ ' o ' 
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and the Strouhal number 

N = 0.26. s 

From the relationship given by Eq. 6.2, the vortex shedding frequency 

N V 
f = s D ' o 

where 
V = velocity of transverse fluid flow, ft/sec, and 
D = outside diameter of tube, ft. o ' 

The vortex shedding frequency in the nozzle region 

f = V ' n = 0-26(5.72) 
sn Dq 0.625/12 

=28.6 cycles/sec. 

The vortex shedding frequency at the center line of the tube bundle 

=
 Ns Vx 0.26(3.60) 

sx D 0.625/12 o ' 

= 18.0 cycles/sec. 

The vortex shedding frequency at the edge of the baffle flow region 

- NsVb _ 0.26(3. 98) 
sb ~ D ~ 0.625/12 

= 19.9 cycles/sec. 

6.7.3 Determination of Natural Frequencies of Tube Vibration 

A typical interior tube of the tube bundle is illustrated in Fig. 6.3. 
It is laterally supported at the tube sheet and all 15 baffles, resulting 
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in a continuous beam of 15 spans. It may be regarded as a continuous 
beam with its extreme ends clamped-fixed since the upper end is the tube 
sheet and the lower end is the thick (3/4-in. thick) baffle with close 
tube-to-baffle-hole clearance. For these end conditions, reference 
should be made to Table 6.2 in Subsection 6.2. Since the maximum number 
of spans given in Table 6.2 is only 12, one could question whether the 
value of the fundamental (Mode 1) frequency constant (32.37 X 104) would 
also be applicable for 15 spans. However, the same frequency constant 
pervades for 8 spans of the continuous beam with extreme ends clamped-
supported in Table 6.3, and this is equivalent to a continuous beam of 
16 spans with both ends clamped fixed. Accordingly the natural fre-
quency of tube vibration for the interior tubes of the bundle 

C = 32.37 X 104, 
1 5 ' 

E = 28 X 10s psi at 130°F, 
I = 37 X 10"4 in.4, 
g = 386 in./sec2, 
L = 15 in., and 

W = W + W + W (6.11) e t z a 

= Q- 3 0 1 4 fl(0.625 - 0.Q98)2(61.5) *(0.625)g(61.8) 
12 4(1728) + 4(1728) 

= 0.0251 + 0.0078 + 0.0110 

= 0.0439 lb/in. 

Therefore, 

(6.10) 

where 

(28 X 10s)(37 X 10~4)386 1 / 2 f = (4.944 X 10~3) (32. 37 X 104) 
n 1 5 0.0439(15)4 

= 214 cycles/sec. 
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A typical exterior tube in the window region is illustrated in 
Fig. 6.3. It is laterally supported at the tube sheet and at eight 
baffles. However, the eight spans comprise one 15-in. span and seven 
30-in. spans. For analytical purposes, this tube may be treated as a 
continuous beam of seven 30-in spans with extreme ends clamped-fixed 
since the 15-in. span is considerably stiffer than its adjacent 30-in. 
spans. Reference to Table 6.2 indicates a fundamental (Mode 1) frequency 
cons tant of 33.67 X 104 for seven spans. Accordingly, the natural fre-
quency of tube vibration for the exterior tubes of the bundle 

It should be noted that no assumption has been made in the given data 
relative to the magnitude of fluid pressures. If a relatively large pres-
sure differential exists between the tube-side and shell-side pressures, 
the effect of longitudinal tube stress on the natural frequency of tube 
vibration should be investigated in accordance with Subsection 6.2.1. 

6.7.4 Determination of Lift Forces 

At the inlet and outlet nozzles, the lift force 

(33.67 X 10 4 ) r i51 g 

(32.37 X 104) L30j •B§]e»> 

= 55.6 cycles/sec. 

( 6 . 2 2 ) 

2 0 . 6 2 5 ( 1 ) 1 6 1 . 8 ( 5 . 72) 2 

144 2(32.2) 

= 0.272 lb/in. 
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Ac the center line of the tube bundle, the lift force 

F L X = 

IV \2 

— F V Ln I n { 

3.60 \2 

5 . 7 2 (0.272) 

= 0.108 lb/in. 

At the edge of the baffle flow region, the lift force 

J V F = j — I F Lb l v I Ln 

3.98 
5 . 7 2 (0.272) 

= 0.132 lb/in. 

6.7.5 Determination of Static Deflection, Amplification Factor, Amplitude 
of Vibration, and Vibratory Bending Stress 

Neglecting drag forces and assuming a simply supported tube, the 
static deflection at the inlet or outlet nozzles 

5F L Ln n 
Sst ~ 384EI n 

(6.26) 

5 
384 

0 . 2 7 2 ( 1 5 ) ' 

(28 x 1 0 s ) ( 3 7 X 1 0 " 4 ) 

= 0.00173 in. 

Assuming a zero damping factor, the magnification factor at the nozzle 
region 



248 

x st/n If \ s 

1 - sn 
nr 

(6.25) 

128.6 2 
155.8 

= 1 . 3 6 . 

The amplitude of vibration at the nozzle region 

x = — \ (x „ ) n x J s tp st/n n 

= 1.36(0.00173) 

= 0.0024 in. 

The vibratory bending stress in the nozzle region 

( 6 . 2 7 ) 

sh - + M S -
b n "\ Xst 

IF L£\ Ln n 
8z (6.28) 

= + ( 1 . 3 6 ) 
0.272(15)' 

(37 X 10"4 

^ 0.3125 

= + 880 psi. 

At the center line of the tube bundle, the static deflection 

• F T < xst„) -x Ln " 

= 0.00069 in.; 

the magnification factor 
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i>:stix 1 - 18. Q\ 
214 

a 1 - 0.0071 

= 1.007 

the amplitude of vibration 

x = 1.007(0.00069) 

0.0007 

and the vibratory bending stress 

S b x = ± (1.007) 0.108(15) 
37 X 10"4 

0.3125 

258 psi. 

At the edge of the baffle flow region, the static deflection 

xstK = F~\r\ ( x
St> b Ln < n I n 

0 1 32 30 >4 

' i r m m C 0 - 0 0 1 7 3 ) 

= 0.0135 in.; 

the magnification factor 

-st I 
1 - Vb 

f n7, 
1 - 19.9 

55.8 
2 1-0.127 

= 1.145 ; 

the amplitude of vibration 
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x b = 1.145(0.0135) = 0.0155 in.; 

and the vibratory bending stress 

S bb 

0.132(30) 2 

= +(1.145) 37 X 10 ,"4 8 0.3125 

= + 1440 psi 

6.7.6 Determination of Natural Frequency of U-Bends 

Since by design there is little flow in the region of the U-bends, 
they are protected from hydrodynamically induced vibration. However, 
their susceptibility to vibration from other sources, such as mechanically 
induced vibration, should be investigated. Accordingly, the out-of-plane 
fundamental frequency of vibration of the U-bend 

where f = fundamental frequency of a straight beam whose length is that 
of the U-bend and whose ends are fixed. Therefore, 

C = frequency constant for one span with ends clamped-fixed (Table 
6.2) = 72.36 X 104, 

L = (l/2)itD = (l/2)it33 = 51.8 in., 
and all other terms are as previously evaluated. Thus 

f = 0.866f (6.19) no n 

where 
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f = 0.866^(4.944 x 10"s)(72.36 X 104) (28 X l p S> ( 3 7 X 1 0" 4> 3 8 6 
no 0.0439(51.8)4 

= 0.866(40.2) 

= 34.8 cycles/sec. 

6.7.7 Discussion of Results of Analysis 

The three regions of the heat exchanger investigated for hydro-
dynamically induced tube vibration were the 
1. inlet and outlet nozzles, 
2. center line of the tube bundle, and 
3. edge of baffle flow. 
The amplitude of tube vibration and the vibratory bending stresses 
induced in the tubing in all three regions are extremely low. 

Even with a vertex shedding frequency as high as approximately 
half of the fundamental frequency of the tubing, the resulting amplitude 
of vibration in the inlet and outlet nozzle region is only 0.0024 in. 
and the vibratory bending stress induced is only + 880 psi. This is 
due to the relatively short (15 in.) spans that exist in these regions. 

The highest amplitude of vibration (0.0155 in.) and the highest 
vibratory bending stress (+ 1440 psi) occur at the edge of the baffle 
flow (window) region where the tube spans are 30 in. long. However, 
these values are extremely low. For comparative purposes, the endurance 
strength of the austenitic stainless steel tube material is approximately 
26,000 psi, as shown in Fig. 1-9-2 of Section III of the ASME Boiler and 
Pressure Vessel Code. 

The U-bends in the exterior region of the tube bundle were investi-
gated to determine their susceptibility to mechanically induced tube 
vibration. The out-of-plane fundamental frequency of the largest U-bend 
was determined to be approximately 33 cycles/sec. With a fundamental 
frequency of this order of magnitude, the exterior U-bends of the tube 
bundle may be suscept—"h'e to mechanically induced vibration. Therefore, 
some means of v ig he exterior U-bends is recommended. 
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7. STRESS ANALYSIS AND DESIGN 

The stress analysis and structural requirements that must be met 
in the design of a heat exchanger to be used in a nuclear system are 
discussed in this section. The provisions of Section III of the ASME 
Boiler and Pressure Vessel Code are applicable to the pressure-containing 
components of heat exchangers in nuclear systems. These components are 
designed to meet the requirements of either Code Class 1 or Code Class 2, 
as discussed in Subsection 2.1.1 of this document. 

Before the design or stress analyses can be begun, a design specifi-
cation is required. This design specification must include information 
relating (1) the function of the heat exchanger; (2) the mechanical and 
operational loadings, including vibration and shock; (3) the environ-
mental conditions; and (4) the classification of the vessel or heat 
exchanger. Sufficient detail must be included to provide a complete 
basis for design. For example, in addition to the design conditions of 
pressure and temperature, the transient conditions must be fully described 
in terms of the temperature and pressure time history and the number of 
such occurrences to be considered. The category of each transient must 
be identified (normal operating, upset, emergency, or faulted). To 
insure that adequate information is provided i»: the design specification 
to permit a satisfactory design and stress analysis, the design specifi-
cation is required by Section III of the ASME Boiler and Pressure Vessel 
Code to be certified by one or more registered Professional Engineers 
competent in the design of pressure vessels. 

A requirement for the acceptability of a design is that the calcu-
lated stress intensities for all conditions specified in the design 
specification do not exceed the allowable limits. These limits vary 
in accordance with the type of loading conditions producing the stresses 
and the category of the transient. Basic stress intensity limits are 
described in Paragraph NB-3221 of Section III of the ASME Boiler and 
Pressure Vessel Code. 

The manufacturer or design agent is required to make a complete 
series of stress analysis calculations to establish that the design, as 
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shown on the drawings to be used in the manufacture of the heat exchanger, 
meets all of the stress intensity and fatigue life requirements of Sec-
tion H i of the ASME Boiler and Pressure Vessel Code and the design 
specification. A stress report containing all calculations and results 
of stress analyses showing compliance with these requirements must be 
prepared, and both the calculations and the design drawings of the 
pressure-retaining parts must be included. Nonmandatory guidelines for 
the preparation of a stress report are included in Appendix C of Section 
III of the ASME Boiler and Pressure Vessel Code. It should be noted that 
a major purpose of the stress report is to facilitate an independent 
review of the adequacy of the stress analysis performed, and the importance 
of the stress report is emphasized by the fact that it must be certified 
by a registered Professional Engineer. 

7.1 Design Procedure for Class-1 Heat Exchangers 

The areas requiring stress analysis are identified and the steps 
it: i MHsary to perform a stress analysis of a Class-1 heat exchanger are 
ti;i|mniirized in this subsection. The first step to be taken in the design 
of the heat exchanger is the selection of materials, and this is dis-
cussed in Section 8. 

1'iil the cdtlijilute stress nttRlysig of a Class-1 heat exchanger, all 
lllifligti ;ll|l| !ij,(U"4l iilP I'imliim POIlditions for the exchanger must 
estab|i :;h» ' jiH j jiUN i-tici iti Lhe deaign specification, and 
tjiufil' j ngrjfi w|j j bjj uijjj or., HC es | | itjlhotj§ | y are idefitified. The informa-
Lluil {.-fafjfj) JJfjf| j!t}}' by|)ica| pt.uacjy-st.ite (oacJing conditions include the 
1. t 'H i f l n ry ( t u l i u u f l h l h j rtiiij f iaepn4ai :y N H " ! i | M l g u H l ^PUVP fW<l 

| * | | | | i u t t t l i r f l i 

2. ritiREle reactions (ftiijf:̂ ^ 411tl moments) ajipiied by the primary and 
secondary system piping, dtid 

3. deadweight loading (dry, operating, and flooded). 
The information required for typical transient loading conditions, with 
the corresponding number of cycles expected and design cycles, includes 
the 
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1. normal start-up and shut down operating pressures and temperatures 
on the primary and secondary sides as a function of time, 

2. operating changes in pressure and temperature on the primary and 
secondary sides, 

3. emergency shutdown conditions of pressure and temperature on the 
primary and secondary sides as a function of time, 

4. seismic loading as directly applied to the center of gravity of the 
heat exchanger and as nozzle reactions from system piping, and 

5. hydrotest loading for primary and secondary sides. 

7.1.1 Areas Requiring Stress Analysis 

Typical areas of the heat exchanger that require stress analysis 
are the (1) basic pressure-retaining parts, (2) tubes, (3) penetrations, 
(4) divider plate, and (5) the internals. The areas requiring stress 
analysis may be covered several times because of the number of transients 
that may be specified. Because there is a variety of loads, loading 
conditions, and acceptance criteria, the design analysis will generally 
be an iteration process. 

(a) Basic Pressure-Retaining Parts. The basic pressure-retaining 
parts of the heat exchanger include the primary head, tube sheet, sec-
tions of the secondary shell cylinder, transition cone, and the steam 
drum head. The calculations required for these parts include 
1. the computation of stresses resulting from steady-state design con-

ditions and comparison of the calculated values with the allowable 
values, 

2. transient analyses, and 
3. seismic analyses. 

(b) Tubes. The calculations required for the tubes of the heat 
exchanger include 
1. calculation of stresses resulting from internal pressure and a com-

parison of the calculated values with the allowable values, 
2. calculation of the allowable external pressure to assure that the 

design pressure does not exceed the allowable pressure, 
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3. calculations to establish the adequacy of the tubes with respect to 
tube vibration (see Section 6), 

4. transient analyses, and 
5. seismic analyses. 

(c) Penetrations. The penetrations of the heat exchanger to be 
analyzed include nozzles, manways, and handholes. The calculations to 
be performed for these penetrations include 
1. an analysis to determine whether adequate reinforcement is provided 

by the penetration design; 
2. calculation of stresses resulting from steady-state design conditions, 

including piping loads on nozzles; 
3. calculations to establish the adequacy of closures on manways and 

handholes for pressure load; and 
4. transient analyses. 

(d) Divider Plate. The stresses on the divider plate resulting 
from specified pressure differentials must be calculated, and the cal-
culated values must be compared with the allowable values. 

(e) Internals. The structural adequacy of the heat exchanger 
internals under weight, seismic, and any pressure or flow-induced loads 
must be checked. 

7.1.2 Preliminary Sizing 

The analysis of the heat exchanger components begins with a pre-
liminary determination of the basic thickness requirements for the 
component parts, reinforcement requirements around openings, and an 
analysis of bolted flange and gasket design. 

(a) Basic Thickness Requirements. Equations are given herein to 
calculate the minimum thicknesses of heat exchanger components required 
to resist internal pressure. These equations can also aid the designer 
in arriving at suitable tentative thicknesses to be used in the detailed 
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analyses required to establish the structural adequacy of the exchanger 
for all design conditions. 

The component parts for which equations are given are cylindrical 
shells, hemispherical heads or shells, ellipsoidal or equivalent tori-
spherical heads, conical heads or shells, tube sheets, and tubes. The 
thickness equations for the cylindrical and spherical shells were taken 
from Paragraph NB-3324 of Section III of the ASME Boiler and Pressure 
Vessel Code. The equations given for the ellipsodial and equivalent 
torispherical heads, conical shells, and the tubes may be used to deter-
mine a minimum thickness that will satisfy membrane stress requirements 
by using the allowable stress intensity value of S given in Section III 
of the ASME Boiler and Pressure Vessel Code. However, the thickness may 
need to be greater to satisfy additional criteria, such as the primary 
plus secondary stress limits or the fatigue limits. The equation for 
the tube sheet was taken from the TEMA standards.1 Unlike the other 
equations, the thickness of the tube sheet given by this equation does 
not represent a minimum. The thickness of the tube sheet should be 
adjusted on the basis of results of an initial discontinuity analysis. 

An equation for the tentative thickness of a cylindrical shell is 

pRi 
m 

or 
pR 

t = s - r b ? <7-2> m 
where 

t = thickness of cylindrical shell, in., 
p = internal pressure, psi, 

Rt - inside radius of shell, in. , 
R0 = outside radius of shell, in. , and 
Sm = design stress intensity, psi. 
The tentative thickness of a spherical head or shell 
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PR 
c = Is 2 ' ( 7- 4 ) 

m 

The thickness of dished heads of serai-ellipsoidal form where half 
the minor axis equals one-fourth of the inside diameter of the head skirt 
(major axis) 

pDi 
t = ( 7 - 5 ) 

m r 

where D^ = inside diameter of the head, in. Equation 7.5 is also appli-
cable to torispherical shells with the following geometry. 
D/2h = 2, 
L/D = 0.90, and 
r/D = 0.17. 

The thickness of a conical head or shell with a half-apex angle 
(a1) not greater than 30° and an allowable stress "S" 

PDi 
C " 2 cos a'(S - 0.6P) ' (7'6> 

The thickness of the tube sheet 

t . ^ 1 2 -2 S l m 

1/2 
(7.7) 

where F = 1.0 for straight-through tubes and 1.25 for U-tubes. 
The thickness of the tube wall required to resist internal pressure 

P Ri 
Cmin = S - 0.6p ' < 7" 8 ) 

m r 

The procedures given in Paragraph NB-3133 of Section III of the ASME 
Boiler and Pressure Vessel Code should be followed to determine the 
thickness of the tube wall required to resist external pressure. 
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(b) Basic Reinforcement Requirements Around Openings. Design 
requirements for the reinforcement of openings are described in detail 
in Article NB-3330 of Section III of the ASME Boiler and Pressure Vessel 
Code. The basis of these requirements is the assurance that the maximum 
primary stress intensities in the vicinity o£ the openings are within the 
allowable stress limits set by the Code. Specific rules are set forth 
that, in general, provide for the addition of sufficient material around 
each opening to replace the cross-sectional area of the material removed. 

The application of the design rules set forth in Article NB-3330 
eliminates the need and requirement for specific analysis of the basic 
primary stress intensities in the vicinity of openings. Analysis of 
openings in vessels for secondary stresses and peak stresses is covered 
in the following subsection. 

(c) Bolted Flange and Gasket Design. The design requirements for 
bolting are described in detail in Article NB-3230 of Section III of the 
ASME Boiler and Pressure Vessel Code. A procedure for the design and 
analysis of bolts and gaskets in flanges is also presented in Appendix E 
of this Code. 

The tabular method of flange design presented by Taylor Forge55 is 
useful as an aid in obtaining dimensions for a preliminary flange design. 
However, acceptability of a flange design requires a detailed disconti-
nuity analysis to calculate the stress intensities and values for flange 
separation at the gasket and to show that these values are within accept-
able limits. This type of analysis is presented in Appendix B of this 
document. 

7.1.3 Transient Analysis and Design 
A 

All Class-1 heat exchangers in nuclear systems must be designed 
and analyzed to assure a satisfactory fatigue life, considering all of 
the operating conditions and loadings that will occur during the operating 
life. Thus, each and every operating condition that does not meet all 
of the requirements of Paragraph NB-3222.4(d) of Section III of the ASME 
Boiler and Pressure Vessel Code must be analyzed for fatigue (cyclic 
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loading) as outlined herein. This involves the calculation of transient 
stresses at each significant point in the structure for each of the 
operating conditions and the fatigue evaluation of the resulting alter-
nating stress intensities. 

(a) Calculation of Mechanical and Thermal Transient Stresses. The 
worst temperature distribution for all significant areas of discontinuity 
of the structure must be determined for each transient. Stresses result-
ing from the pressure, temperature distribution, nozzle loadings, and 
support loadings must then be calculated. 

Determination of stress concentration factors is discussed in the 
following subsection. Each basic stress is multiplied by its correspond-
ing stress concentration factor to obtain the peak stress. The large 
number of stress values that is required practically dictates the use of 
tabular forms to summarize the stresses at various critical points of the 
heat exchanger. A typical table suitable for a discontinuity in a shell, 
where just two operating conditions (a maximum and a minimum) are criti-
cal, is illustrated in Fig. 7.1. 

(b) Evaluation of Stress Concentration Factors. The effects of 
local discontinuities and stress concentrations must be considered in 
an evaluation of transient stresses and fatigue life. Each critical 
point in the exchanger must therefore be examined to obtain a suitable 
stress concentration factor representative of the local geometry. Typical 
points of stress concentration are the juncture of a shell to a flange or 
ring and a smooth transition from a cylinder to a cone or other shell of 
revolution. 

For a juncture of a shell to a flange or ring, as illustrated in 
Fig. 7.2, the stress concentration factors for membrane tension can be 
obtained from Fig. 57 in Stress Concentration Design Factors50 and those 
for bending can be obtained from Fig. 60. The stress concentration 
factor for tangential (hoop) stress equals 1.0, and the stress concentra-
tion factor at the inner surface for the longitudinal stress illustrated 
in Fig. 7.2 equals 1.0. 

For a smooth transition from a cylinder to a cone or other shell of 
revolution, as illustrated in Fig. 7.3, the stress concentration factor 



ETR3-125 
TRANSIENT STRESSES AT (Location) 

OUTER SURFACE INNER SURFACE 

COND. SOURCE 

LONGITUDINAL 
STRESS 

TANGENTIAL 
STRESS 

°t 

LONGITUDINAL 
STRESS 

H 

TANGENTIAL 
STRESS 

°t 

I 

BASIC Kt ACTUAL BASIC Kt ACTUAL BASIC Kt ACTUAL BASIC Kt ACTUAL 

I GENERAL MEMBRANE I 
DISCONTINUITY MEMBRANE 

I 

DISCONTINUITY BENDING 

I 

TOTAL 

II 
GENERAL MEMBRANE 

II DISCONTINUITY MEMBRANE II 
DISCONTINUITY BENDING 

II 

TOTAL 

I PRESSURE RAI )IAL STRESS, a r RADIAL Sr FRESS, a r 
II PRESSURE RADIAL STRESS, a r RADIAL STRESS, u r 

Fig. 7.1. Typical Table for Tabulation of Transient Stress Data. 
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1 Use: D = 2w 
d = 2t 
r = r 

Fig. 7.2. Diagram of Typical Juncture of a Shell to a Flange or Ring. 

ETR3-127 

Fig. 7.3. Diagram of Typical Smooth Transition From Cylinder to Cone. 

for bending can be obtained from Fig. 109 in Ref. 56. For longitudinal 
stress (bending), K t = 1.0 at the outer surface and Kt > 1.0 = f(r/c) at 
the inner surface. For tangential stress (bending), Kt = 1.0. 

(c) Fatigue Evaluation. After calculating the total actual 
transient stresses at all significant points in the structure for each 
operating condition, the three corresponding stress intensities are 
calculated. Where the longitudinal stress component (cr.), radial stress 

i 

component (o"r), and the tangential stress component (crt) are the principal 
stresses, the following relationships are applicable. 

S£t = a£ total ~ at total ' C ?- 9 ) 
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Sir ~c£ total " ^ r total ' ( 7- 1 0 ) 

and Str = ^t t o t a l " °r total ' < 7 - U ) 

In cases where the directions of the principal stresses change during 
the stress cycle, a more general procedure Is required and is described 
in Paragraph NB-3222.4(e) of Section III of the ASME Boiler and Pressure 
Vessel Code. 

A typical table suitable for a shell with three operating conditions 
being investigated is illustrated in Fig. 7.4. In this table, the maximum 
stress difference for a point is the stress intensity. 

ETR3-128 
STRESS DIFFERENCES 

OUTER SURFACE 
COND. Sir Str 
I 
II 

III 

Maximum S alt(I,II) 

INNER SURFACE 
Sit Sir V 

l/2[Sit(Cond. I) " Sf.t(Cond. II)] 
= greatest of 1/2 [s - S, [ ir(Cond. I) " £r (Cond. II)J 

1 / 2 [Str(Cond. £) 'tr(Cond. Ill) 1 

Fig. 7.4 Typical Stress Data Table for a Shell with Three Operating 
Conditions for Investigation. 

From such tabular data as illustrated in Fig. 7.4, the maximum 
change in stress intensity in going from one operating condition to 
another (the maximum alternating stress range for the particular operat-
ing cycle) is obtained. The amplitude of this alternating stress com-
ponent (one-half of the stress range) is then compared with an allowable 
amplitude (Sa), shown in Figs. 1-9-1 and 1-9-2 in Section III of the ASME 
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Boiler and Pressure Vessel Code, for nhe number of cycles of operation 
under these conditions during the life of the structure. 

To be acceptable for fatigue, the design must meet two basic require-
ments, which are as follows. 

1. No point in the structure shall experience an altesrhating stress 
amplitude (S ) greater than the allowable amplitude (S ) for any and a jy t a 
all operating conditions during the design life of the structure. 

Maximum S „ _,.,. < S = f(number of cycles Cond. I to Cond. II) ait (I,II) — a(I,II) 

Maximum Sait(I III) — Sa(I III) = f{num53er cycles Cond. I to Cond. Ill) 

2. If there are two or more types of stress cycles that produce 
significant stresses, their cumulative effect shall be evaluated as 
described in Paragraph NB-3222.4(e) (5) of Section III of the ASME Boiler 
and Pressure Vessel Code. 

7.2 Example Stress Analysis Problem for a Class-1 Heat Exchanger 

A typical example of the design and stress analysis of a Class-1 
heat exchanger for nuclear service is presented for the vertical U-tube 
steam generator illustrated in Fig. 7.5. 

7.2.1 Identification of Design Conditions 

The conditions and data given are assumed values for use in this 
example problem, but they were taken from the operating data for a cur-
rent design of a nuclear power plant system. 

(a) Steady-State Conditions. 

Primary design pressure, 2485 psig 
Primary design temperature, 650 °F 
Secondary design pressure, 1085 psig 
Secondary design temperature, 600°F 
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Fig. 7.5. Vertical U-Tube Steam Generator of Example Stress Analysis. 
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Vessel weight 
Dry, 
Normal operating at 100% load, 
Flooded (water at 70°F), 

610,000 lb 
728,300 lb 
936,600 lb 

Operating conditions 
Tube-side pressure at 600°F, 2235 psig 
Shell-side pressure at max 1005 psig 

AT of 50°F (T l - T Q ) , 

Hydrotest pressure, tube side, 3110 psig (cold) 

Condition I: Maximum Design Conditions 
Tube-side (primary) pressure P^ = 2485 psig 
Shell-side (secondary) pressure P Q = 1085 psig 
Tube-side temperature T.̂  = 650°F 
Shell-side temperature T0 = 600°F 
Modulus of elasticity E = 25.5 X 10'3 psi 
Coefficient of thermal expansion a = 7.28 X 10 ° 

Condition II: Normal Operating Conditions 
Tube-side pressure P^ = 2235 psig 
Shell-side pressure PQ = 1005 psig 
Tube-side temperature T^ = 60Q°F 
Shell-side temperature T Q = 550°F 
Modulus of elasticity E = 25.9 X 10s psi 
Coefficient of thermal expansion a = 7.18 X 10~s 

(b) Transient Conditions. The effect of a control rod withdrawal 
accident (from 15% power) on fatigue life at junction 3 of the tube 
s'aeet-shell-channel assembly is considered in this analysis. 

Condition III: Control Rod Withdrawal (design for 40 cycles) 
P i = 2200 psi 
Ti = 599°F 
E = 25.8 X 10s psi 

P = 1005 psi o r 

T = 570°F 

a = 7.20 X 10 & 

Condition IV: 157=, Power Operating Cotidition 
P i = 2200 psi Pq = 908 psi 
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T. = 583°F 1 
E = 25.9 X 10s psi 
a = 7 .18 x l C f 6 

T = 570°F o 

7.2.2 Areas Requiring Analysis 

The areas of the steam generator requiring analysis are outlined as 
follows, and the tentative thicknesses are selected. These areas and tne 
thicknesses selected are illustrated in Fig. 7.6. 

(a) Upper Shell. The outside diameter of the upper shell is 13 ft 
10 in., and the outside radius (R0) of the upper shell is 83 in. The 
shell material is SA 302 Grade B, and at 600°F its design stress intensity 
value Sm = 26,700 psi. The tentative thickness of the shell (from Eq. 7.2) 

P R o o t = S + 0.5Prt m o 

1085(83) 
26,700 + 0.5(1085) 

= 3.3 in. 

A tentative minimum thickness of 3.375 in. will be used. 

(b) Lower Shell. The outside diameter of the lower shell is 10 ft 
9 l/4 in., and the outside radius is 64.63 in. The material of the lower 
shell is the same as that of the upper shell. The tentative thickness 
of the lower shell 

P R 
t - S + 0.5P m o 

1085(64.63) 
26,700 + 0.5(1035) 

= 2.58 in. 

A tentative minimum thickness of 2.625 in. will be used. 
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Fig. 7.b. Geometry of Vertical U-Tube Steam Generator of Example 
Stress Analysis. 
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(c) Ellipsoidal Head. The ellipsoidal head Co be analyzed is the 
steam drum head whose 

inside diameter = outside diameter — 2(3.5 in.) 
= 13 ft 10 in. — 7 in. 
= 13 ft 3 in. 

The tentative thickness of the head (from Eq. 7.5) 

t =
 PoDi 1085(159) 
2S - P 2(26,700) - 1085 m o 

=3.3 in. 

A tentative minimum thickness of 3.375 in. will be used. 

(d) Conical Shell Reducer Section. From Eq. 7.6, the tentative 
thickness of the conical shell reducer section 

t = SL1 2 cos a' (S - 0.5P ) ' m o 
where 

P Q = 1085 psig, 
Dt = 159.25 in. , 
a' = 13.33°, and 
S = 26,700 psi. m v 

t = 1085(159.25) = 
2(0. 973) (26,700 - 543) 

A tentative minimum thickness of 3.50 in. will be used. 

(e) Channel Hemispherical Shell. The ->'.tside radius of the hemi-
spherical shell 

10 ft 9 1/4 in. ,. ,, . R = = 64.63 in. o 2 

From Eq. 7.4, the tentative thickness of the shell 
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_ FiRo _ 2485 (64.63) _ , . 
C 2S 2(26,700) J in' m 

A tentative minimum thickness of 3.125 in. will be used. 

(f) Tube Sheet. From Eq. 7.7, the tentative thickness of the tube 
sheet 

t - FA(£-\1/S 
2 \Sm) 

1 25|124 + 123\ 
- ' 2 1(2485 - 1085 i3-'5 

2 I 26,700 j 

= 77.l(0.0524)l/s 

= 17.7 in. 

A tentative minimum thickness of 18 in. will be used. 

(g) Tubes. The material of the tubes is nickel-chrome-iron SB 167 
whose design stress intensity value Sm = 15,850 psi. The inside radius 
of a tube R^ = 0.279 in., and the design pressure inside a tube P^ = 
2485 psig. From Eq. 7.8, the tentative thickness of the tube wall 
required to resist internal pressure 

P.R. 
t . ~ min S — 0.6P. m l 

2485(0.279) 
15,850 - 0.6(2485) 

= 0.0483 in. 

A nominal minimum thickness of 0.058 in. will be used. (The standard 
thickness of 0.049 in. is not acceptable because of mill tolerances.) 
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7.2.3 Interaction Analyses 

The interaction analyses performed include a discontinuity analysis 
of the tube sheet-shell-channel assembly and a discontinuity analysis of 
the ellipsoidal head and upper shell. 

(a) Discontinuity Analysis of Tube Sheet-Shell-Channel Assembly. 
The discontinuity analysis of the tube sheet-shell-channel assembly for 
steady-state loads consists primarily of determining the internal moments 
and forces that exist at changes in the cross section of the assembly, 
as discussed in Appendix B. The material of this assembly is SA 302, 
Grade B; and for this analysis, the assembly is divided into four com-
ponents: (1) long shell, (2) ring, (3) spherical shell, and (4) tube 
sheet. A free-body diagram of the assembly is illustrated in Fig. 7.7. 

Cladding thickness 
Rii 

— 61.5 • - 0. 
Rlm = 63.06 in. 
t - 3.125 in. l 

RCG = 59.47 in. 
R 1 3 1 = 62.00 in. 
R 3m = 63.31 in. 
t 3 - 2.625 in. 
R 4 = 54.31 in. 

•=4 = 10.31 in. 

\ = 18 in • 
= 0.3 

ETR3-131 

0.125 in. 
61.375 in. 

Fig. 7.7. Free-Body Diagram of Tube Sheet-Shell-Channel Assembly. 
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The internal forces and moments are represented a- equal and 
opposite pairs of external loads acting at each juncture. The radial 
deflection (5) and rotation («) of the adjoining edge of each body can 
then be expressed in terms of these edge loads (Q and M) and the applied 
loads imposed by a particular design condition. In this case, the equa-
tions for the deformation of the elements at the junctures were developed 
in terms of the edge loads, pressure, and temperature. These equations 
were developed on the basis of the assumption that 
1. the materials of construction are linear elastic and isotropic, 
2. thin-shell and small displacement theory is applicable, and 
3. the ring acts as a rigid body. 
These equations are developed and tabulated in Appendix B.3. 

The next step in the discontinuity analysis is the calculation of 
the numerical value of all of the coefficients in the equations for rota-
tion and displacement. From these equations, the value of 

-

IR \2~ l | _ 
X = 3(1 - u 2) lm 

I'l I 
3(1 0.32)(f-?56j 

C3 I/-5 
= 5.775 , 

where u = Poisson's ratio = 0.3; 

3 = 3(1 - u / 
R 2 t2 
. 2m 3 

3(1 - 0.3) 
[ (63.3l)2(2.625 ) 2 

p 2 = 0.00993; 

f3-' = 0.000990; 

l; 
= 0.0996 ; 

and 
Ef 

D = 
3 

E(2.625)~ 
12(1 - u 2) 12(1 - 0.32) 

= 1. 658E, 

where E = modulus of elasticity. Assuming a constant value of E, the 
numerical values of the coefficients in the deformation equations were 
determined, as given in Appendix B.3.2. 
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We now have rotation and displacement equations with numerical 
coefficients in terms of six unknowns (Q , M , Q , M , N , M ) and three 
applied loads (P^, Pq, and Ea(T\ — Tq) where a = the coefficient of 
thermal expansion). To satisfy the compatibility requirement, the dis-
placements and rotations of adjacent components at each function are 
equated in "characteristic" equations of the form 

v (shell) = 0 (ring) , 
l K 

g (shell) = 5 (ring) , l l 

f (shell) = v (ring) , 

& (shell) = & (ring) , 
1 4 

0 (tube sheet) = •. (ring) , 

and 5 (tube sheet) = o (ring) . K.; 

These characteristic equations are tabulated in Table 7.I. The simul-
taneous solution of the six equations, performed with a computer, yielded 
values of the edge loads (discontinuity forces) in terms of the external 
applied loads. These are as follows. 

Q = -10.90P. + 7.56P - 0.176Ea(T. - T ) , 1 1 0 1 0 

M = -76.52P. + 56.19P - l.l63Ea(T. - T ) , 1 l o I o' 

0 = —6.74P. + 13.40P + 0.441Ea(T. - T ) , 
1 O 1 0 

M = 44.62P, - 76.64P - 6.442Ea(T. - T ) , 
2 i o 1 o 

N = -1.298P. + 4.35P - 0,574Ea(T. - T ) , 4 1 o l o ' 

and H = 150.42P. - 176.89P - 2.600Ea(T. - T ) 4 1 0 1 0 



Table 7.1. Characteristic Equations for Discontinuity Analysis of Tube Sheet-She 11-Channel Assembly 
Kbok LoAiio ~ ~ — ~ — ; — ; ; mtmnftrnwur 

Eq. No, Qi Mi Q3 M3 
\ % 0 

1 
P. 1 P 0 | B0r(Tt - T0)" 

1 1U.61 -U.65 -6.76 0.751 ! -O.vbb 17?. 7 -.1R5 -3.305 

2 313.9 -1U.61 Uo,6 -6.76 17.h • 5.80 -2030.3 1665 -1.795 

3 -6.7^ ~.7h8 23.5° 6.81 -0.6M 176.7 -1B5 -29.7b 

k -ko.h - 6 . "(b -385.7 -23.59 1 h -5 .to 
» 

1608.3 -29 h 2 1.92 

5 -6.7ft -0.7h8 -6.7 6 0.751 i -0.9Jt6 67.5 -73. P -3.305 

6 20.2 -20.3 25.5b -116.6 -8.]1| -?7.l6 

Since all coefficients of edge loads and pressures are already multiplied by E to remove it 
from the denominators, the thermal terms must also be multiplied by E. 
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These values are given in tabular form as follows. 

P. P Ea(T. - T ) i o x o 

= - 10. 90 + 7.56 - 0. 176 
M1 = - 76. 52 + 56.,? - 1. 163 

= - 6. 74 + 13.40 + 0. 441 
M_ = + 44. 62 - 76.64 - 6. 442 
N . rt = - 1. 30 + 4.35 - 0. 574 
M. = + 150. 42 -176.89 - 2. 600 

The edge loads are now calculated for Condition 1 and Condition II. 
Fox- Condition I, the maximum design conditions are 

P i = 2486 psig P 0 = 1085 psig 
Ti = 650°F T0 = 600°F 
E = 25.5 X 10a psi a ••• 7.28 X 10-'3 

and the resulting edge loads are as follows. 

P P EO^T T ^ i o ~v i oJ Without Thermals With Thermals 
= - 27,100 + 8,200 - 1,630 = - 18,900 lb/in. - 20,530 lb/In. 

M l = -190,200 + 60,900 - 10,800 = -129,300 in.-lb/in. -140,100 in.-lb/in. 
Q3 = - 16,750 + 14,520 + 4,090 = - 2,230 lb /'in. + 1,860 lb/in. 
M 3 = +110,700 - 83,100 - 59,700 = + 27,600 in.-lb ̂in. - 32,100 in.-lb/in. 
N 4 = - 3,230 + 4,720 - 5,330 = + 1,490 lb/in. - 3,840 lb/in. 
M 4 = +374,000 - 191,800 - 24,100 = +182,000 in.-lb/in. +160,100 in.-lb/in. 

For Condition II, the normal operating conditions are 

= 2235 psig P 0 = 1005 psig 
Ti = 600°F T0 = 550°F 
E = 25.9 X 10s psi a = 7.18 X 10_s 

and the resulting edge loads are as follows. 
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P P E'« (T -T ) i o " i o Without Thermals With Thermals 
Q, = - 24,350 + 7,600 - 1,635 = - 16,750 lb/in. - 18,305 lb/in. 
M = --70,000 ~ 56,500 - 10,830 = -113,500 in.-lb,-in. -124,320 in.-lb/in. 

Q , = - 15,070 • 13,490 - 4,100 = - 1,580 lb/in. 2,520 lb, in. 
>1, = ~ 99.600 - 77,100 - 59,^00 = - 22,500 in.-lb in. - 37,300 in.-lb/in. 
N. = - 2,900 • 4,370 - 5,340 = ~ 1,470 lb/in. - 3,870 lb/in. 
M. = -336,000 - 178,000 - 24,200 = ^-158,000 in.-lb/in. +133,S00 in.-lb/in. 

The resulting values are used to calculate the sLeadv-state stress 
intensities in accordance with the requirements of Section III ot the 
ASME Boiler and Pressure Vessel Code. The maximum primary general 
membrane stress intensity (P m) for the •spherical shell (channel) is 
calculaicd by using the design loads of Condition I. 

P.R' . 
p
m
 = 7 T + 0-3pi 

= ^ | 5 ( 6 L 3 7 5 ) + 0.5(2485) 

= 24,^00 -f- 1,243 = 25,643 psi. 

This value is less than the allowable value S m = 26,700 psi. The maxi-
mum primary local membrane stress intensity (P L) for the spherical shell 
is calculatcd by using the design loads of Condition I. without the thermals. 

P L ' P m + ^ " R ^ f - < V ' 1 lm 1 
where 

0 = 90°, 
sin c = 1, and 
cos o = 0 . 

_ _ „ J 2(5.775)(-18,900) 2(5. 775)-(-12.9,300) 
*L 3.125 ~ 63. 06(3. 125) 

= 25,643 - 69,900 + 43,700 

= —557 psi. 
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This value is less Chan the allowable value 1.5Sm = 40,050 psi. The 
value of P^ + P^ was noC calculaCed since no momenC resulting from 
mechanical or external loads is present (Appendix B.3). The maximum 
secondary membrane plus bending stress intensity (P-̂  + P^ + Q) for the 
spherical shell is calculated by using the operating loads of Condition II 
with the thermals. At the inner surface, 

P . R 1 . R . , M „ „ v i n ii oMi (PT + P, + Q), = TT^ + — + L b ^ long. 2t R — s l i lm t 

= 2235(61.375)(61.375) 6(-124,320) 
2(3.125)(63,06) (3.124)2 + 

= 21,400 + 76,400 + 2,235 

= 100,000 psi . 

This value is greater than the allowable value 3Sm = 80,100 psi. There-
fore, this design requires modification of the channel at the junction 
with the tube sheet. Local thickening of the shell (to approximately 
4.0 in, instead of 3.125 in.) with a gradual taper to the basic thickness 
of 3.125 in. will lower the stress intensity to a value below the allow-
able without changing the basic design or validity of the analytic 
results appreciably. The basic thickness of the channel could be 
increased, but this would require that the analytical solution be redone 
to calculate new discontinuity forces or edge loads. 

The maximum primary general membrane stress intensity for the ring 
is calculated by using the design loads of Condition I. 

P =
 Q C G R C G 

where 

m A . ring 

R 
CG ' CGI \ CGI 

+ Q 
CG 
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from Appendix B.3 (note that Q here replaces previously used Q ). i 2 

Q c g = -(-18,900)|~|y - ( 1 4 9 0 ) ^ + C-2230)§^i 

= + 20,050 - 1360 - 2375 

= 16,315 lb/in. 
Therefore, 

16,315(59.47) Q n n 
m = 3. 215 (lB.dT = 16'8°° P S 1 ' 

This value is less than the allowable value S = 26,700 psi. The maximum m ' 
secondary membrane plus bending stress intensity for the ring is calculated 
by using the operating loads of Condition II with the thermals. 

N 6M \ 
-i + — i t — 2 tr I 

where 
Q_ = net sum of radial forces acting on the ring as a free body CG 

(assumed to be acting at centroid or CG of section), lb/'in. of 
circumference, 

A = cross-sectional area of the ring, in.s, 
= net sum of moments acting on the ring as a free body (assumed VA.T 

to be acting at centroid or CG of section), Ib-in./in. of 
circumference, and 

I = moment of inertia of the ring cross section about its centroidal 
axis in the plane of the ring, in.4 

A cursory review of the values of edge loads (and the stresses cr , 
or , and u ) will usually indicate which combination will give the maximum r At 
value of PL + Pb + Q. In this case, crt and cr̂  (produced by N^ and M^) 
give the highest value of stress intensity (Appendix B.3, noting change 
in subscript notation from N2, and M £ to IL, and M1). As shown 
in Fig. 7.8 in which the action and direction of the stress components 
making up the stress intensities are illustrated, + QQQ produces tension 
(at) throughout the Section, + M,, produces tension above the horizontal CG 
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"M* 

( 
- M 

+N, 

(Tension 

- 9 ; 
(G >mpre59 yfy 

Horieontalj 

Fig. 7.8. Free-Body Diagram of Ring Cross Section. 

center line and compression below, and M,, M , N , and N act as shown 1 3 1 3 
(normal to crt). 

Instead of using the equation for M given in Appendix B.3.1(a)(2), 
the simplified and combined equation 

e. 
MCGRCG RCGa(Ti - V 

R(CG) EI 

can be used to yield 

_ EI 
*CG ~ RCG 

0R(CG) + 
RCG a ( Ti " V 

Substituting for 6. R(CG)' 

M = M . CG il R. 
R im 
CG 

Q h 
1 1 

(R 
im - M 

3 

R 3m Q h 
3 l (R m \ 3m 

2 
i R c c J 

- M 
3 lRCGj 

1 2 \RCGI 

R 
4 R, 

+ M + K ( — 1 P . - K 
CG 3 R f j 1 4 U,a I ° CG I CG I 
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Mcg= (-124,320)^1 + ( _ 1 8 , 3 8 5 ) i i ^ > - (37,300V63'31 

+ (2520) 

RCG 

^18(63.31) 

2R, 

2R. CG + (133,800) 

+ — (178. 7) (2235) — 

CG 

54.31 
rCG 

- (185.0)(1005). 

*CG 

R: CG CG 
mCGrCG 

Evaluating the term — from the equation for the maximum secondary 
membrane plus bending stress intensity for the ring where 

c = 9.0 in., 
I = 1 0 - 3 ^ 1 8 ) 3 = 5010, 

i/c = 556.7, and 
Rcg = 59.57; 

mCGrCG 
~i7< = -14,080 - 18,740 + 4240 + 2580 + 13,050 

+ 60,200 - 28,150 

= +19,100 • 

At the juncture of the ring and channel, where the local discontinuity 
stresses are assumed to be reduced as required (see page 276), 

<PL + Pb + <»J = 
16,315(59.47) _ 1 
18(10.31) 

N 6M 

X 

= (5225 - 19,100) - 3.125 21,400 ̂ o q - + 76,400 3.12512 

4.00 | 

= —13,87"? - (16,700 + 46,600) 

= -13,870 - 63,300 

= -77,170 psi 
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This value is less than the allowable value 3S = 80,100 psi. m 
The maximum primary general membrane stress intensity for the long 

cylindrical shell is calculated by using the design loads of Condition I. 

P R . 
P --2-2L+ o.5P m t o 

- 1 Q 8 5
2 ^ 3 Q 0 ) + 0.5(1085) 

= 25,600 + 542 

= 26,142 psi . 

This value is less than the allowable value S m = 26,700 psi. The maximum 
primary local membrane stress intensity of the cylindrical shell is cal-
culated by using the design loads of Condition I without the thermals. 

I 2f3R 2f32R \ 
P = P + — 2 E Q — — M L m \ t 3 t 3I 

= 26,142 + 2(0.0996)(63.31)(1860) 2(0.00993)(63.31) (-32,100) 
2.625 2.625 

= 26,142 - 8940 + 15,400 

= 32,602 psi . 

This value is less than the allowable value 1.5Sm = 40,050 psi. The 
maximum secondary membrane plus bending stress intensity for the long 
cylindrical shell is calculated by using the operating loads of Condi-
tion II with the thermals. 

P R2. 6M 
<PL + Pb + Q > i = iiHr~ - + po 3 3rn t 

3 
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= 1005(62.OO)2 6(-37,300) 
2(2.625) (63.31) ± ( 2 > 6 2 5 )s 

= 11,620 + 32,500 + 1005 

= 45,125 psi . 

P R . 2 PR 2p2R |a6M 
L b t t t 3 t 3 — g O 3 3 3 

= 1005(62.00) _ 2(0.0996)(63.31)(2520) 
2.625 2.625 

_ 2(0.00993)(63.31)(-37,300) 0. 3(6)(-37,300) 
2 , 6 2 5 111 (2.625)2 

+ 1005 

= 23,750 - 12,100 + 17,880 + 9740 + 1005 

= 40,275 psi. 

Both of these values are less than the allowable value 3Sm = 80,100 psi. 

(b) Discontinuity Analysis of Ellipsoidal Head and Upper Shell. The 
discontinuity analysis of the ellipsoidal head and upper shell is based on a 
mean diameter of the cylinder, Dm = 149.25 + 3.375 = 152.625 in., 
an inside head height (minor axis), h = 37.31 in., 
wall thickness of head, T = 3.375 in., 
wall thickness of cylinder, t = 3.375 in., 
Djjj/t = 152.63/3.375 = 45.2 in., 
an internal pressure p = PQ, and 
a ratio of the major axis to the minor axis of the middle surface of the 
ellipsoidal head, 

o _ 152.625 _ . Q(-
° " 2h + t " 2(37.31) + 3.375 ~ » 
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where the value of p = 2.0 will be used. The maximum membrane stress 
intensity indexes from the tables given in Appendix B.2 and interpolated 
are as follows. 

Crown Knuckle Cylinder 

(table) 3 = 2.0, T/t = 1.0, D/t = 25 1.01 0.70 1.09 
(table) 3 = 2.0, T/t = 1.0, D/t = 50 1.03 0.94 1.07 
(int) 3 = 2.0, T/t = 1.0, D/t = 45.2 1.026 0.894 1.074 

The maximum local primary membrane stress intensity is calculated by using 
the design loads of Condition I without the thermals. 

P - JL^n - 1085(149. 25) (1.074) 
L 21 2(3.375) 

= 25,800 psi. 

This value is less than the allowable value 1.5S„ = 40,050 psi. The maxi-m 
mum stress intensity indexes from the tables given in Appendix B.2 and 
interpolated are as follows. 

Crown Knuckle Cylinder 

(tab) 3 = 2. o, T/t = 1.0, D/t = 25 1.44(o) 1-53(1) 1.12(i) 
(int) 3 = 2. o, T/t = 1.0, D/t = 45.2 1.238(o) 1.49(i) 1.104 
(tab) 3 = 2. o, T/t = 1.0, D/t = 50 1.19(o) 1. 48(i) 1.10(o) 

Difference = 0.25 0.05 0.02 
20.2/Diff = 0.202 0.040 0.016 

The maximum primary plus secondary stress intensity is calculated by using 
the operating loads of Condition II with the thermals. 

CP, + pb + Q) = -

= 33,100 psi . 

This value is less than the allowable value 3S = 80,100 psi. m ' r 
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7.2.4 Design of Large Primary Inlet Nozzle 

The procedures involved in the design and analysis of the primary 
inlet nozzle include determination of the basic reinforcement required to 
compensate for the opening in the shell, determination of the externally 
applied loads on the nozzle, and evaluation of the steady-state stresses. 

(a) Determination of Basic Reinforcement Required. Based on fluid-
flow criteria, the inside diameter of the primary inlet nozzle is 31.0 in. 
The material of the nozzle is Type-304 stainless steel whose design stress 
intensity value S m = 15,300 psi at a design temperature of 650°F. The 
basic thickness of the nozzle and pipe 

P.R. 
t = r S - 0.5P. m l 

- 2485(15.50) 
15,300 - 1243 

= 2.74 in. 

A value of 2 3/4 in. will be used for the minimum thickness of the inlet 
nozzle. A cross section through one-half the inlet nozzle is illustrated 
in Fig. 7.9. In accordance with Paragraph NB-3332 of Section III of the 
ASME Boiler and Pressure Vessel Code, the reinforcement area required to 
compensate for the nozzle opening through the shell 

A = 31. Ot req req 

where the thickness (t) required = the tentative thickness of the shell 
determined in Subsection 7.2.2(e) = 3.01 in. Therefore, 

A = 31.0(3.01) = 93.3 in.'-, req 

and for one side of the cross section through the inlet nozzle 

, 93.3 //•-,. ? A = — = — = 46.7 in. req 2 
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Fig. 7.9. Cross Section Through One-Half Inlet Nozzle. 

In accordance with Paragraph NB-3334 of Section III of the ASME 
Boiler and Pressure Vessel Code, the limit of reinforcement measured normal 
to the vessel wall 

Limit = 0.5(r t)l/s , m 
where 

rm =« mean radius = r^ + 0.5t, 
t = tp + 0.667X, and 
tp = nominal thickness of attached pipe, 
X = slope offset distance 
r^ «= inside radius. 

t = 2.75 + 0.677(11.25) = 10.37 in., 
and 

r = 15.5 + 0.5(10.37) « 20.68 in. to * 

Therefore, Limit - 0.5120.68(10.37)jl/a 

« 7.32 in-
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The limit of reinforcement measured radially from the center line of the 
nozzle shall be a distance on each side of the axis of the opening equal 
to or greater than the diameter of the finished opening (31.0 in.) where 
two-thirds of the required compensation shall be provided within a limit 
of 

r. + 0.5 (R t ) l / 2 . 
l im 2. 

Limit = 15.5 + 0.5[63.06(3.125)]l/2 

= 15.5 + 0.5(14.03) 

= 22.52 in., 
and 

2/3 Area = 2/3(46.7) = 31.2 in.2 req 

The reinforcement area provided for one side of the nozzle cross 
section within the 22.52-in. limit measured radially from the center 
line of the nozzle 

(l 9Q Acomp = ( 7 , 0 2 ~ 2.74) (7.32) - (0.29)^^^ + 7.02(3.125 - 3.01) 

= 4.28(7.32) - 0.042 + 7.02(0.115) 

= 32.09 in.2 

The total reinforcement area provided for one side of the nozzle cross 
section measured normal to the vessel wall 

A = (11.25 + 2.75 - 2.74) (7.32) - (7.32)^—^ comp i. 

+ (31.0 - 15.5)(3.125 - 3.01) 

= 11.26(7.32) - 26.79 + 15.5(0.115) 

= 57.42 in.2 

This area is greater than the required area of 46.7 in.a 
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The reinforcement provided is illustrated in Fig. 7-10. 

ETR3-132 

Fig. 7.10. Reinforcement Areas for Primary Inlet Nozzle. 
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(b) Determination of Externally Applied Loads on Nozzle. The 
externally applied loads on a nozzle are usually obtained from a compre-
hensive analysis of the piping system to which it is attached. However, 
until such an analysis is performed, it is possible and customary to 
design and analyze the nozzle on the basis of a reasonable estimate of 
the expected loading. This estimate cs.n be arrived at from previous 
experience with piping systems, some "rules of thumb" based on previous 
experience, or any arbitrary method that seems reasonable for the size of 
the pipe, nozzle, or vessel involved. 

For the nozzle considered here, the loads are assumed to be an r̂ xial 
load of 12,500 lb (inward or outward) along the center line of the aozzle 
and a bending momemnt of 84,000 ft-lb in any two orthogonal directions. 
In the absence of a completed piping analysis, the estimated or assumed 
loads are taken as acting in directions that will produce the maximum 
combined stresses: the axial load (P) acting outward and the bending 
moment (M) acting iii longitudinal and circumferential directions of the 
shell, as illustrated in Fig. 7.11. 
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The accepted method for evaluating discontinuity stresses at nozzle 
junctions with shells and heads is summarized in the Welding Research 
Council Bulletin No. 107.57 However, care should be taken to limit the 
use of this technique to the range of variables specified. For the noz-
zle considered here, the shell parameter 

U = = = 2 1 0 j 
(RmT)l/2 [63.06(3.125)]l/a 

for 
P = + 12,500 lb and 
M = M = 84,000 ft-lb. 
X 2 

A rigid attachment of the inlet nozzle to the shell is assumed because of 
the great thickness of the shell, and Fig. SR-1 of Ref. 57 is used to 
calculate the maximum stress. For U = 2.10, the stress resulting from 
the axial load P 

= 0 .086 , 

and the stress resulting from the bending moment M, where M = + (M2 + 
M 2) l / 2 in.-lb, 

OT2(R T) l / 2 

The maximum stress 

-2 = 0.0895 M 

0.086P 0.0895M 
T (R T) m 

0.086(12,500) 0.0895(1.426 X 10s) 
+ 7 -

(3.125)2 (3.125)2[63.06(3.125)]1/2 

= + 110 + 930 
= 1040 psi. 
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Figures SR-2 and SR-3 (for a rigid plug) in Ref. 57 are used to 
calculate the detailed stresses at points A^, Ay, BL, By, C^, CJJ, J^, 
and Djj. For more flexible nozzles, Figs. SP-1 to 10 and SM — 1 to 10 
would be used for spherical shells. From Fig. SR-2 for U = 2.10, 

N T x = - 0.023, 
N T 
-f- = - 0-007, 

M 
^ = + 0.0107, 

M 
^ = + 0.00323. 

From Fig. SR-3 for U = 2.10, 

N T(R T) x m 
M cos 6 

lis 
= - 0.019, 

N T(R T)1'2 
y m 
M cos 9 = - 0.00565, 

M V(RT) x m 
lis 

K cos 6 = + 0 . 0 1 2 , 
M (R T) y m 
M cos 6 

l/a 
= + 0.0036. 

Therefore, 

N 6M x t x 
T - Ts 

0.023P _ 0.019M cos Q 6(0.0107P) 6(0.012M cos 9) 
rjtci T2(R T)*̂ "̂ 2 T 2 T2(R T)1/'2 m ^ m 

= _ 0. 023(±.12,500) _ 0.019(+1.426 X 10s) 6(0.0107)(±12,500) + — 
(3. 125)2 (3. 125)2[63.06(3.125)]l/2 9.77 

6(0. 012)(±1.426 X 10s) 
9.77(197.2) 1 / 2 

= + 29.5 + 198 + 82.2 + 748. 

For the maximum value (at A^ for P negative and M acting in the direction 
of M2 where cos 0 = 1 for maximum value), 
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a = + 29.5 + 198 + 82.2 + 748 x 

= 1057.7 psi. 

N 6M 

Q.Q07(±12,500) _ 0.00565C—1.426 X 10s) + 6(0.00323)(±12,500) 
(3.125)2 (3.125)2(197.2)1^2 Z (3-125)2 

+ 6(0.0036)(+ 1.426 X 10s) 
(3,125)2 (197. 2)1/'2 

= + 8.96 + 58.7 + 24.8 + 224 . 

The maximum value of Uy = + 316.5 psi-

(c) Evaluation of Steady-State Stresses. To evaluate the steady-
state stresses, crx and tTy produced by N x and Ny are added to the other 
membrane stresses resulting from pressure, etc., in the shell at the 
same location and are treated as local membrane stresses (Pl). v al u e s 

of crx and cry produced by Mx and My are treated as discontinuity stresses 
and are added separately under the Q classification of primary plus 
secondary stresses. No stress concentration factor is used for these 
steady-state stresses. 

The maximum primary local membrane stress intensity in the channel 
at the nozzle, where the effect of Q and M at the nozzle is conserva-
tively neglected, 

P. R' . N 
PLN - - T T 1 + T* + °-5pi 1 

= 24,400 + (29.5 + 198) + 1243 

= 25,871 psi. 

This value is less than the allowable value 1.5S = 40,050 psi m * r 
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Assuming that the effects of the edge loads Q and Mx have died out 
to negligible magnitudes at the edge of the nozzle, the maximum primary 
plus secondary stress intensity in the channel at the nozzle 

6M 

This value is less than the allowable value 3S = 80,100 psi. m r 

In cases where the edge of the nozzle is close to a discontinuity, 
the additional stresses resulting from the edge loads Qx and M̂ ^ should be 
calculated. Using Table XIII (cases 16 and 17) in Formulas for Stress 
and Strain,58 the membrane stresses S1 and S^ (equivalent to crx and <7y) 
at the nozzle edge (angle w) should be added to P ^ and Mw should be 
added to M^ or M for inclusion in (PL + P^ + where M1 = — MQ and 
Q x = — Q of Ref. 58 notation. 

7.2.5 Transient Analysis 

Performance of the transient analysis at junction three of the tube 
sheet-shell-channel assembly involves calculation of the basic stresses 
for transient Conditions III and IV, evaluation of the stress concentra-
tion factors, and the fatigue evaluation. 

(a) Calculation of Basic Transient Stresses. In calculating the 
basic stresses at junction three of the tube sheet-shell-channel assembly 
for Condition III, control rod withdrawal, the longitudinal stress (from 
Appendix B.3) 

x 
N LN - T 

= 25,871 + (82.2 + 748) 

= 26,701 psi. 

(General (Discontinuity 
Membrane) Bending) 

3 
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= 1005(62.0) 62.0 6(2550) 
* 2(2.625) 63.31 - (2 6 2 5 ) 2 

= 11,600 + 2220 psi. 

The tangential (hoop) stress 

(General (Discontinuity (Discontinuity 
Membrane) Membrane) Bending) 
P R . 2£R 2p2R ji6M 

a = _ ) _ — ) + — 2 . t t t 3 t 3 j_£ 
3 3 3 3 

The solution of the six characteristic equations in Subsection 7.2.3(a) 
is used to calculate the edge loads for Condtion III as follows. 

Q = _ 6.74(2560) + 13.40(1005) + 0.441(25.8)(7.20)(599 - 570) 
3 

= - 17,260 + 13,470 + 2375 

= - 1415 lb/in. 

M = 44.62(2560) - 76.64(1005) - 6.442(186)(29) 
3 

= 114,300 - 77,000 - 34,750 

= + 2550 in.-lb/in. 

Therefore, 

ff = 1005(62.0) 2(0.0996) (63.31) ̂  U 1 5 ) _ 2(0. 990) (63.31) ( 2 5 5 0 ) 
fft 2.625 - 2.625 103(2.625) 

0.3(6)(2550) 
(2.625)2 

= 23,650 + 6800 - 122 + 666 psi. 
6680 

In calculating the basic stress at junction three of the tube sheet-
shell-channel assembly for Condition IV, 157., power, the longitudinal stress 



293 

P R ,|R . 
_ O 3 1 3 1 
- I t 1R 3 \ 3m 

6M 
+ — 2 
~ t2 

3 

908(62.0)(62.0) 6(13,020) 
2(2.625)(63.31) - ( 2 > 6 2 5 ) 2 

= 10,500 + 11,340 psi. 

The tangential stress 

P R . 2j3R 26 R ^6M 
cr = — ^ ( Q ) - - r S ( M ) + - 1 a . t t t 3 t — 

3 3 3 "* 3 

The solution of the six characteristic equations in Subsection 7.2.3(a) 
is used to calculate the edge loads for Condition IV as follows. 

Q = - 6.74(2200) + 13.40(908) + 0.441(25.9)(7.18) (583 - 570) 
3 

= - 14,840 + 12,170 + 1065 

= - 1605 lb/in. 

M = 44.62(2200) - 76.64(908) - 6.442(186)(13) 
3 

= 98,200 - 69,600 - 15,580 

= 13,020 in.-lb/in. 
Therefore, 

= 908(62.0) 2(0. 09'. j) (63. 31) (-1605) _ 2(0. 990) (63.31) (13,020) 
2" 6 2 5 ~ 2' 6 2 5 103(2.625) 

+ (6)(13,020) 
(2.625)2 

= 21,450 + 7710 - 622 + 3400 psi. 
7090 
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(b) Evaluation of Stress Concentration Factors. There is no local 
discontinuity for tangential (hoop) stress. Therefore, K. = 1.0. For 
longitudinal stress, the local discontinuity at the junction is treated 
as a shoulder fillet under tension and bending at the inner surfticc only, 
as discussed in Subsection 7.1.3(b) and illustrated in Pis;. 7.12. 

ETR3-136 
ounct :or. 3 

Fig. 7.12. Treatment of Local Discontinuity at Junction for 
Longitudinal Stress 

Whe re 
and 

d = 2t = 2(2.625) = 5.25 in. 

D = 2w = 2(64.625) = 129 in. , 

the value of r should be selected so that r/d > 0.18 if possible to keep 
the value of Kt low. 

r > 0.18(5.25) = 0.945 in. 

Thus, the fillet radius r should be 1 in. for good design. For r = 
1.00 in., 
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r/tl => Q.J9 and K B 1.975 for tension 

D/d •> and « 1.625 for Ending. 

(See Figs. ."7 and 60 in He*. 36 as extended 10 include the curve of 
D/d * ».) 

(c) Paclaui? Evaluation. To facilitate the fatigue analysis, the 
tr.-msSem stresses at junction three arc given in Table 7.2. The taasltsuo 
alternating stress at ihe inner surface of Junction three 

Kroa Fig- I-9-l in Scctvon III of the ASllE Sailer and Pressure Vessel 
Code, the allowable alternating stress for 40 cycles 

S » 300,000 psi. a ' 

Therefore, for S > S . . no fatigue failure will occur, a a> c 
The preceding calculation is jusc for one transient condition at 

just one location of high stress used as an example, and all transient 
conditions must be considered. The procedure for combining the effects 
of several such transients at any location is discusscd in Paragraph 
KB-3222.4(c) (5), Cumulative Damage, of Section H I of the ASME Boiler 
and Pressure Vessel Code. For the transient condition and location of 
this example, 

Has S a/t<11I-IV) (20,305 - 3258) 

a 3524 psi. 

S a/t (III-IV) = S524 psi, 

III-IV 

and u u i - i v - «>/- - 0 • 



Table 7.2. Transient Stresses at Junction 3 
Outer Surface Imior Surface 

COND. SOURCE 
Longitudinal Stress Tangential 

0 t 
Stress Longitudinal Stress Tan (re nil ill 

°t 

Stress 

Basic Kt Actual Basic Kt Actual Bns i e Kt Actuol Basic Kt Actual 

General Membrane 11,600 1.0 11,600 23,650 ].0 23/>50 11,600 3.975 22,900 23,650 1.0 23,650 
Ill Discontinuity Membrane - - 6,680 1.0 6,680 - - 6,6fiO 1.0 6,680 

Discontnnuity Bending ?,220 1.0 2,220 +666 1 .0 666 -2,220 1.625 -3,600 -666 3.0 -666 

TOTAL 13,820 30,996 19,300 29,661. 

General Membrane 10,500 1.0 10,500 21,1)50 1.0 21,1)50 10,500 1.975 20,750 23 ,'<50 1.0 21,1)50 
IV Discontinuity Membrane - - 7,090 1.0 7,090 - - 7,090 3 .0 7,090 

Discontinuity Beading 11,3^0 1.0 11.3U0 +3,')00 1.0 3,'tOO -11,3^0 1.625 -18,1(00 -3,^00 1.0 -3,1)00 

TOTAL 21,81)0 31,9'tO 2,350 25,1'tO 
III Pressure RADIAL STRESS, cj = ' r 0 RADIAL STRESS, ° r = 1005 (-) 

IV Pressure RADIAL STRESS, o r = 0 RADIAL STRESS, <7r = 908 (-) 

STRESS INTENSITIES 
Outer Surface Inner Surface 

COND. S*t S*r Str s u S*r S tr 
Ill (-)17,176 13,820 30,996 C—)10,36b 20,305 30,669 
IV (-)10,100 21,81)0 31,91)0 (-)22,7?0 3,258 26,01)8 
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7.3 Stress Analysis and Design of Class-2 Heat Exchangers 

The heat exchanger classified as Code Class 2 must be designed and 
fabricated in accordance with the rules of either Division 1 or Division 
2 of Section VIII of the ASME Boiler and Pressure Vessel Code- As stip-
ulated in Paragraph NC-3310 of Section III of the ASME Boiler and Pres-
sure Vessel Code, no stress report is required for the Class-2 component 
designed to meet the requirements of Division 1 of Section VIII, whereas 
a design report is required for the Class-2 component designed to meet 
the requirements of Division 2 of Section VIII and the design report must 
conform to the requirements of A-302 of Division 2. 

The basic steady-state loading conditions applicable to Class-1 
exchangers are also applicable to the determination of the basic thick-
ness requirements for the shells and heads, determination of the basic 
reinforcement requirements around openings, and to bolted flange and 
gasket design for Class-2 exchangers. The basic sizing of the heat 
exchanger tubing shall be in accordance with the TEMA standards,1 to 
which reference shall also be made for general design guidelines related 
to fabrication, fabrication tolerances, and mechanical standards. 
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S. MECtlAHICAL DESIGN 

The selcccion of materials of construction for heat sxchangers to 
be used in nuclear systems and the special fabrication procedures and 
requirements for these exchangers are discussed in this section. 

8.1 Material Selection 

Water has been found to be a satisfactory moderator and coolant 
for nuclear reactors. In addition, it is readily available, cheap, and 
nontoxic; and it has a low induced radioactivity that diminishes quickly 
when a water-cooled reactor is shut down. In a nuclear plant, it is 
desirable to continuously circulate the same water in radioactive 
primary system and maintain the purity of this water with mechanical 
filters and/or ion exchangers. 

Corrosion products in the primary cooling water may become radio-
active as the water circulates through the reactor core. Therefore, it 
is desirable that the structural material of the primary system have a 
low corrosion rate not only from the standpoint of plant integrity but 
also to help protect plant personnel from exposure to excessive doses 
of radiation during the performance of maintenance work on components 
of the primary system. The major materials of construction used in the 
heat exchangers listed in Tables 2.1 and 2.2 are stainless steel, carbon 
steel, and nickel-chromium-iron alloy (Inc^nel). 

8.1.1 Stainless Steels 

The most frequently used materials in nuclear heat exchangers are 
the 300-series (austenitic) stainless steels. These materials exhibit 
low general corrosion rates on the order of 5 mg/crr.2 per month when in 
contact with primary cooling water at temperatures of 500 to 600°F. 
Moreover, austenitic stainless steels in which the concentrations of 
undesirable elements are maintained at predetermined maximum levels can 
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bo readily produced. For example, for nuclear use, the cobalt content 
ol: stainless steel is maintained below 0.05?. because the cobalt-60 iso-
tope formed during the transport of corrosion products which contain 
cobalt through the high neutron flux region of the reactor has a half-
life of approximately 5.5 years. 

For economy, ferritic steels, such as carbon steel or low-alloy 
steel, clad with stainless steel are frequently used in heavy sections 
instead of solid stainless steel. However, the combination of these 
materials within the same equipment poses the problem of exposing the 
•HIStenitic stainless steels to sensitization temperature during stress-
relieving of ferricic steel welds. This condition may be alleviated by 
the use of extra low carbon or stabilized grades of austenitic stainless 
steel such as type 304L or type 347, respectively. Type 304 stainless 
steel is being used successfully in other instances. 

Stress-corrosion cracking is the result of the combined action of 
stress and corrosion that leads to cracking or cmbrittlement of the metal. 
Austenitic stainless steels are subject to stress-corrosion cracking in 
two principal environments: caustic and chloride solutions- To allevi-
ate stress-corrosion cracking, design stresses should be kept as low as 
possible, all possible crevice areas should be eliminated, and solution, 
annealing heat treatments should be specified to remove the effects of 
sensitization caused by intermediate anneals. Stress-corrosion cracking 
may be prevented by rendering the environment noncorrosive. The effects 
of chloride can apparently be inhibited in the liquid phase by suitable 
alkaline phosphate water treatment. Chloride attack in vapor areas can 
be controlled by elimination of either the chlo ride or the oxygen and 
preferably .y the elimination of both. The effects of caustics can be 
controlled by maintaining a suitable pH-phosphate ratio. 

The water chemistry must be maintained within allowable limits as 
far as the chloride ion, hydroxide ion, and dissolved oxygen contents 
are concerned. Present operating practice limits the concentration of 
these compounds as follows. 

Chloride as chloride ion less than 0.02 ppm 
Dissolved oxygen less than 0.005 cm3/liter 
Hydroxides as hydroxyl ion less than 0.001 ppm 
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The range of pH values for secondary water in norma! operas ton is 
between 9.S and about 10.9. This range can be maintained by a variety 
of methods of chemical treatment, such as the use of hydrazine, ir.urphal ine, 
ammonium hydroxide, or lithium hydroxide. 

8.1.2 Carbon and Low-Alloy Steels 

Austenitic stainless steel has been used as the basic material of 
construction in most designs for hi^h-temperature water-cooled nuclear 
power reactors primarily to minimize the problems associated with the 
passage of corrosion products into the recirculating water system. The 
potential economic and engineering gains to be realized from substitu-
tion of carbon or low-alloy steel for stainless steel in components of 
the high-temperature primary coolant system are 
1. lower material cost, 
2. lower thermal expansion and better heat transfer characteristics, 
3. greater availability in quantity and shelf items, 
4. larger number of fabricators with experience relative to carbon 

steel pressure vessels and piping, and 
5. less serious problems related to radioactive corrosion products such 

as cobalt-60. 
Carbon and low-alloy steels have been used in nuclear heat exchangers 

principally as the strength material in clad composite steels from which 
the tube sheets and channels on the primary side and the shell and heads 
on the secondary side are fabricated. For these applications, the steel 
is treated either by the addition of aluminum during melting or by heat 
treatment of the wrought product to prevent the occurrence of brittle 
or low-cycle fatigue failure, which could be brought about by locked-in 
fabrication stresses. The aluminum assists, with silicon, in "killing" 
or de-oxidizing the steel, thereby producing a fine grain size and 
characteristic shape and distribution of nonmetallic inclusions. Steel 
treated in this manner has a lower nil-ductility transition temperature 
than untreated steel. The transition temperature is the temperature 
below which brittle fractures occur in the presence of a notch. 
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Aluminum treatment is more effective in improving the notch toughness 
of carbon steels at operating temperatures than quenching and tempering. 
Normalizing and tempering is still less effective in improving notch 
toughness. 

The minimum ductility requirements for carbon and low-alloy steels 
are usually extended in specifications for steam generators and heat 
exchangers to provide and exhibit minimum Charpy V-nctch energy values 
at specified temperatures to assure adequate toughness of the material 
or resistance to brittle fracture. The criteria are based on a correla-
tion between Charpy V-notch energy values and the nil-ductility temper-
ature as determined by drop weight tests for the class of steel. The 
Charpy V-notch test provides a practical means of assessing notch 
toughness with a minimal expense of time and money. 

The Charpy V-notch test is sometimes used in conjunction with 
other criteria to evaluate th- resistance of a material to brittle 
fracture. One such test is the measurement of notch toughness of steel 
by the Shear Transition Temperature where by visual examination of the 
fractured Charpy specimen, the ratio of shear area to cleavage area is 
measured to establish the NDT. Another test is the Lateral Expansion 
Determination of Notch Toughness and Transition Temperature, wherein the 
lateral expansion is determined by the increase in specimen width on the 
compression side of the fractured Charpy V-notch impact test specimen. 
The use of these criteria as a basis for acceptance of steel products 
should be by mutual agreement between the purchaser and the supplier. 
These tests are described in Specification SA-370 of Section III, 
Material Specifications, Part A, Ferrous, of the ASME Boiler and Pres-
sure Vessel Code. 

Notch toughness requirements are also demanded of the welds and 
base metals. The most satisfactory type of electrode for welding carbon 
steel where notch toughness is a requirement is the low hydrogen type, 
EXX16 or EXX18. Additional requirements limit the hydrostatic test 
temperature to at least the fracture transition temperature for elastic 
loadings (FTE); that is, to 60° F above the temperature at which the 
specified minimum average Charpy V-notch energy value is achieved. This 
criterion stems from the possibility that localized areas in a heat 
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exchanger may be stressed to a level approaching the yield stress during 
hydrostatic testing (localized plastic loading). 

It is foreseeable that as experience is gained in the use of carbon 
steel in primary loop serivces, the use of carbon steel may be extended 
to the tube bundles in nuclear steam generators because of the potential 
savings in final cost and the elimination of current problems with stress 
corrosion. Seamless and welded carbon steel tubing with thicknesses of 
at least 0.085 in. are currently being used for conventional steam boiler 
and superheater tubes. This 0.085-in. tube wall thickness is greater 
than that which would be required for strength loading under the current 
operating conditions of primary coolant systems in pressurized-water 
reactors, and it would be expected to provide sufficient corrosion 
allowance. 

8.1.3 Inconel 

The use of Inconel for heat exchanger tubing in pressurized-water 
nuclear reactor systems is based on its resistance to stress-corrosion 
cracking in hot concentrated chloride solutions under conditions where 
austenitic stainless steel fails rapidly. Inconel has low corrosion 
rates, low crud release rates, acceptable activity buildup, excellent 
weldability, and a relatively high resistance to pitting, intergranular 
corrosion, stress-corrosion cracking, and boric acid (chemical skim). 

There have been recent reports of intergranular corrosion and 
cracking of Inconel in certain high-pressure and high-temperature water 
environments. After numerous tests, it was found that certain contami-
nants can promote corrosion attack of Inconel. These are lead and 
oxygen. The lead caused cracking in the presence of tensile stresses, 
while oxygen was detrimental only in the presence of both crevice and 
high-tensile stresses. 
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8.2 Fabrication Details 

Among the fabrication details important to heat exchanger design 
for nuclear service are those related to welding, closures, and tube-
to- tube-sheet joints. The most critical single operation performed in 
the construction of nuclear power equipment is welding. Extremely high 
quality welding is necessary if the equipment is to possess the level 
of reliability required by the "no-failure" design concept that governs 
nuclear power systems. Reactor and other pressure-containing components 
of a nuclear power plant are generally fabricated to meet the require-
ments set forth in Section III, Nuclear Power Plant Components, of the 
ASME Boiler and Pressure Vessel Code; and Section IX of the ASME Boiler 
and Pressure Vessel Code related to welding qualifications. The stan-
dards RDT E 15-2T, Requirements for Nuclear Components (Supplement to 
ASME Boiler and Pressure Vessel Code, Section III), and RDT F 6-5T, 
Welding Qualifications (Supplement to ASME Boiler and Pressure Vessel 
Code, Section IX), are used in conjunction with Sections III and IX of 
the ASME Boiler and Pressure Vessel Code for projects performed under 
the auspices of the United States Atomic Energy Commission Division of 
Reactor Development and Technology. 

8.2.1 Welding Processes 

The welding processes generally used in heat exchanger fabrication 
are the shielded metal-arc process; submerged arc process; gas metal-
arc processes; and the automatic vertical welding processes, which include 
the electroslag, electrogas, and vertical submerged-arc welding processes. 
These processes may be used individually or in combination with each 
other, depending upon the thickness of the material, geometry of the 
component, desired properties, and economics. The designers of the sys-
tems and the components are jointly responsible for selecting the welding 
process to be used, for qualifying the welding procedure, and for con-
trolling the process during fabrication. 
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(a) Shielded Metal-Arc Welding Process. The shielded metal-arc 
welding process consists of melting the joint surfaces of the base 
metals by means of an electric arc established between the work and the 
coated metallic electrode. This is a versatile process that can be used 
to join metals with thicknesses ranging from light-gauge sheet to the 
thickest plate. The process can also be carried out in many different 
positions that include downhand, vertical, and overhead. 

The composition of the weld is determined by that of the core wire, 
modified by the composition of the coating and the base metal. Composi-
tion is the principal factor that controls the strength of the weld 
metal. There are numerous other factors which influence the strength 
of the welded joint, and these include heat treatment, design of the 
joint, dimensions of the joint, and the degree of perfection with which 
the welding operation is carried out. 

The requirements for coated electrodes are set forth in ASME Speci-
fications SA-233, SA-298, and SA-316 (RDT M 1-3, M 1-1, and M 1-4, 
respectively). Use of the correct electrode is of vital importance. 
Circumstances can exist where the accidental use of only one incorrect 
electrode can cause cracking in the weldment. Maintenance of any 
acceptable minimum of moisture in the electrode coating is critical, 
and low-hydrogen types of coatings tend to pick up moisture from the 
air when the packages of electrodes are open. As the moisture content 
of the coating increases, the amount of hydrogen entering the weld metal 
from decomposition of the water vapor as it passes through the arc also 
increases. The hydrogen content c«?n quickly reach high enough propor-
tions to cause cracking of the weld metal or under-bead. 

(b) Submerged-Arc Welding Process. In the submerged-arc welding 
process, the joint surfaces of the base metal are melted by an electric 
arc between the work and a consumable base metal electrode while the 
arc and welding zone are covered with a blanket of granular fusible 
material called a "melt" or a flux". The process can be adapted to 
semiautomatic or completely automatic operation, and it is especially 
suited to the production of continuous welds in thick material. The 



highly fluid weld pool and molten r'lux require that the process be 
limited to welding in an essentially flat position. 

Although the semiautomatic submerged-arc process is often used, 
the fully automated process is used more extensively in the fabrication 
of nuclear components. The control thus obtained over amperage, voltage, 
travel speed, and the position of the electrode in the arc zone makes 
it possible to precisely control the location, size, and contour of the 
weld bead. Therefore, a high degree of uniformity can be obtained in 
the composition, mechanical properties, grain structure, and overall 
quality of the weld. 

Multiple arcs are often employed in the submerged-arc process to 
further increase weld metal deposition rates. Two and sometimes three 
wires fed simultaneously into the flux-covered weld groove can produce 
a greater volume of weld metal per unit time. The composition of the 
weld metal is usually controlled by one of three methods. In the first 
method, a steel electrode of the desired composition is used with a 
neutral flux that has the necessary deoxidizers and slag-forming con-
stituents. In the second method, a carbon steel wire is used in con-
junction with fluxes that contain the desired alloying elements. In the 
third method, a fabricated tubular electrode is used as a sheath to 
enclose the alloying elements. The use of alloy-steel electrodes and 
neutral flux is preferred for multi-pass welding of thick sections of 
low-alloy steels. 

The basic specification governing carbon steel wire electrodes 
is ASME Specification SA-251, and corrosion-resisting chromium and 
chromium-nickel steel welding rods are covered by ASME Specification 
SA-371 (RDT M 1-2). However, because of the wide variety of electrode 
and flux compositions available, the designers of the systems and com-
ponents must qualify the electrodes and fluxes to be used to insure that 
satisfactory compositions and mechanical properties are obtained in the 
weldment. 

(c) Gas Metal-Arc Welding Processes. The metal-arc, inert-gas 
(MIG) process employs an electric arc maintained between the work and a 
continuously fed consumable bare wire electrode while the arc area is 
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protected from the atmosphere by a suitable shielding gas. Argon, 
helium, nitrogen, and mixtures thereof are frequently used as the shield-
ing gas. Carbon dioxide is also extensively used as a shielding gas 
for welding plain carbon steel and low-alloy steels. The composition 
of the filler wire used in MIG welding is generally selected to produce 
welds with essentially the same composition as the base metal and equal 
or greater strength. Although ASHE Specifications SA-251 and SA-371 
(RDT M 1-2) are applicable, the filler metal is an essential variable 
under Section IX of the ASME Boiler and Pressure Vessel Code and must 
be qualified along with the particular shielding gas used for each weld-
ing procedure. 

The current densities used in the MIG processes are high, ranging 
from 75,000 to 150,000 amperes per square inch. At the higher current 
densities, the molten filler metal is directed across the arc to work 
in the form of a spray. At lower current densities, the metal is trans-
ferred across the arc in the form of globules. This is generally referred 
to as the "short-arc" or "dip-transfer" process. The spray transfer MIG 
process may be set up on a semiautomatic or a fully automatic operation, 
and both are used as alternatives to the submerged-arc process. The 
semiautomatic spray transfer MIG process is applicable to the welding of 
nozzles, flanges, and other areas where a fully automatic setup may not 
be justified. The short-arc or dip-transfer process is generally used 
for welding light-gauge materials, for making the root pass of thick 
joints where the fit-up is poor, and for out-of-position welds. 

The MIG welding processes can be used to weld austenitic stainless 
steel, nickel alloys, and other nonferrous materials generally employed 
in nuclear components. When deposited properly, the weld metal has 
excellent quality and strength properties approximating those of the base 
material. A modification of the standard MIG welding processes is used 
to weld carbon and low-alloy steels. A tubular electrode containing a 
granular flux is used in this process, and the flux-cored electrode is 
conveyed through the welding gun in the same manner as the base core 
used in the standard MIG processes. As previously mentioned, carbon 
dioxide is generally used as the shielding gas. Extremely high current 
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densities are used in this process, which is capable of making 
high-quality welds in carbon steel joints. 

A. gas metal-arc welding process developed specifically for joining 
materials with thick sections in all positions is the "narrow-gap" 
process. The name for this process is derived from the fact that the 
concept in its simplest form consists of joining sections with square-
cut surfaces and unusually great thicknesses spaced as little as 1/4 in. 
apart. Because of the relatively small volume which must be filled with 
weld metal when the narrow-gap process is used, considerable savings can 
be made in the consumption of weld metal, preparation of the weld, and 
in the time required to make a weld in materials with thick sections. 
The results obtained with the narrow-gap process are such that joint 
efficiencies of 100% are possible and the joints can meet the bend tests, 
notch toughness, and radiographic requirements of Sections III and VIII 
of the ASME Boiler and Pressure Vessel Code. 

(d) Gas Tungsten-Arc Welding Process. The gas tungsten-arc weld-
ing process is often referred to as the tungsten inert-gas (TIG) process. 
The heat required for welding by the TIG process is produced by an 
electric arc maintained between a nonconsumable tungsten or tungsten 
alloy electrode and the metal to be welded. An inert gas atmosphere, 
generally of argon, helium, nitrogen, or a mixture of these, is used to 
shield the arc. This process may be applied manually or automatically. 

The TIG process is often considered a precision welding method for 
making precision joints where process and metallurgical control are of 
critical importance. Thus, the TIG process is used almost exclusively 
to weld the root pass of joints that are inaccessible from the back 
side. In this process and the previously discussed MIG process, both 
sides require shielding to prevent weld contamination. The TIG welding 
process can be used to make defect-free welds in tube-to-tube-sheet 
joints in nuclear heat transfer equipment. The precautions taken to 
make satisfactory welds with the TIG process are essentially the same 
as those used for the MIG process and consist mainly of the use of 
high-purity shielding gases, clean working surfaces and filler wire, 
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avoidance of drafts at the arc area, proper filler wire composition, 
and proper control of the welding parameters. 

(e) Automatic Vertical Welding Processes. Welding of thick sec-
tions in the vertical position may be done automatically by using the 
electroslag, electrogas, and vertical submerged arc welding processes. 

The electroslag process is an automatic method of welding material 
with thicknesses of up to 20 in. that does not employ an arc. This 
process can be used to weld carbon and low-alloy steels as well as 
austenitic stainless steels. 

Electrogas welding features the continuous feeding of a consumable 
base electrode or a flux-cored filler metal into an open arc shielded 
by a blanket of carbon dioxide or inert gas, depending upon the mate-
rials being welded. This process has been used successfully in both 
shop and field fabrication to join carbon and alloy steels with section 
thicknesses ranging from 1/2 in. to about 3 in. For thicknesses greater 
than 3 in., preheating and postheating are required when the electrogas 
process is used. However, this would be cheaper than using the electro-
slag process. 

Vertical submerged-arc welding is an automatic, single-pass vertical 
welding method. Carbon steel joints with thicknesses ranging from 5/8 
to 6 in. have been welded by using this process. 

(f) Qualification of Welding Procedures and Operators. Section 
IX of the ASME Boiler and Pressure Vessel Code contains basic rules that 
apply to the qualification of welding procedures, welders, and operators 
for all types of welding processes permitted in the other sections of 
the Code. Each manufacturer or contractor is responsible for the weld-
ing performed by his organization and shall conduct the tests required 
to qualify the welding procedures to be used in the construction of 
weldments built in accordance with the rules of the Code and the per-
formance of welders and operators who apply these procedures. 
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8.2.2 Closures and Closing Welds 

Closures applied to low- or high-pressure units are variations of 
standard bolted closures with gasketed joints. Various types of stan-
dard gasketed joints are illustrated in Fig. 8.1, and some combinations 
of these joints used to form bolted closures on a heat exchanger are 
illustrated in Fig. 8.2. Confined gaskets should be used in bolted heat 
exchanger joints for all except very low pressure service. The design 
illustrated in Fig. 8.1(h) is commonly used because of the positive 
location of the gasket and attendant simplification of assembly 
procedures. 

Shell closing welds may be made with or without a backing ring. 
If used, the backing ring must be removed from Class-1 vessels. Details 
of typical closing welds are illustrated in Fig. 8.3. For the weld 
made with a backing ring, illustrated in Fig. 8.3(a), the backing ring 
is installed loose with the bundle when inserted into the shell. The 
best fit of the backing ring in the shell or skirt is determined, and 
the backing ring is secured with eight clean tack welds that become 
part of the first pass weld. The typical weld detail illustrated in 
Fig.- 8.3(a) has several variations, including the use of a ring which 
becomes part of the weld. A typical closure weld without a backing 
ring where the lip at the land provides the full penetration on the first 
pass is illustrated in Fig. 8.3(b). Both designs require inert gas 
purging in the back of the weld during the welding operation. Details 
of fit-up should be reviewed carefully, the fit-up must be monitored 
during assembly of the unit, and an accurate fit must be achieved 
before starting to weld the joint. 
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ETR3-132 

Pig. 8.1. Standard Types of Gasketed Joints (from Ref. 24). 
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ETR3-132 

Fig. 8.2. Combinations of Standard Types of Gasketed Joints 
(from Ref. 24). 
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Fig. 8.3. Details of Typical Closing Welds. 

8.2.3 Tube-to-Tube Sheet Joints 

Tubes are joined to the tube sheets by mechanical or explosive 
expanding, welding, or brazing. The usual method is to roll the tube 
ends into the holes in the tube sheet. When an interlocking mechani-
cal joint is required, one or more grooves or serrations can be machined 
into the tube holes. For severe conditions, the tubes may be seal 
welded or strength welded. Typical tube-to-tube-sheet joints for less 
critical applications are illustrated in Fig. 8.4, and joints with an 
additional safeguard provided by a seal weld are illustrated in Fig. 8.5. 
In Fig. 8.6, the locking ridge formed by the tube sheet serrations is 
used for high-pressure and high-temperature applications, and a project-
ing type of joint where both the tube sheet and liner are serrated is 
illustrated in Fig. 8.7. Joints used when bimetallic or duplex tubing 
is required because of different corrosion problems on the tube side 
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Fig. 8.4. Typical Tube-to-Tube Sheet Joints for Less Critical 
Applications (from Ref. 24). 
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Fig. 8.5. Tube-to-Tube-Sheet Joints With Additional Safeguard of 
Seal Weld (from Ref. 24). 
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Fig. 8.6. Tube-to-Tube-Sheet Joints with Locking Ridge of Tube 
Sheet Serrations for High-Pressure and High-Temperature Application 
(from Ref. 24). 
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ETR3-132 

Fig. 8.7. Projecting Type of Tube-to-Tube-Sheet Joint with Tube 
Sheet and Liner Serrated (from Ref. 24). 

and shell side of the exchanger are illustrated in Fig. 8.8. A ferrule 
of the same material used for the internal tube is used so that the 
tube-side fluid is always in contact with the same material. 
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B. 
projecting type bimetal tube with 
ferrule, tubesheet and liner serrated 

C. 
projecting type bimetal tube with 
ferrule, double tubesheet serrated 

Fig. 8.8. Tube-to-Tube-Sheet Joints Used When Bimetallic or 
Duplex Tubing is Required (from Ref. 24). 

In nuclear heat exchangers, the tube sheet is designed to withstand 
the full primary-side design pressure. The tube sheet must also be 
capable of withstanding the rapid changes in temperature, pressure, 
flow, and the resulting thermal stresses caused by rapid fluctuations 
m operating conditions. When evaluating the design for the tube sheet, 
consideration must be given to the number and pitch of the tubes to 
insure that adequate ligament area is maintained. 



315 

Tube sheets are made in the form of forgings or rolled plate, 
the latter being used in large exchangers. Both flat and radiused tube 
sheets are used in sizes ranging up to 24 in. thick and up to 120 in. 
in diameter for the flat type, which is more commonly used. The primary 
face of the tube sheet is clad with stainless steel by either* roll 
bonded or weld deposit methods. The tube holes are drilled and some-
times reamed to achieve a high degree of surface smoothness. 

The tubing is designed to carry the high-pressure fluid internally, 
and the material used is either ferritic steel, austenitic stainless 
steel, or Inconel. The tube diameters commonly used range from 1/2 to 
3/4 in., and the wall thickness of the tubes is around 0.050 in. 
Straight lengths of tubes may be used, or U-tubes or helical tubes may 
be used. In U-tube construction, the tubes are bent 180° to prescribed 
radii. When the tubes are fabricated of austenitic stainless steels, 
the bends are stress relieved to diminish the residual stresses from 
plastic deformation and to reduce the susceptibility to stress corrosion. 
This treatment entails heating the bent tube to a temperature of 1800°F 
for a short period of time. 

The current nuclear practice is to seal the radioactive primary 
fluid from the secondary fluid in the exchanger by welding the tubes to 
the tube sheet. Prior to welding, the tubes are rolled (sometimes only 
tack-rolled) into the tube sheet. The rolling operation serves to pro-
vide optimum fit-up for welding and to reduce the crevice formed between 
the tube and the tube sheet. To minimize the magnitude of residual 
stresses in austenitic stainless steel, the rolling operation is usually 
limited to a pressure roll which serves to assure contact between the 
outer surface of the tube and the tube hole. The tube rolling process 
is carefully controlled to insure that the rolls come no closer than 
1/8 in. to the secondary side of the tube-sheet face. This technique 
minimizes the stresses at the tube surfaces exposed to the secondary 
coolant. 

The type of tube-to-tube-sheet weld used will vary from seal welds 
to full-strength welds, depending upon the operating conditions. Both 
the manual shielded metal-arc and the automatic inert gas shielded 
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tungsten-arc welding processes are used to make the tube-to-tube-sheet 
welds. The tube-to-tube-sheet joint design for the manual shielded 
metal-arc welding process is illustrated in Fig. 8.9. When this process 

Fig. 8.9. Tube-to-Tube-Sheet Joint Design for Manual Shielded 
Metal-Arc Welding Process. 

is used, the tube bundles and tube sheet assembly are rigged so that the 
weld is performed in the horizontal position. Multilayer welding with 
consequent enhanced reliability is possible with this process because 
there is only a remote possibility that a flaw in the root layer will be 
aligned with a flaw in the outer layer through which leakage could occur. 
The configuration of this type of weld joint offers an obstruction to the 
flow of the primary coolant and provides a potential trap for foreign 
matter. 

The tube-to-tube-sheet joint design for the automatic inert gas 
shielded tungsten-arc welding process is illustrated in Fig. 8.10. 
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Fig. 8.10. Tube-to-Tube-Sheet Joint Design for Automatic Inert Gas 
Shielded Tungsten-Arc Welding Process. 
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In this process, the tube sheet is trepanned to minimize the chilling 
effect on the welding operation in the area around each tube hole. 
This results in a relatively thin section in the header sheet at the 
weld, reduces the thermal stresses, and insures adequate fusion of the 
base metal of the tube and tube sheet. The configuration of this weld 
joint offers no obstruction to the flow of the primary fluid and pro-
vides no potential trap for foreign matter. However, the use of a 
trepanned tube sheet design will result in a larger and more expensive 
heat exchanger. 
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9- DESIGN FOR MAINTENANCE 

The system designer normally develops the maintenance requirements 
for the heat exchanger and provides the means to fulfill these require-
ments in accordance with the project objectives. The maintenance methods 
and procedures may be established in the design, and the designer may 
identify the type of activities to be performed with the equipment in 
place and after removal of the equipment. The recommendations in Section 
4 of the TEMA Standards1 should be considered. Design for maintenance 
includes consideration of the plant layout, radiation safety, details to 
facilitate inspection, provisions for isolating the unit, means for 
servicing the unit, special tools, and the preparation of service 
manuals• 

9.1 Plant Layout 

The plant layout must be arranged to accommodate both the process 
and the maintenance requirements. This means that the value of addi-
tional building space will have to be balanced against the intangible 
value of easier access. To accomplish this, an adequate knowledge of 
the configuration of the heat exchanger is required early in the design 
phase of a project- Access aisles and working space are usually pro-
vided in the immediate area of the unit to accommodate both personnel 
and equipment. Ease of access can be accomplished through the use of 
permanent ladders, stairs, platforms, and clear areas for routine inspec-
tion and minor maintenance. Usually, permanent access areas, platforms, 
and ladders can be provided for any inspection or maintenance that will 
be needed during the normal plant refueling shutdown periods. 
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9.1.1 Work Space 

Work space is usually required for such activities as the opening 
of equipment for inspection or tests, tube replacement, repair of tube-
to- tube- sheet joints, removal of tube bundles, and any routine cleaning 
of the unit. Equipment can be arranged so that possible working spaces 
are shared by more than one unit. One method is to locate exchangers so 
that tubes or tube bundles are withdrawn into the same space. Another 
method is to stack horizontal exchangers above each other so that all 
tubes are pulled into the same vertical space. When adequate permanent 
areas for tube replacement or tube bundle removal cannot be justified, 
the plant should be arranged so that the necessary space can be pro-
vided when needed by removing adjacent small light equipment and special 
removable flanged pipe spools. 

A minimum space of 3 to 4 ft is required for the performance of 
routine cleaning operations. Consideration should also be given to the 
provision of space required for removable bonnets, channels, or channel 
covers that might be incorporated in the design for the heat exchanger. 

9.1.2 Facilities for Lifting and Moving 

Handling of heavy units for maintenance or repair is accomplished 
more readily if the operation is planned during the system design phase 
and the necessary permanent facilities are provided in the building. 
Since the structural design usually precedes the mechanical design by 
several months, sufficient preliminary work should be done early in 
the project to furnish adequate information for structural design. 

The system designer can provide such facilities as crane rails 
and trolleys for future use with a hoist. Eyebolts can be provided at 
strategic locations for direct lifts of such items as the channel cover, 
channel, or bonnet of an exchanger. When the removal of a tube bundle 
is anticipated, the design may include provisions for tracks in the 
floor, dollies to carry the bundle, anchorage points for chain hoists, 
and other such items. 
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9.1.3 Working Environment 

Facilities that provide the proper environment for execution of 
the work to be performed should be furnished. Provisions should be 
made in the design for sufficient lighting and ventilation, either 
permanent or temporary, to permit personnel to work in the required 
areas. Utilities for electric and pneumatic tools and electric weld-
ing machines should be provided. The requirements for equipment wash-
down should be developed, and the floor drains, demineralized water 
supply, and other required facilities should be provided. 

9.2 Radiation Safety Considerations 

Provisions for personnel safety should be considered and included 
in the design for maintenance and inspection. In collaboration with the 
shielding engineers, the system designer must provide means for adequate 
radiation shielding of personnel. Such shielding may be in the form of 
permanent or movable walls of concrete blocks and/or lead bricks. Such 
block and/or brick walls can be used to provide shielding during system 
operation and removed to provide access paths for movement of personnel 
and equipment after safe working conditions are established. Remote 
handling tools may also be used with block walls and lead sheet to 
reduce radiation exposure during maintenance operations. 

The arrangement of process fluids inside the exchanger must be 
considered with respect to the effect of these fluids on personnel 
working near the unit. For example, a measure of self-shielding can 
be achieved with a unit handling component cooling water by putting the 
radioactive fluid in the tubes and surrounding the tubes with the com-
ponent cooling water in the shell side of the exchanger. Similarly, 
the fluid with the higher radioactivity level can be put inside the 
tubes of a regenerative heat exchanger to achieve the same effect. 
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9.3 Inspection Considerations 

Mechanical details can be included in the design of the heat 
exchanger to facilitate inspection during the operational phase of the 
unit as well as during the fabrication phase, which is covered in Sec-
tion 10. Inspection after start-up can be enhanced by the provision of 
handholes to permit examination of critical areas. Typical locations 
for handholes are in bonnets and channels to permit inspection of tube-
to- tube-sheet joints and in the shell to permit inspection of several 
baffles, tube bends in U-tube exchangers, and tube bundle inlet and 
outlet areas. A handhole should be located near the point of potential 
maximum tube vibration if the exchanger design will permit. 

Inspection of components in nuclear cooling systems is covered by 
Section XI, Inservice Inspection of Nuclear Reactor Coolant Systems, of 
the ASME Boiler and Pressure Vessel Code. The emphasis of this code is 
on inspection of welds and the adjacent base metal. Provisions to per-
mit this inspection must be made by the designer. 

9.4 Provisions for Isolation 

Unless there are reasons that require further investigation, isola-
tion valves may be provided for individual heat exchangers in connec-
tions of 8 in. or less. Regardless of the connection size, isolation 
valves should always be provided for units in parallel to permit their 
servicing during plant operation. In those cases where the use of 
isolation valves is to be determined by the system designer, an economic 
analysis is required. The cost of incorporating isolation equipment 
must be evaluated against the additional cost of the required waste 
treatment or storage facilities plus the cost of the downtime required 
to drain and fill the system. 
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9.5 provisions for Servicing 

Consideration should be given to the necessary provisions for 
servicing the heat exchanger. This should include provisions for dis-
assembly and reassembly of the unit as well as in-place repairs. Pro-
visions must also be included for decontamination of the unit when 
required, for routine cleaning, and for lay-up of the unit if this is 
foreseen. 

9.5.1 Disassembly and Reassembly 

The system designer, process engineer, and component designer may 
collaborate in designing the heat exchanger and providing the means for 
its disassembly and reassembly. The intended extent of the disassembly 
and reassembly operations can be included in the procurement documents 
through provisions in the system design. The servicing provisions that 
must be furnished may be defined in the design. For example, a bolted 
bonnet or channel that can be completely removed to provide access to 
the tube sheet may be required. A welded channel with bolted channel 
covers and pass partition plates may be required for large units. If 
the unit is of all-welded construction, the designer can stipulate where 
the unit will be cut for disassembly and how many times this operation 
may be performed during the life of the exchanger. 

The system designer can specify the permanent handling aids, dis-
cussed in Subsection 9.1.2, to be provided. The component designer can 
design the unic to permit the disassembly and reassembly operations 
specified in the procurement document. The component design usually 
includes handling accessories such as sling points and provisions for 
the attachment of eyebolts for lifting. 

9.5.2 In-Place Repairs 

When evaluating in-place repairs of a heat exchanger, repairs on 
the shell, channel, tube-to-tube-sheet joint, and plugging or 
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replacement of heat transfer tubes are usually considered. The design 
of the exchanger should permit access to all tube ends in the unit for 
inspection and repair of the tube-to-tube-sheet joint. If the tube 
bundle must be removed for other maintenance work, repairs to the 
periphery of the.bundle, such as tie-rod replacement, may be considered. 
However, if tube replacement capability is required of the exchanger, 
only straight tube designs should be considered since U-tubes are for 
all practical purposes not replaceable. 

9.5.3 Decontamination 

When required, the decontamination process to be used on a heat 
exchanger should be determined by the designer and specified in the 
procurement document. If the decontamination process removes base mate-
rial, the thicknesses of material specified for the exchanger must be 
adequate to provide a corrosion allowance that will accommodate antici-
pated material losses caused by decontamination over the life of the 
unit. Connection nozzles for circulation of the decontaminating 
solutions through the unit should be specified in the procurement 
document for the exchanger. Facilities should be provided in the plant 
for disposal of spent decontaminating solutions when decontamination is 
required. 

The component designer must reduce crevices in the exchanger to 
a minimum. Undrainable pockets should be avoided to the maximum extent 
possible. Blind end pockets should be provided with drain connections 
where possible to permit proper circulation and removal of decontami-
nating solutions. 

9.5.4 Routine Cleaning 

The internals of the heat exchanger must be clean at the time of 
initial start-up of the system. This requirement is met by cleaning 
the exchanger before it is shipped from the fabricator and keeping it 
clean during shipment, storage, and installation. Adequate requirements 
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and controls to assure that the specified degree of cleanliness is 
obtained must be contained in the procurement, document and the instal-
lation document. The installation specification can require that the 
completed installation be cleaned and flushed before system start-up. 
Temporary strainers can be inserted at strategic locations in the system 
to remove any construction debris that may be left in the system before 
start-up. 

Once the exchanger is in operation, it is necessary to minimize 
fouling. Fouling is caused by either deposition of suspended solid 
particles or the formation of scale by chemicals which are dissolved in 
the fluids. If the process fluids involved in the energy transfer have 
the same degree of cleanliness (for example, the primary coolant and 
the component cooling water in an excess letdown heat exchanger of a 
pressurized-water reactor), the normal practice of putting the higher-
pressure fluid in the tubes may be followed. However, if one of the 
fluids contains either suspended solids or dissolved chemicals, other 
possibilities may be considered. One alternative is to clean the water 
and follow the normal practice of putting the higher-pressure fluid on 
the tube side. Such cleaning includes filtering, chemical water treat-
ment, and deminer:*iization. If scaling tendencies are not great but 
suspended solids are present, another alternative is to put the dirty 
fluid on the tube side of the exchanger and maintain sufficient velocity 
to minimize deposition of the particles. 

Heat exchangers are usually cleaned on a scheduled basis, and the 
system designer can specify chemical or mechanical cleaning or both. 
Chemical cleaning is accomplished by circulating various types of 
special cleaning solutions through the exchanger, and the provisions 
for chemical cleaning can be coordinated with the requirement for decon-
tamination. One set of nozzles can serve both purposes. Mechanical 
cleaning is accomplished through the use of brushes, scrapers, or 
turbines to clean the inside of the tubes and water lances to clean 
the outside of tube bundles. 
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9.5.5 Lay-Up 

The requirements for future lay-up of the heat exchanger should 
be considered when the piping and equipment arrangements are prepared. 
Prior to storing a heat exchanger for an extended period, the unit 
should be drained and blown dry with warm dry filtered air and then 
sealed. Strategically placed nozzles and removable sections of piping 
or valves can be provided for this purpose. These removable sections 
may be flanged or simply straight sections that can be cut out. For a 
welded system in which a spool piece is cut out, provisions can be made 
in the design for the proper re-installation of the removed section and 
performance of all necessary quality assurance examinations. If one 
of the process fluids contained in the exchanger to be stored is salt 
water or a corrosive medium, the designer must ascertain whether the 
exchanger materials will require any special treatment or precautions 
during lay-up. 

9.6 Special Tools, Jigs, and Fixtures 

After the maintenance procedures for the heat exchanger have been 
determined, any special tools, jigs, and fixtures required for these 
procedures should be specified in the procurement document. Both the 
system and component designers participate in tool selection. The 
procurement document prepared by the system designer usually requires 
that a list a* special tools be furnished with the bid, and this list 
is prepared by the component designer when the bid is prepared. During 
bid evaluation, the system designer determines which of the tools listed 
shall be purchased for maintenance of the heat exchanger. Such items 
as tube rolling equipment and special eyebolts and wrenches are procured 
with the exchanger. Such items as special slings for the tube bundle, 
dollies for the bundle, and tube-to-tube-sheet welding gear may be 
specified by the system designer for independent procurement action, 
using design specification information supplied by the component 
designer. The system designer should extend his work far enough to 
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identify specific equipment, such as borescopes and ultrasonic flaw 
detectors, that will be used in inspection and failure detection. 
Timing of the procurement of these tools can be left to the discretion 
of the owner of the facility. 

9.7 Preparation of Service Manuals 

Servicing of the heat exchanger may include inspection, cleaning, 
tube replacement, tube plugging, and repair of tube-to-tube-sheet joints. 
If the unit has a removable tube bundle, impingement baffle repair and 
limited tie-rod replacerent should also be considered. The designer 
should prepare service manuals that reflect proven practices and any 
unique features incorporated in the design of the unit that require spe-
cialized service attention. The steps to be taken in opening and clos-
ing the unit, the procedures to be used in leak testing, and the recom-
mended procedures for field repair of the unit should be included in 
these service manuals. 

9.7.1 Opening and Closing the Unit 

Opening the heat exchanger can be accomplished by either remov-
ing a bolted access cover or cutting a specially designed weld to 
provide access. The steps to be taken in opening the unit should be 
described in detail in the service manual. The procedures used to 
isolate the unit usually precede a description of the procedures for 
draining and opening the unit. The effects of entering a wet exchanger 
should be considered, and procedures for flushing and/or drying should 
be proposed. 

The procedures for closing the unit after the completion of repairs 
should include a description of auy necessary nondestructive examinations 
and their acceptance criteria. The procedures for closing bolted open-
ings may include a list of consumable items, such as gaskets or bolts, 
and a specific bolting procedure that includes the final torquing of 
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valves. Opening and closing procedures are usually concluded with an 
acceptance hydrostatic test to be performed after the unit is closed 
and ready for service. 

9.7.2 Method of Leak Detection 

The leak-test method to be used to test the heat exchanger should 
be specified by the designer. The necessary test procedures should 
then be described by the designer. 

9.7.3 Recommended Procedures for Repair 

Faults requiring field repair include a leaking tube or a leaking 
tube-to-tube-sheet joint. A leaking tube can be replaced in an 
exchanger with straight tubes. A leaking tube is usually plugged in 
exchangers with U-tubes. Leaking tube-to-tube-sheet joints can be 
repaired by using the original construction method. 

The component designer should determine the types of repairs that 
are usually required and incorporate procedures for their performance 
in the maintenance manual. These procedures should be described in 
step-by-step detail. Other features that might be considered in the 
maintenance manual are special procedures for handling tube bundles 
and removal of bundles from the exchanger. 

Tube bundles are usually supported on the tube sheets, baffles, or 
tube support plates. To prevent damage to the tube sheets, baffles, and 
tube support plates during moving, the bundle should be placed on skids 
or dollies. If it is necessary to handle the tube bundle directly with 
a hoist, the tubes must be supported properly to protect against damage. 
The moving procedures should require that the load be distributed by a 
combination of wide band slings and uniform load-distribution dunnage. 

When it is intended that the tube bundle be removed during regu-
larly scheduled cleaning operations, procedures may be included for 
removal of the bundle on a specially designed dolly running on rails 
embedded in the floor. 
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10. DESIGN FOR INSPECTION, EXAMINATION, AND TESTING 

Design for inspection, examination, and testing of the heat 
exchanger requires that consideration be given to the establishment of 
the desired quality level for the unit, the inspection requirements, 
and documentation of all material tests, component examinations, and 
proof testing. 

10.1 Quality Level Establishment 

The system designer and/or the process engineer establish the flow 
diagrams and operating parameters for the system. Criteria, including 
those affecting quality level, are established to assure that the design 
of each of the components in the system is compatible with the require-
ments for the system as a whole. These criteria are included in speci-
fications written by the system designer or a person employed by the 
same organization that are used for bidding and the eventual purchase 
of each of the components in the system. The component designer receiv-
ing such a specification must implement all of the quality controls set 
forth in the procurement specification in the design of the component. 
Thus, establishment of the desired quality level requires both system 
design and component design considerations. 

10.1.1 System Design Considerations 

The quality level of a heat exchanger is usually established by 
the system designer on the basis for normal and emergency use and the 
backup equipment available in the event of failure. Recognizing that 
cost and quality go hand in hand, the system designer should evaluate 
the various alternatives available to him to produce a component that 
meets the necessary service, requirements. Consider a residual heat 
removal exchanger. From the viewpoint of the ASME Boiler and pressure 
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Vessel Code, this exchanger need not be designed to meet the 
requirements of Code Class 1 of Section III since its failure, isola-
tion, or removal from the system does not endanger the safety of the 
system or plant. However, when reviewing the requirements for safe 
shutdown of the reactor, a completely different picture emerges in which 
the residual heat removal exchanger is all important. Thus, the designer 
need not require the highest code quality, but a definite level of qual-
ity is clearly required. The designer can use the highest code quality 
available, knowing that it is a higher quality level than necessary. 
Alternately, he can use a lower code quality and supplement it with the 
additional quality control requirements needed. Both methods can be 
used to achieve a satisfactory end product. 

With a complete understanding of the quality level required for the 
exchanger, the system designer can present the requirements to the com-
ponent designer clearly and specifically in the procurement specifica-
tion. The dimensional inspections, nondestructive examinations, 
documentation, and proof testing required to certify conformation of 
the exchanger to the quality level demanded should be delineated either 
by specific statements or by reference to codes and standards in the 
procurement specification. Specific criteria by which the acceptability 
of any inspection or test will be judged should be included in the pro-
curement document, and any tolerances that may be acceptable can be 
included in the criteria. 

10.1.2 Component Design Considerations 

The component designer normally receives a specification in which 
the required quality level has been established by the system designer. 
The component designer must implement all quality controls set forth in 
the procurement document in the design of the required component. In 
those instances where the procurement document sets a general level of 
quality but leaves specific quality control requirements to the discre-
tion of the component designer, the designer of the component may spec-
ify additional controls. The component designer will develop the 
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complete manufacturing sequence and indicate therein the quality control 
procedures required at each stage of manufacture before the component 
or subassembly is permitted to advance to the succeeding stage of manu-
facture. He can specify such things as control surfaces, class of fits, 
and critical dimensions and surfaces. He can also include detailed pro-
cedures for accomplishing each examination required, taking into account 
the equipment and accuracy required. 

The component designer normally will not be free to lower the qual-
ity level specified by the system designer. He may, however, raise the 
quality level when in his judgment it is advisable. The component 
designer can provide access for both production examinations and "in-
service examinations after installation. The component designer may 
have the responsibility for coordinating the inspection and documenta-
tion requirements with those of the base-line inspection, described 
later, so that as many inspection operations as practicable will serve a 
dual purpose. For example, where special examination procedures are 
specified, as for instance in the closing weld of a Class-1 heat 
exchanger shell, detailed procedures will be needed to define the com-
bined manufacturing and inspection operation. 

10.2 Inspection Requirements 

Inspection requirements that must be considered include the 
sequence of the tests to be performed, the procedures for dimensional 
inspections, and any special inspection requirements. 

10.2.1 Sequence 

A detailed procedure of all inspections and tests and the order in 
which they will be performed is a necessity. An example of this would 
be the two nondestructive examinations required for forgings by Para-
graph NB-2541 in Section III of the ASME Boiler and Pressure Vessel Code. 
For this case, the procedure should provide for an examination sequence 
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that will disclose any defects in the shortest time possible and for the 
smallest expenditure of resources. A more typical example where preplan-
ning of inspection sequence is important is the dimensional and square-
ness inspection of a baffle structure. The physical location and align-
ment of each baffle or tube support plate will be checked, and procedures 
should be established to permit performance of the necessary verification 
requirements in one setup of inspection devices and reference surfaces. 

In any sequence of inspection procedures or steps, it is axiomatic 
that the finer the measurement required, the higher the cost of the 
inspection. Thus, the sequence of inspection steps developed should 
involve implementation of the lowest cost examinations first and proceed 
through the series of examinations in ascending order of cost. Inspec-
tion sequences can also be arranged so that any component required to 
serve as a base for any other examinations or inspections has been com-, 
pletely examined and accepted before any succeeding examinations are 
begun. 

10.2.2 Dimensional Inspections --w , 

A complete set of fabrication drawings with all necessary dimensions 
and acceptable tolerances is a necessity. This includes all linear 
dimensions and surface finishes. It is highly desirable for the designer 
to provide input into the selection of the examination techniques to be 
used and the procedures to be followed. An example of this might be the 
measurement of the alignment and squareness of a 50-ft-long baffle struc-
ture assembly that the designer wants aligned with optical instruments. 

10.2-3 Special Requirements 

Special requirements may be imposed at both the system and the 
component design level. One special requirement may be the nondestruc-
tive examination of the bent portion of a heat transfer U-tube after 
bending. Other requirements in the field of welding may be for tests 
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to determine the weldability of individual heats of heat transfer tube 
materials or for the precise list of process variables which must remain 
constant in order not to void a tube-to-tube-sheet welding procedure. 
In the area of tube vibration, the designer may require the manufacturer 
to demonstrate that the damping factors he has designed into his equip-
ment do in fact exist in the equipment as predicted. 

10.3 Documentation 

The implementation of a completely documented quality assurance 
program, specifying all quality assurance procedures to be executed dur-
ing fabrication, will be required for components used in nuclear service. 
Such a program may start with the procurement of the material and termi-
nate with shipment of the unit. The documentation required to assure 
that the desired quality level is maintained may include mill test 
reports, nondestructuve examination reports, defect and correction 
reports, proof testing reports, cleaning reports, material samples, and 
site reports. 

10.3-1 Mill Test Reports 

When the material of construction is procured for the heat 
exchanger, it may be a requirement that all mill test reports be certi-
fied for the actual material delivered. Such things as tensile tests, 
chemical analyses, and Charpy impact tests at a specific temperature may 
be required. In some instances, an actual nondestructive temperature 
determination test may also be required. 

10.3.2 Nondestructive Examination Reports 

A record of all nondestructive examinations should be maintained, 
and it may be desirable to have these records delivered to the owner 
upon completion of fabrication. The number of tests may be a prime 
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consideration and, in some cases such as when only one test is to be 
performed, a directly recordable test may be advisable. However, 
directly recordable tests are relatively expensive, and their use should 
be minimized. 

All reports should identify the component examined, the procedure 
used, the acceptance criteria required, the data taken during the exami-
nation, the results of the examination, and the disposition of the compo-
nent. All original data and records should become part of the report. 
Reports used for both component acceptance and base-line inspection may 
be required to be furnished in duplicate to permit the owner to keep 
separate files. 

10.3.3 Defect and Correction Reports 

It may be desirable to require that any major defect be described 
in an individual report in which the defect is identified and described 
and the proposed procedures to be used to correct the defect are 
described. A second report may be required. This report would contain 
the results of the defect correction and all inspection examinations 
made as well as a formal acceptance of the defect correction by the 
purchaser. 

10.3.4 Proof Testing Reports 

Proof testing reports may be required for such tests as the hydro-
static tests, leak tests, flow tests, and the final thermal acceptance 
test. The reports may include the original data taken, descriptions of 
the tests performed, the test log, and the calculations made during the 
tests. All reports should be signed and dated by representatives of 
all interested parties present during performance of the tests. These 
interested parties include the system designer, component designer, 
installation contractor, inspection agency, and the owner. All data 
sheets and test logs should be signed and dated by at least two parties 
to insure the future validity of the records. 
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10.3.5 Cleaning Reports 

The cleaning reports prepared should include a description of the 
procedures followed and a log of the operations performed. Details 
regarding preparation of the cleaning solutions, temperatures, water 
analyses, etc., should be given. Cleaning reports may be concluded with 
details of the cleaning inspections performed, decisions reached, and 
the reasons for these decisions. 

10.3.6 Samples 

Consideration should be given to the need for collecting samples of 
heat transfer tubing, tube sheet, and shell plate materials in both the 
welded and unwelded condition for the permanent custody of the owner-
A permanent record of the original conditions of materials may be very 
valuable if experimental or unusual processes are involved in the manu-
facture or use of a unit. 

10.3.7 Site Reports 

Preparation of site reports by the personnel responsible for receiv-
ing inspection should be considered. Particular attention should be 
given to the value of thorough descriptions of any apparent damage to 
the article received. 

10.4 Examination 

Examination requirements must be established to ensure that individ-
ual components are manufactured to a quality level compatible with that 
of the system in which they are to be used. Input into these require-
ments will come principally from the system and component designers. 
Normally, both nondestructive and destructuve examination techniques 
will be specified. 
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10.4.1 Nondestructive Examination 

Visual, magnetic particle, and dye penetrant tests may be used for 
surface examinations, and radiography, eddy current, and ultrasonic 
tests may be used for interior examinations. Generally, as soon as the 
system designer specifies a particular code and class for his component, 
the nondestructive examinations required at each stage of procurement 
and fabrication are automatically established. 

Codes stipulate minimum acceptable standards, and the designer can 
review the code requirements to see if they are adequate for his pur-
poses. When the code requires only one examination, as does code Class 
1 of Section III of the ASME Boiler and Pressure Vessel Code for plate 
material (ultrasonic examination), consideration should be given to the 
desirability of augmenting the code requirements. However, as previously 
noted, the cost effectiveness of additional examination should be weighed 
carefully. For example, it would be difficult to justify the cost of a 
C-scan on a shell plate when examining it for acceptability, but it 
would be relatively easy to justify the cost of a C-scan for a weld that 
cannot be radiographed. Since developments in the field of nondestruc-
tive testing are advancing very rapidly, the design engineer is cautioned 
to review the methods available for recorded examinations. 

Code Class 1 of Section III of the ASME Boiler and Pressure Vessel 
Code defines and requires qualification of inspectors. As well as spec-
ifying the procedure and acceptance criteria for the desired nondestruc-
tive examination, the designer must also investigate the qualifications 
required by the code for the examination of operators and augment these 
requirements as necessary. This is particularly true for a unit required 
for the safe shutdown of the reactor- The designer must specify in 
detail the examinations to be made, the criteria for acceptance, and 
the qualifications of the personnel executing the examinations. 
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10.A.2 Destructive Examination 

Destructive examinations are normally performed during the mill 
tests made by the metal producer. If a mill test report is requested 
with no qualifying statments, the information received will be limited 
to yield stress, ultimate stress, and a chemical analysis. Only the 
elements in the metal specification will be reported in chemical analyses, 
but additional information can be specifically requested. The values 
given in a mill test report may be typical or actual, depending upon the 
practice of the metal supplier. A certified mill test report will con-
tain actual values for the metal heats supplied. When additional 
information, such as a Charpy impact test or an actual nil-ductility 
transition temperature determination, is required; the designer should 
specify the test required, the procedure to be used, and the acceptance 
criteria. 

10.5 Proof Testing 

Proof tests for acceptability of the heat exchanger may include 
strength testing, leak testing, hydraulic testing, and thermal testing. 

10.5.1 Strength Testing 

In the context used here, strength testing is synonymous with hydro-
static testing. The strength testing procedures to be followed, the 
water quality required and the acceptance criteria required must be 
specified. When designing for strength testing, the designer should con-
sider the number of times the strength test stresses will be imposed on 
the component. This consideration should result in a very specific pro-
cedure that would insure application of the test stresses in a precise 
sequence and at a carefully stipulated rate. The water quality required 
for the strength test may pose a difficult problem and should therefore 
be given close attention. 
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10.5.2 Leak Testing 

The hydrostatic testing discussed in the preceding subsection is 
suitable for detecting gross leaks. Smaller leaks may be detected by 
using either halogen leak tests or helium leak tests. These more 
sensitive types of tests can be restricted to developmental situations 
involving the use of new designs or new materials. Specifications for 
these methods will detail the procedures to be used, including such 
items as bagging methods, taping of joints, and whether sniffing will 
be permitted rather than strict vacuum testing. The component designer 
must have a knowledge of the availability of the proper facilities, such 
as detectors, trace gas, clean and draft-free areas, etc., for perform-
ance of the test. He must also recognize the sensitivity of the test by 
scheduling cleaning and drying of the component before testing. 

10.5.3 Hydraulic Testing 

The hydraulic test requirements are normally specified by the sys-
tem designer. These requirements should be designed to prove the accept-
ability of the overall fluid system as well as the hydraulic acceptabil-
ity of the heat exchanger. If an acceptable hydraulic flow test is 
required for final payment, this information must be contained in the 
procurement document. All relevant information pertaining to the test, 
such as the instrumentation to be used, data required, duration of test 
runs, calculations to be made, and the calculation tolerances, can be 
included in the procurement document. The system designer can either 
write the detailed test procedures or prepare sufficient guidelines to 
permit them to be written. If the system designer does not write the 
procedures, he will normally reserve the right of approval of the proce-
dures written by others. 

When determining the requirements for the test, the benefits of the 
test information should be weighed against the cost of obtaining this 
information. The initial goal of any hydraulic flow test may cover the 
range from zero to 125% of design flow. However, this goal should be 
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tempered with practical considerations for the safety of the equipment, 
particularly that of electric motors. Tests may be run for both the 
shell side and the tube side of the exchanger. Whenever direct measur-
ing instrumentation cannot be used, careful attention must be given to 
the formulation of complete indirect measuring methods, including an 
estimate of their accuracy. 

10.5.4 Thermal Testing 

The main purpose of a thermal test is to prove the adequacy of the 
design. Before requiring such a test, the system designer should look 
at the economics of the situation. The decision to be made revolves 
around the question of whether it would be more advantageous to deliber-
ately oversize the heat exchanger and waive the thermal test than to 
design the unit to size and require thermal testing. 

Whenever the decision requires the thermal test, the procedures for 
the test can be designed by the system designer. The procedures should 
be completely detailed and include such items as test prerequisites, 
data to be taken, duration of test, and calculations to be made. The 
equilibrium conditions necessary to permit the start of formal data 
recording for the test calculations may also be defined. 

10.6 In-Service Inspection 

The purpose of in-service inspection is to provide a basis for 
assessing the future serviceability of a component. The procedure is to 
inspect a component prior to start-up and at prescribed intervals there-
after. A comparison of the results of these inspections provides a basis 
for prediction of future component performance. The areas selected for 
in-service inspection will generally have Che highest service with 
respect to the operating conditions, and sufficient additional random 
areas may be examined to present a general picture of the condition of 
the component. Specific requirements are delineated in Paragraph 260 of 
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Section XI, Inservice Inspection of Nuclear Reactor Coolant Systems, of 
the ASME Boiler and Pressure Vessel Code. 

The requirements for base-line inspection to be performed after 
installation and before start—up of the component should be specified at 
the system design level- The exact areas to be examined and the proce-
dures to be used may be specified in the inspection procedures. When 
specifying these procedures, the designer should consider the future 
environment (background radiation levels) of the component since the 
base-line examinations may duplicate insofar as possible the techniques 
to be used in future examinations. All results should be recorded with 
sufficient accuracy to permit them to be used for comparison with the 
results of future inspections. 

The reinspection periods, if any, will normally be selected so that 
this testing activity can be accomplished during the in-service inspec-
tion program for the entire plant. Typical areas of the heat exchanger 
that require in-service inspection are the 
1. longitudinal and circumferential welds, 
2. nozzle to vessel head and inside radiused section of nozzle to ves-

sel head, 
3. primary nozzle to safe end welds, 
4. pressure envelope bolting, 
5. integrally welded exchanger supports, 
6. cladding, 
7. tube-to-tube-sheet joint, 
8. moisture separation equipment, and 
9. secondary side of the tube sheet. 

Accessibility of the component for these inspections is provided 
through the joint effort of both the system designer and the component 
designer. Initially, the system designer can specify in the procurement 
document those areas in the exchanger to which access for inspection is 
required. The component designer can provide all access parts complete 
with handles, supporting davits, etc. The system designer can then 
design the exchanger installation with proper personnel access for the 
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inspection operations. This may require passageways for personnel and 
equipment, permanent or temporary shielding, power outlets, ladders, 
platforms, power tools, and lights. All access provisions must be 
planned to permit completion of the required procedures for one inspec-
tion during a normal refueling shutdown period. 
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USE OF ALTERNATE SHELL-SIDE CORRELATIONS FOR DESIGN OF 
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Appendix A 

USE OF ALTERNATE SHELL-SIDE CORRELATIONS FOR DESIGN OF 
WATER-TO-WATER HEAT EXCHANGER 

Alternate solutions for the typical design procedure for the 
water-to-water heat exchanger presented in Subsection 5.5 are given 
herein by using the different shell-side heat transfer and pressure drop 
correlations discussed in Subsection 5.4. The design parameters for each 
solution are the same, and these parameters are discussed in Subsection 
5.5 (page 202). The procedures and correlations presented by Kern; 2 7 

Lewis, Zizza, and DeRienzo;31 Bergelin, Brown, and Colburn;34: Tinker;29 

and Short37 are used in the solutions presented herein. The results 
obtained by using these methods and those presented in Subsection 5.5 
may be compared with the results obtained by using the Stream Analysis 
Method38 for the design of the residual heat removal exchanger for a 
nuclear power station. The heat exchanger specification/ sheet for this 
design is illustrated in Fig. A.l. 

A-l Correlations of Kern 

The correlations presented by Kern 2 7 are used in this design fcr 
the residual heat removal exchanger whose parameters are discussed in 
Subsection 5-5- From the given design conditions, the heat load 

Q = 20 X 106 Btu/hr, 

and the corrected log mean temperature difference (from page 206) 

(F)LMTD = 29.5°F . (5.8) 

If it is assumed that the overall heat transfer coefficient 

U = 295 Btu/hr-ft2* °F , 
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ETR3-147 
1 JOB NO. 
2 CUSTOMER REFERENCE NO. 
3 ADDRESS PROPOSAL NO. 
4 PLANT >.CC»TJ0N DATE 
5 SERVICE 'JNIT ITEM NO. 

6 SIZE TTPE VVERT.')* CONNECTED IN 
7 SQ. FT. SURF./UNIT ' SHELLS/UNIT SQ. FT. SURF./SHEU. 

S PERFORMANCE OF ONE UNIT 
9 SHELL SI DC TUBE SIDE 

10 FLUID CIRCULATED Water Berated Water 
11 TOTAL FLUID ENTERING 1 T 9 0 0 . 0 0 0 1 , 1 0 0 , 0 0 0 
12 VAPOR 
13 LIQUID 3 , 9 0 0 , 0 0 0 1 , 1 0 0 , 0 0 0 
14 STEAM 
15 NON-COMDENSABLES 
16 FLUID VAPORIZED OR CONDENSED 
17 STEAM CONDENSED 
18 GRAVITY 
19 VISCOSITY (Cent3 poise) . 6 8 g 100 OP . 5 & r-N 
20 MOLECULAR WEIGHT 
21 SPECIFIC HEAT BTU/LB-* F STLI/LE- * F 
22 THERMAL CONDUCTIVITY BTU/HR-FT-* F BTU/HR-FT-* F 
23 LATENT HEAT BTU/LB BTU/LB 
24 TEMPERATURE IN QS • F ii»n * F 
25 TEMPERATURE OUT 1 0 5 — 5 — * F 1 O I R • F 
26 OPERATING PRESSURE 

1 0 5 — 5 — 
PSIG PSIG 

27 NO. PASSES PER SHELL 
28 VELOCITY FT/SEC FT/SEC 
29 PRESSURE DROP 19-1 PSI 16.4 PSI 
30 FOULING RESISTANCE (MIN.) 
31 HEAT EXCHANGED-BTU/HR ? n . n o o - o o o MTD CORRECTED-* F 
32 TRANSFER RATE—SERVICE "R+.LL /H I - F+2 CLEAN 

33 CONSTRUCTION OF ONE SHELL 
34 DESIGN PRESSURE PSI PSI 
35 TEST PRESSURE PSI PSI 
36 DESIGN TEMPERATURE • F • F 
37 TUBES U NO. 3 Ii3 O .D . 5 /8 B W G IQ LENGTH 2 0 5 " PITCH 1 " A 
38 SHELL 30.0 ID . O.D. SHELL COVER (INTEG) (REMOV) 
39 CHANNEL OR BONNET CHANNEL COVER 
40 TUBESHEET—STATIONARY18" Spacing TUBESHEET-FLOATING 
41 BAFFLES—CROSS h5% Cut TYPE~ Segmental FLOATING HEAD COVER 
42 BAFFLES—LONG TYPE IMPINGEMENT PROTECTION 
43 TUBE SUPPORTS 
44 TUBE TO TUBESHEET JOINT 
45 GASKETS 
46 CONNECTIONS-SHELL SIDE IN OUT RATING 
47 CHANNEL SIDE IN OUT RATING 
48 CORROSION ALLOWANCE—SHELL SIDE TUBE SIDG 
49 CODE REQUIREMENTS TEMA CLASS 
50 REMARKS 
51 Stream Analysis Method 
52 
53 
54 

Fig. A.l. Specification Sheet for Heat Exchanger Designed by Using 
the Stream Analysis Method. 
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the effective outside surface area of the tubes 

A (F)LMTD(U) ( 5' Z ) 

20 X 10s 

29.5(295) 

= 2300 ft2 , 

and the number of tubes in the exchanger 

Nt *D0L ' 

From the data given in Fig. 5.26 (page 203), 

L = 205 in./12 = 17.08 ft 

and the number of straight tubes in the exchanger 

N 2300 
t n (0 . 05 208)(17. 08) 

= 823. 

Therefore, the number of U-tubes needed is 412. From the tube layout, 
the corresponding inside diameter of the shell is estimated as 

d s = 34 in. 

A.1.1 Shell-Side Heat Transfer Coefficient 

Using the layout illustrated in Fig. A.2, the shell-side heat trans-
fer coefficient is related to the Reynolds number, tube arrangement, s.rid 
baffle cut. Assume that the baffle spacing 

BP = 178 in./l3 = 13.69 in. 
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Fig. A.2. Exchanger Layout for Determination of Shell-Side Heat 
Transfer Coefficient by Method Presented by Kern. 

Since the tube pitch pfc = 1 in. triangular, as illustrated in the following 
sketch 

= 1 in. - 5/8 in. 

= 0.375 in. 

The flow area across the tube bundle 

d C'(BP) 
A = 

a 144pt 

_ 34(0.375)(13.69) 
144(1) 

= 1.212 ft 2 . 

The mass velocity of the cross-flow fluid 
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= H_ = i-9 x 10s 
s A 1.212 s 

= 1,568,000 lb/hr- f t " 

The average temperature of the shell-side fluid 

T - 9 5 V 0 5 - 5 - 100.3°F , av 2 ' 

and the viscosity of the fluid at a temperature of 100.3°F 

H = 1.64 lb/ft-hr . 

For the triangular pitch arrangement 

d = 
^(0.86p t) 21 4 

ltd (5.29) 

1(0.86) - | p W < 0 . 6 2 5 - ) « 

3.14(0.625) 
2 

= 1.128 in. 

The equivalent diameter 

D = 1.128 
12 = 0.094 ft. (5.27) 

The Reynolds number for the shell-side fluid flow 

R e °eGs = 0.094(1,568,000) 
s n 1.64 

= 89,870 . 

Since the v ^ -ut = 45%, from Fig. 5.13 (page 168) the heat transfer 
facf 



J H = 147.5 • 

At an average shell-side fluid temperature of 100.3°F, the thermal 
conductivity k = 0.364 Btu/hr-ft2-°F, the specific heat C = 1.0 Btu/lb-
and the Prandtl number 

Pr 1 / 3 = CJL\1/3 - 1 * - * * 1 1 / 3 
k J ~ \0.364/ 

= 1.65. 

From the assumption that p ~ v̂ j and Eq. 5.26 (page 167), the shell-side 
heat transfer coefficient 

J u k v - O . 1 4 
h = —S—(Pr ) 1 / 3 M 
° e S 

= 147.5(0.364)(1.65)(1) 
0.094 

= 942.4 Btu/hr•ft2-°F . 

The shell-side resistance to heat flow 

r = ~ = 0.001061 , o h ' o 

and fromsthe given data the fouling factor 

r c = 0.0005 of 

Therefore, the total shell-side resistance to heat transfer 

R = r + r _ = 0.001561 . o o of 

A.1.2 Tube-Side Heat Transfer Coefficient 

The flow area per tube = 0.2181 in.2, and the flow area per pass 
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a,. = (412)°•T2.1.81 = 0.6240 ft2 . t 144 

The mass velocity through the tubes 

_ ̂ t _ 1,100,000 
t " a ~ 0.6240 

1,763,000 lb/hr-ft2 , 

and the velocity through the tubes 

G 
= t _ 1,763,000 

t 3600p 3600(61.7) 

= 7.94 ft/sec. 

From Figs. 5.9 and 5.10 (page 161) for an average temperature of 130.9°F 
and a tube inside diamete 
ficient inside the tubes 
and a tube inside diameter d. = 0.527 in., the film heat transfer coef 

h± = 1.027(2050) 

= 2100 Btu/hr• ft2- °F 

The nd]f? - oHI(3 resistance to heat flow 

nflf! Hie Fill!Mm* 

rI = T i V o ° ' 0 0 0 4 7 6 

t,r = lM!!!ll?> 

The totai tubersitje il̂ at transfer resistance 

R. = r. + r._ = 0.001176 , i i xf ' 

corrected to the outside surface 
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d o 
d. , x - 0 0 1 1 7 6 o i l 

= 0.001394 . 

The thermal resistance to the flow of heat through the metal wall of the 
tube 

where for 5/8-in.-OD 18 BWG type 304 stainless steel tube 
t„ = 0.049 in., 
^ = 10.0, and 
d0 = 0.625 in. 

Therefore, 

A.1.3 Overall Heat Transfer Coefficient 

The total heat transfer resistance 

R = R + R. + r o 10 w 

= 0.001561 + 0.001394 + 0.000443 

= 0.003398 . 

The overall heat transfer coefficient 

- 0-049 0.625 
rw ~ 12(10)10.576 

= 0.000443 . 

U = = 294 Btu/hr-fta-°F R 

This calculated value is in satisfactory agreement with the value assumed 
to determine the effective outside surface area of the tubes. 
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A.1.4 Shell-Side Pressure Drop 

Applying the previously calculated values for the mass velocity of 
the shell-side fluid 

Gs = 1,568,000 lb/hr-ft2 

and the Reynolds number for shell-side flow 

Re = 89,870 . s 5 

In Fig. 5.14 (page 171), for a baffle cut of 45% the shell-side friction 
factor 

f = 0.000850 . s 

From Fig. A*2, the number of cross-flow passes 

N = 15 . c 

The shell-side design pressure drop 

f G2D N 
A? = S S S C (5.30) 

S ( 5 . 2 2 X 1 0 l o ) D S <t> e g 

0 . 0 0 0 8 5 0 ( 1 , 5 6 8 , 0 0 0 ) 2 [ | | j ( 1 5 ) 

( 5 . 2 2 X 1 0 1 0 ) ( 0 . 0 9 4 ) ( 0 . 9 9 3 5 ) ( 1 ) 

= 18.2 psi. 

This calculated value approximates the design value given for the shell-
side pressure drop. Therefore, the assumed values for the inside diameter 
of the shell (d ) and the baffle spacing (BP) are correct for this pressure s 
drop. 
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A.1.5 Tube-Side Pressure Drop 

Using the previously calculated value for the mass velocity through 
the tube 

G t = 1,763,000 lb/hr-ft2 , 

the Reynolds number for the tube-side flow 

= ° i Gt _ 0-0439(1,763,000) 
R et n 1.21 

= 63,960 . 

From Fig. 5.11 (page 164), the tube-side friction factor 

= 0.00017 . t 

The tuba-side pressure drop 

f GfLn 
££ = — (5.21) 

(5.22 X 10lO)D.S <t> ' i S 

0.00017(1,763,000)2||51j (2) 

(5.22 X 1010)(0.0439)(0.989)(1) 

= 7.96 psi. 

The return pressure losses 

4nV2 
AP.. = r S 2g g c Tfe- (5-22) 

8(7.96)2(62.5) 
0.989(64.4)(144) 

= 3.44 psi. 
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The total tube-side pressure drop 

£P t = + £Pr (5.23) 

= 7.96 + 3.44 

= 11.40 psi. 

The results of the preceding calculations made for this example 
design are tabulated in the heat exchanger specification sheet illustrated 
in Fig. A.3. 

A.2 Methods of Lewis, Zizza, and DeRienzo 

The methods and correlations presented by Lewis, Zizza, and DeRienzo31 

are used in this example design for the residual heat removal exchanger 
described in Subsection 5.5. From the given design conditions, the heat 
load 

Q = 20 X 10s Btu/hr , 

and the corrected log mean temperature difference 

(F)LMTD = 29.5°F . 

If it is assumed that the overall heat transfer coefficient 

U = 352 Btu/hr-ft2-°F , 

the effective outside surface area of the tubes 

(F)LMTD(U) 

= 1926 ft2 . 

The number of straight tubes in the exchanger 



354 

ETR3-147 
1 joa NO. 
2 CUSTOMER REFERENCE NO. 
3 ADDRESS PROPOSAL NO. 
4 PLANT LOCATION DATE 
5 SERVICE OF UNIT ITEM NO. 
6 SIZE TYPE '(VERT.)' CONNECTED IN 
7 SQ. FT. SURF./UNIT 'F*?R?' SHELLS/UNIT SQ. FT. SURF./SHELL 'FEFFJ' 

& PERFORMANCE OF ONE UNIT 
9 SHELL SIDE TUBE SIDE 

10 FLUID CIRCULATED W a t e r B o r a t e d W a t e r 
11 TOTAL FLUID ENTERIKS T h / h r 1 900 000 1 ,100,000 
12 VAPOR 
13 LIQUID L H / B R ±,yuu,ouo 1,100,000 
14 STEAM 
15 NON-CONDENSABLES 
16 FLUID VAPORIZED OR CONDENSED 
17 STEAM CONDENSED 
IS GRAVITY 
19 VISCOSITY ( U e n t i p o i s e ) .68 § 100°F Cp .5 IS 131 F C p 
20 MOLECULAR WEIGHT 
21 SPECIFIC HEAT BTU/LB-* F BTU/LB-* F 
22 THERMAL CONDUCTIVITY BTU/HR-FT-* F BTU/HR-FT-* F 
23 LATENT HEAT BTU/LB BTU/LB 
24 TEMPERATURE IN 95 • F 1 4 0 * F 
25 TEMPERATURE OUT 1 0 5 . 5 * F 1 2 1 . 8 * F 
26 OPERATING PRESSURE PSIG PSIG 
27 NO. PASSES PER SHELL 
28 VELOCITY FT/SEC FT/SEC 
29 PRESSURE DROP 1&.2_ PSI • p i i PSI 
30 FOULING RESISTANCE (MIN.) 

1&.2_ 
31 HEAT EXCHANGED-BTU/HR 20,000,000 _ MTD CORRECTED-* F 
32 TRANSFER RATE—SERVICE 29k B t u / h r f t ^ F CLEAN 

33 CONSTRUCTION OF ONE SHELL 
34 DESIGN PRESSURE PSI PSI 
35 TEST PRESSURE PSI PSI 
36 DESIGN TEMPERATURE * F * F 
37 TUBES U NO. Ul2 O.D. 5 / 8 Q W G L 8 LENGTH 205" P,TCH L " A 
38 SHELL 5 4 I.D. O.O. SHELL COVER (INTEG) (REMOV) 
39 CHANNEL Oft BONNET CHANNEL COVER 
40 TUBESHEET—STATIONARY l V S p a c i n g TUBESHEET-FLOATING 
41 BAFFLES—CROSS U 5 % c u t TYPE s e g m e n t a l FLOATING HEAD COVER 
42 BAFFLES—LONG TYPE IMPINGEMENT PROTECTION 
43 TUBE SUPPORTS 
44 TUBE TO TUBESHEET JOINT 
45 GASKETS 
46 CONNECTIONS-SHELL SIDE IN OUT RATING 
47 CHANNEL SIDE IN OUT RATING 
43 CORROSION ALLOWANCE—SHELL SIDE TUBE SIDE 
49 CODE REQUIREMENTS TEMA C U S S 
50 REMARKS 
51 • P D . Q . K e r n C o r r e l a t i o n 
52 
53 
54 

Fig. A.3. Specification Sheet For Heat Exchanger Designed by Using 
the Methods Presented by Kern. 
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„ = A _ 1926 
t 7TD QL TT(0.625/12) (205/12) 

= 690 , 

and the number of U-tubes = 690/2 = 345. From the tube layout, the cor-
responding inside diameter of the shell is estimated as 

d =30.0 in. s 

A.2.1 Shell-Side Heat Transfer Coefficient 

The layout illustrated in Fig. A.4 is used in determining a represent-
ative velocity for the fluid flowing through the shell side of the exchange 
Assume that the baffle spacing 

BP = 178/12 = 14.83 in. 

The net window flow area = area of baffle cut minus the area occupied by 
the tubes. 

[\-.TTd2 1 (0.45N )7Td? 
- l l i h r - < ° - 0 5 V a

s J — ^ 

= 213.0 in.2 

Fig. A.4. Exchanger Layout for Determination of Shell-Side Heat 
Transfer Coefficient by Method Presented by Lewis, Zizza, and DeRienzo. 
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The mass velocity of the longitudinal flow through the baffle opening 

144M 
G;=3600JT (5.32) 

n 

= 144(1.9 X 10s) 
3600(213.0) 

= 357.0 lb/sec-ft2 . 

The cross-flow velocity 

144Mg 
Gc = 3600BP(Df) ' ( 5- 3 3 ) 

where 
BP = assumed value of 14.83 in., and 
Df = free diameter = 30 - (28)(0.625) = 12.5 in. 

, _ 144(1.9 X 10s) 
c ~ 3600(14.83)(12.5) 

= 410.0 lb/sec-ft2 . 

The geometric mean shell-side mass flow velocity 

G1 = (G'G')l/2 (5.34) m w c 

= [357.0(410)]l/2 

= 383.0 lb/sec-ft2 . 

Using the correlation presented by Tinker32 for the shell-side heat 
transfer coefficient 
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D 
h . 0.25 

M ^b / 
V 0-33, \0.14 

WI 
(5.35) 

where ~ 1 , 

h = 0.25 o 
0.364 | 0.625(383.0)(3600) O . 6 1.64 
0,05208) 1.64(12) 0.364 

O. 33 
CD 

= 1730 Bt s/hr-ft2-°F . 

The shell-side resistance to heat flow 

r = r— = 0.000571 , o n ' o 

and from the given data, the shell-side fouling factor 

r - = 0.0005 . of 

The total shell-side resistance to heat transfer 

R = r -r r _ = 0.001071 o o of 

A.2.2 Tube-Side Heat Transfer Coefficient 

The flow area per tube = 0.2181 in.2, and the flow area per pass for 
345 tubes 

o y c 0.2181 
at - (~144 

The mass velocity through the tubes 

IT 

= 0.5225 ft2 . 

- _JL = i»i°o>ooo t ~ a 0.5225 

= 2,105,000 lb/hr-ft2 , 
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and the velocity through the tubes 

v - G t
 = 2,105.000 

t ~ 3600P 3600(61.7) 

=9.48 ft/sec. 

For an average temperature of 131°F and a tube inside diameter of 0.527 in., 
the film heat transfer coefficient inside the tubes from Figs. 5.9 and 5.10 
(page 161) 

h = 1.027(2350) 

= 2413 Btu/hr-ft2-°F . 

The tube-side resistance to heat flow 

and the fouling factor 

ri = 2513 = °-°00414 ' 

rif = 0.0007 

The total tube-side resistance to heat transfer 

R. = r. + r.c = 0.001114 x 1 if 

corrected to the outside surface 

R i o = 0.001114(1.1859) = 0.001321 . 

The thermal resistance to the flow of heat through the metal wall of the 
tube 

r = 0.000443. w 
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A.2.3 Overall Heat Transfer Coefficient 

The total heat transfer resistance 

R = R + R. + r o 10 w 

= 0.001071 + 0.000443 + 0.001321 

= 0.002835 . 

The overall heat transfer coefficient 

U = i = 352 Btu/hr-ft2-°F . R 

This calculated value agrees with the value assumed to determine the 
effective outside surface area of the tubes. 

A.2.4 Shell-Side Pressure Drop 

Since Lewis, Zizza, and DeRienzo21 do not cover the calculation of 
the pressure drop, a correlation presented by Kern27 is used here- For 
the assumed baffle spacing (BP) of 14.83 in., the flow area across the 
tube bundle 

d C1 (BP) 
A = s 
s 144pt ' 

where for a l.-in. triangular tube pitch (pt), C' = 0.375 in. as determined 
in Subsection A.1.1. Therefore, 

= 30(0.375)(14.83) 
s 144(1) 

= 1.159 ft2 . 

The mass velocity of the cross-flow fluid 
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_ W _ _ 1 . 9 X 1 0 6 

s ~ A ~ 1.159 s 

= 1,639,000 lb/hr-ft2 . 

Where the equivalent diameter (Dg) for the triangular-pitch tube arrange-
ment = 0.094 ft, the Reynolds number for the shell-side fluid flow 

_ °eGs 0.094(1,6*39,000) Re = = =—, . s |i 1.64 

= 93,940 . 

For a baffle cut of 45% from Fig. 5.14 (page 171), the shell-side friction 
factor 

f„ = 0.00085 , 

and the number of cross-flow passes = 14. Therefore, the shell-side 
design pressure drop 

f G % 
AP = (5.30) 

S (5.22 X 10 l o)D S 0 e g 

0 . 0 0 0 8 5 ( 1 , 6 3 9 , 9 1 0 ) 2 1 ~ | (14 ) 

( 5 . 2 2 x 1 0 1 0 ) ( 0 . 0 9 4 ) ( 0 . 9 9 3 5 ) 

= 16.4 psi. 

This calculated value approximates the design value specified for the 
shell-side pressure drop. Therefore, the assumed values for the inside 
diameter of the shell (d ) and the baffle spacing (BP) are satisfactory s 
for this pressure drop. 
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A.2.5 Tube-Side Pressure Drop 

Using the previously calculated (Subsection A.2.2) value for the mass 
flow through the tubes 

Gt = 2,105,000 lb/hr-ft2 , 

the Reynolds number for the tube-side flow 

_ DiGt _ 0.0439(2 .105,000) 

t - ~ m 

= 76,370 . 

From Fig. 5.11 (page 164), the tube-side friction factor 

f = 0 .00016. 

The tube-side pressure drop 

f G2Ln 
£P = — (5.21) 

(5.22 X 10lO)D.S 0 

0.00016(2,105,000)2(|^.j (2) 

(5.22 X 1010)(0.0439)(0.989) 

= 10.69 psi. 

The return pressure loss 

^ r - M i l l s ) < " » g & 

8(9-48)a(62.5) 
0.989(64.4)(144) 

= 4.90 psi . 
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The total tube-side pressure drop 

APT = £Pt + £Pr (5.23) 

= 10.69 + 4.90 

= 15.6 psi. 

The results of the preceding calculations made for this example 
design are tabulated in the heat exchanger specification sheet illustrated 
in Fig. A.5. 

A-3 Correlations of Bergelin, Brown, and Colburn 

The correlations of Bergelin, Brown, and Colburn34 presented herein 
are used in this design for the residual heat removal exchanger whose 
parameters are discussed in Subsection 5-5- From the given design con-
ditions, the heat load 

Q = 20 X 10® Btu/hr, 

and the corrected log mean temperature difference 

(F)LMTD -- 29 • 5 °F . 

If it is assumed that the overall heat transfer coefficient 

U = 390 Btu/hr-ft2.°F, 

the effective outside surface area of the tubes 

A = (F)LMTD(U) (5' 2 ) 

- 1738 ft2 , 

the number of straight tubes in the exchanger 
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ETR3-147 
1 JOC NO. 
2 CUSTOMER REFERENCE NO. 
3 ADDRESS PROPOSAL NO. 
4 PLANT LOCATION DATE 

5 SERVICE OF UNIT ITEM NO. 

6 SIZE TYPE <(H»ERT.I> CONNECTED IN 
7 SQ. FT. SURF./UNIT ' ^ F SHELLS/UNIT SQ. FT. SURF./SHEU 'PEFF.?' 

8 PERFORMANCE OF ONE UNIT 
9 SHELL SIDE TUBE SIDE 

10 FLUID CIRCULATED b o r a t e d wa te r 
11 TOTAL FLUID ENTERING 3 b / h r 3 ,000,000 1,100,000 
12 VAPOR 1 ,-inn ,nnn 
13 LIQUID T H / H - R 1 , 0 0 0 , 0 0 0 
14 STEAM 
15 NON-CONDENSABLES 
16 FLUID VAPORIZED OR CONDENSED 
17 STEAM CONDENSED 
IB GRAVITY 
19 VISCOSITY ( c e n t i p o i s e ) .68 @ 100 °F Cp .5 3 TL °F Cp 
20 MOLECULAR WEIGHT 
21 SPECIFIC HEAT BTU/LB-* F BTU/LB-* F 
22 THERMAL CONDUCTIVITY BTU/HR-FT-* F BTU/HR-FT-* F 
23 LATENT HEAT BTU/LB BTU/LB 
24 TEMPERATURE IN 95 • F 1U0 
25 TEMPERATURE OUT — 1 0 5 - 5 — • F 1 9 1 ft 
26 OPERATING PRESSURE 

— 1 0 5 - 5 — 
PSIG PSIG 

27 NO. PASSES PER SHELL 
28 VELOCITY FT/SEC FT/SEC 
29 PRESSURE DROP 16.4 PSI 1 S . F I PSI 
30 FOUUNG RESISTANCE (MIN.) 
31 HEAT EXCHANGED-ETU/HR 20,uuy,uuu MTD CORRECTED-* F 
32 TRANSFER RATE—SERVICE 352 Btu/Hr ft"- °F CLEAN 

33 CONSTRUCTION OF ONE SHELL 
34 DESIGN PRESSURE PSI PSI 
35 TEST PRESSURE PSI PSI 
36 DESIGN TEMPERATURE • F • F 
37 TUBES U NO. 3! , .5 O.D. 5 / ^ W G 3 8 LENGTH 205" PITCH L " & 
38 SHELL 3 0 . 0 I.D. O.D. SHELL COVER (INTEG) (REMOV) 
39 CHANNEL OR BONNET CHANNEL COVER 
40 TUBESHEET—STATIONARY 15" spac ing TUBESHEET-FLOATING 
41 BAFFLES-CROSS U«5$cu+;NRPE Segmental FLOATING HEAD COVER 
42 BAFFLES—LONG TYPE IMPINGEMENT PROTECTION 
43 TUBE SUPPORTS 
44 TUBE TO TUBESHEET JOINT 
45 GASKETS 
46 CONNECTIONS-SHELL SIDE IN OUT RATING 
47 CHANNEL SIDE IN OUT RATING 
48 CORROSION ALLOWANCE—SHELL SIDE TUBE SIDE 
49 CODE REQUIREMENTS TEMA CLASS 

50 REMARKS 
5 1 
52 
53 TiPWis. Zizza find DeRien^o Correlation 
54 

Fig. A.5. Specification Sheet for Heat Exchanger Designed by Using 
Methods Presented by Lewis, Zizza, and DeRienzo. 
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N. - A 
t nD L 

= 622 

and the number of U-tubes = 622/2 =311. From the tube layout, the cor-
responding inside diameter of the shell is estimated as 

d = 29.0 in. s 

A.3.1 Shell-Side Heat Transfer Coefficient 

The layout illustrated in Fig. A.6 is used in determining the heat 
transfer factor (J) as a function of the Reynolds number for flow through 
the cylindrical, baffled heat exchanger in which there is essentially no 
internal leakage. If it is assumed that the baffle spacing 

BP = 178/8 = 22.25 in., 

the average minimum cross-sectional area for the rows of tubes in the 
cross-flow section 

I 
1 7 

Z D O K H V B A f K E 
ETR3-152 

Q 

BP 

I 
1 _ 

zmz 
urn 
TOO. 
ZZZE 

H 8 " 
2 0 5* 

— 5 b 

•Tz 

• T , 

Fig. A.6. Exchanger Layout for Determination of Shell-Side Heat 
Transfer Coefficient by Method Presented by Bergelin, Brown, and Colburn. 
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S. K - 2 7 do) 
B 144 

[29 - 27(0.625)1(22.25) 
144 

= 1.873 ft2 . 

The mass velocity of the cross-flow fluid 

= 1-9 X 10s 
m 1.873 

= 1,014,000 lb/hr'ft2 . 

The Reynolds number for the cross-flow fluid 

= D ° G m
 = 0»05208(1,014,000) 

K ex u 1.64 

= 32,200 . 

From Fig. 5.15 (page 174), the heat transfer factor 

J = 0.0062 . 

From Eq. 5.36 (page 173), the shell-side heat transfer coefficient 

h = JC 
ic ui-2/3/u r°- 1 4 
L E I 1 -1 

1 - r + r 

The area ratio 

r w number of tubes in window 
A total number of tubes 
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and the free cross-sectional area in the baffle window 

A n = 8 ( 2 9 ) 2 ~ 0« 05 ( 29)2 - 280 J (0.625); 

= 202.3 in.2 = 1.405 ft2 

Therefore, 

1 — r 4- r M
 3 1 - 0.9003 + 0.90031 

iAn I 

1 . 0 8 1 ' 

, = 0.0062(1,014.000)(1)(1.081) 
o (2.728) 

= 2491 Btu/hr-ft2-°F. 

The shell-side resisLance to heat flow 

ro = 2S91 = ° - ° 0 0 4 0 1 ' 

and from the given data the fouling factor 

r _ = 0.0005. of 

The total shell-side resistance to heat transfer 

R = r + r p = 0.000901 O O of 

A.3.2 Tube-Side Heat Transfer Coefficient 

The flow area per tube = 0.2181 in.2, and the flow area for 311 
tubes 

, . 0.*7i « « . 
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The mass flow through the tubes 

W 
= _t = 1,100,000 

Gt at 0.471 

= 2,335,000 lb/hr-ft2 , 

and the velocity through the tubes 

C-
v = ^ - 2,335,000 
t 3o00p ~ 3600(61.7) 

= 10.51 ft/sec. 

For an average temperature of 130.9°F and a tube inside diameter of 
0.527 in., the film heat transfer coefficient inside the tubes from 
Figs. 5.9 and 5.10 (page 161) 

ht « 1.027 (2600) 

= 2670 Btu/hr-ft2. °F. 

The tube-side resistance to heat flow 

r i = - 2 b c r 0 - 0 0 0 3 7 5 • 

and the fouling factor 

r c = 0.0007. it 

The total tube-side resistance to heat transfer 

Rt = + r i f = 0.001075 

corrected to the outside surface 
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= 0.001075(1.1859) 

= 0.001275 . 

The thermal resistance to the flow of heat through the metal wail of the 
tube 

r = 0.000443. w 

A.3.3 Overall Heat Transfer Coefficient 

The total heat transfer resistance 

R = R + R. + r o 10 w 

= 0.000901 + 0.001275 + 0.000443 

= 0.002619 -

The overall heat transfer coefficient 

u - I -R 0.002619 

= 381 Btu/hr.ft3. °F. 

This calculated value is in substantial agreement with the value assumed 
to determine the effective outside surface area of the tubes. 

A.3.4 Shell-Side Pressure Drop 

Using the previously calculated (Subsection A.3.1) values of 

S = 1-873 ft2 B 

and Gc - 1,014,000 lb/hr-ft2 , 
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the velocity of the cross-flow fluid 

V 1,014,000 
m 3600p 3600(62) 

= 4.54 ft/sec. 

For turbulent flow, the pressure drop for each cross-flow pass 

(5.41) 

= 0.6(2) 62(4.54)2 64.4 

= 23.81 lb/ft2 

= 0-1653 psi • 

For 10 cross-flow passes (see Fig. A.6), the pressure drop 

£Px = 10(0.1653) = 1.653 psi . 

For the window section, the free cross-sectional area in the baffle 
window 

A = 1.405 ft2 , n n 

the mass velocity of the fluid through the window section 

r = w 3600(1.405) 
1.9 X 10s 

= 375.6 lb/sec-ft2 , 

and the velocity of the fluid through the window section 

v. - = 6.06 ft/sec . w 

The geometric mean velocity of flow through a window section 
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V = (V V ) l / 2 (5-39) s m w 

= [4-54(6.06)]1/2 

= 5.25 ft/sec . 

For turbulent flow, the pressure drop across a window section 

p V 2 

AP = (2 + 0.6N ) ~ . (5-38) w w 2g 

For 11 restrictions (N ) in each window section, the pressure drop per w 
window section 

^ . t2 + 0.6(11)] 

= 228 lb/ft2 = 1.585 psi . 

For nine window passes (see Fig. A.6), the pressure drop 

APw = 1.585(9) = 14.26 psi . 

The total shell-side design pressure drop 

AP = AP + AP 
S X W 

= 1.653 + 14.26 

= 15.9 psi . 

This calculated value approximates the design value given for the shell-
side pressure drop. Therefore, the assumed values for the inside 
diameter of the shell (dg) and the baffle spacing (BP) are adequate for 
this design pressure drop. 
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A.3.5 Tube-Side Pressure Drop 

Using the previously calculated (Subsection A.3.2) values for the 
mass velocity through the tubes 

G t = 2,335,000 lb/hr-ft2 

and the velocity of flow through the tubes 

v = 10.51 ft/sec, 

the Reynolds number for flow through the tubes 

_ Di Gt 0.0439(2,335,000) 

t = i r ~ = : u i 

= 84,720 . 

From Fig. 5.11 (page 164), the tube-side friction factor 

E = 0.000152. 
The tube-side pressure drop 

f G 2Ln 
AP. = — (5.21) 

t (5.22 X 10lo)D.S 0 

0.000152 ( 2 , 3 3 5 , 0 0 0 ) 2 ( 2 ) 

(5.22 X 1010)(0.0439)(0.989) 

= 12.49 psi • 

The return pressure losu 

4nV 2 
AP = 

r S g2g c 

P 
144 (5.22) 
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= 8(1Q.51)2(62.5) 
0. 989 (64.4) (144) 

= 6.02 psi . 

The total tube-side pressure drop 

APT = APt + APr T (5.23) 

= 12.49 + 6.02 

= 18.51 psi . 

The rasults of the preceding calculations made for this example 
design are tabulated in the heat exchanger specification sheet illustrated 
in F ig. A. 7. 

design for the residual heat removal exchanger whose parameters are dis-
cussed in Subsection 5.5. From the given design conditions, the heat 
load 

A.4 Methods of Tinker 

The methods and correlations presented by Tinker29 are used in this 

Q = 20 X 10s Btu/hr 

and the corrected log mean temperature difference (from page 206) 

(F)LMTD = 29.5°F . (5.8) 

If it is assumed that the overall heat transfer coefficient 

U = 388 Btu/hr-fta-°F, 

the effective outside surface area of the tubes 

A = Q (5.2) (F)LMTD(U) 
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ETR3-153 
1 JOG NO. ] 
2 CUSTOMER REFERENCE NO. 
3 ADDRESS PROPOSAL NO. 
4 PLANT LOCATION DATE 

5 SERVICE OF UNIT ITEM NO. 

6 SIZE TYPE '(IER'T./ CONNECTED IN 
7 SQ. FT. SURF./UNIT 'F™*?' SHELLS/UNIT SQ. FT. SURF./SHELL 

8 PERFORMANCE OF ONE UNIT 
9 SHELL SIDE TUBE SIDE 

10 FLUID CIRCULATED Via. Let" iboratea water 
11 TOTAL FLUID ENTERING -Lb/lir l,900,uuG 1,100,000 
12 VAPOR 
13 LIQUID 1,900,000 1,100,000 
14 STEAM 
15 NON-CONDENSABLES 
16 FLUID VAPORIZED OR CONDENSED 
17 STEAM CONDENSED 
18 GRAVITY 
19 VISCOSITY (centipod se) .6a e 100 u f cp .5 6 131 °F Cp 
20 MOLECULAR WEIGHT 
21 SPECIFIC HEAT BTU/LB-* F BTU/LB-* F 
22 THERMAL CONDUCTIVITY BTU/HR-FT-* F BTU/HR-FT-* F 
23 LATENT HEAT BTU/LB BTU/LB 
24 TEMPERATURE IN Q5 • F I H N * F 
25 TEMPERATURE OUT _ 1 0 S . S . _ 'F l^l 8 * F 

26 OPERATING PRESSURE PSIG PSIS 
27 NO. PASSES PER SHELL 
28 VELOCITY FT/SEC FT/SEC 
29 PRESSURE DROP 1 5 . 9 PSI 1 8 . 5 1 PSI 
30 FOULING RESISTANCE (MIN.) 
31 HEAT EXCHANGED-BTU/HR 20,000,000 MTO CORRECTED-* F 
32 TRANSFER RATE—SERVICE 3 9 0 Btu/Hr Ft^ °F CLEAN 

33 CONSTRUCTION OF ONE SHELL 
34 DESIGN PRESSURE PSI PSI 
35 TEST PRESSURE PSI PSI 
36 DESIGN TEMPERATURE • F • F 
37 TUBES U NO. 2 9 0 O.D. 5 / & W G 1 0 LENGTH 2 0 5 " PITCH 1"A 
38 SHELL 2 9 - 0 " I.D. 0 .0 . SHELL COVER (INTFEG) (REMOV) 
39 CHANNEL OR BONNET CHANNEL COVER 
40 TUBESHEET—STATIONARY 22" spacing ;TUBESHEET-FLOATING 
41 BAFFLE&—CROSS B.R,% .Q^PN^N+.NL FLOATING HEAD COVER 
42 BAFFLES—LONG TYPE IMPINGEMENT PROTECTION 
43 TUBE SUPPORTS 
44 TUBE TO TUBESHEET JOINT 
45 GASKETS 
46 CONNECTIONS-SHELL SIDE IN OUT RATING 
47 CHANNEL SIDE IN OUT RATING 
48 CORROSION ALLOWANCE—SHELL SIDE TUBE SIDE 
49 CODE REQUIREMENTS TEMA CLASS 
50 REMARKS 
51 
52 .Bergelin , Brown & (Joj.bu.rn Correlation 
53 
54 

Fig. A.7. Specification Sheet for Heat Exchanger Designed by Using 
Methods Presented by Bergelin, Brown, and Colburn. 



37 4 

= 20 X 106 
29.5(388) 

= 1749 ft2 

and the number of straight tubes in the exchanger 

N t ltd L o 

1749 
n(0.05208)(17.08) 

= 626. 

Therefore, the number of U-tubes = 626/2 = 313. From the tube layout, 
the corresponding inside diameter of the shell is estimated as 

d = 29.0 in. s 

A.4.1 Shell-Side Heat Transfer Coefficient 

Rating numbers and effectiveness factors relative to the unit size, 
tube size, tube pitch and flow orientation, baffle spacing and cut, and 
the principal leakage and bypass clearances, were developed by Tinker29 

for determination of the shell-side performance of a heat exchanger. 
Using the exchanger layout illustrated in Fig. A.8, assume that the 
baffle spacing 

BP = 178/9 = 19.78 in. 

The rating number for heat transfer (N^) for an exchanger with tubes 
arranged in an equilateral triangular pitch pattern with the flow 
directed toward the base of the triangle is given by the expression 

(c - i p / s 

N = ' 1 4 ! h , x/ 2 

3 / 2 

•(1.26) 
(C ) 

1 4 

p. — d t o, 
is 

(C ) 
1 4 

3/2 
(0.82C ) 3 

/d /d 
s 

BP W 

P-
p - d ' rt 0/ 



375 

ETR3-154 

Fig. A.8. Exchanger Layout for Determination of Shell-Side Heat 
Transfer Coefficient by Method Presented by Tinker. 

+ C (C )l/2(1.48) 
1 6 1 4 P* ~ d J rt O 

£ |H _ 1L 
BPH ds 

(5.47) 

The bypass clearance constant 

r = — 
1 4 D > 

3 

where 

(5.48) 

d = estimated diameter of shell = 29 in. and s 
D^ = outer tube limit or bundle diameter (actual outer tube limit at 

baffle tips is based on tube layout) = 27.6 in. 
Therefore, 

29 0 C = « = 1.0507 in. 14 4./.0 

The baffle hole clearance constant 

15 
(5.49) 

where 
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d x = diameter of tube hole in baffle = 0.633 in. and 
d 0 = outside diameter of tube = 0.625 in. 

Therefore, 

C = <°'63l 7 9?- 6 2 5 ) = 0.0128 in. 

15 U.OZO 

That portion of a circle comprising the baffle 

C = 1 - C , (5.50) 
3 2 

where C = segmental portion cut from circle to make baffle window and 
C = baffle area/total area. 3 

The baffle area = + 0.05(29)2 = 372.3 in.2 , o 

and 

Therefore, 

it (29)2 the total area = \ • = 660.5 in.2 4 

baffle area _ 372.3 = 
3 

C " total^area" ~ I S O °'5637 > 

and C = 1 - 0.5637 = 0.4363 
a 

The baffle edge clearance constant 

(d - D ) 
C = — ^ , (5.51) is s 

where D = diameter of baffle = d — baffle diametral clearance where 2 s 
the baffle clearance = 0.0625 in. Therefore, 

C = = 0.0r2155. 
is 2y 

The baffle cut H = 29(0.45) = 13.05 in. From the known tube pitch 
Pt = 1 in., 
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- 1 = 2.67. p d i _ 0.625 rt o 

Substituting these values in Eq. 5.47, the heat transfer rating number 

1*5 
N = (0-05) (1. 26) (2.67)1' 5 

(1.05)°"5 

-r °-°128 (0.82) CO.5637) 
(1.05) 

29 i r„ 
19.78 (0.625) (2.67) 

+ 0.00216(1.05)°'5(1.48)(2.67) 2 9 
,19.78 

= 0.07544 . 

(0.55) 

The fraction of the total fluid flowing through the cross-flow area 
within the limits of the tube bundle of a clean unit can be determined 
by using the expression 

F. = - — (5.52) h i, \i/s 
1 + N, n 

d 

\ P t l 

1 + 0.07544(29)l/s 

= 0.7111 . 

The Reynolds number for heat transfer 

d F, M 
R e h = i l a s r ' ( 5 - 5 3 ) 

where 
M s = total fluid flow, lb/hr. 
A x = cross-flow area within limits of tube bundle, £te, and 
M = A^ multiplier for Re^ given in Fig. 5.19. 

The cross-flow area within limits of tube bundle 



A x = Ca(BP)D3 , (5.54) 

where for p /d = 1.6, the value of the cross-flow area constant C = rt' o a 
0.0026. Therefore, 

A = 0.0026(19.78)(27.6) = 1.419 ft2 . X 

The multiplier used to obtain the geometric mean of A^ and A^ 

M = (A, /A ) l / 2 , w b' x 

where A^ = net area of one baffle window. Based on the tube layout 

Ab - C a l ? K " <3 1 3 " 28>S d 

= 0.4363(0.785)(29)2 - (313 - ?8) (0.785)(0.625)2 

= 200.7 in.2 = 1.394 ft2 . 

Therefore, M = (1.394/1.419)1/2 w 

= 0.9912 . 

From Fig. 5.19 (page 181) since d /BP = 29/19.78 = 1.466 , the A s x 
multiplier 

M = 1.00 . 

Substituting these values in Eq. 5.53, the Reynolds number for heat 
transfer 

Re = 0-625(0.7111)(1.9 X 10s) 
29(0.677)(1.0)(1.419) 

= 30,310 . 

From Fig. 5.16 (page 178), the heat transfer group for flow across tubes 

B = 180 . o 
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Therefore, the outside heat transfer coefficient for the baffled region 
of the tube bundle 

h = ob 

1/3 
(0) (5.44) 

1 6 . 1 (180)(0.364) 1.0 X 0.681
1 

0.625 

= 2079 Btu/hr-ft2. °F. 

0.364 
. / 3 

The outside heat transfer coefficient for the entire tube bundle is 
obtained from the equation 

h = h ,E , o ob s (5.45) 

where E = shell-side effectiveness, s 

E = s 

t + a - £ ) 
a 1 a 

2BP 
£ - I 

1 2 

O. o 

(5.46) 

where 
£ = baffled length of tubes = 10(19.78) = 197.8 in. and 
£ = total length of straight section of tubing = 205 in. 

o.e 
197.8 +7.2 

E = s 

2(19.78) 
7.2 

205 

= 1 .06 . 

When the value Es = 1.0 is used, the shell-side heat transfer coefficient 

hQ = 2079(1.0) 

» 2079 Btu/hr-ft2.°F. 

The shell-side resistance to heat flow 
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ro = TT " 1579 = °-° 0 0 4 8 1 
o 

and the fouling factor 

r c = 0.0005. of 

The total shell-side resistance to heat flow 

R = r + r = 0.000981 o O of 

A.4.2 Tube-Side Heat Transfer Coefficient 

Using the procedure presented by Kern27 for 313 U-tubes, the film 
heat transfer coefficient inside the tubes from Figs. 5.9 and 5.10 (page 
161) 

h = 1.027(2.530) 

= 2598 Btu/hr-ft2-°F. 

The tube-side resistance to heat flow 

ri = 2598 " 0 0 0 3 8 4 • 

and the fouling factor 

r c = 0.0007. it 

The total tube-side heat transfer resistance 

R. = r. + r.c = 0.001084 v i if 

corrected to the outside surface 

/A \ 
R i o R i h r 83 1-1859(0-00108'4) 
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= 0.001286. 

The thermal resistance to the flow of heat through the metal wall of the 
tube 

r = 0.000443. w 

A.4.3 Overall Heat Transfer Ceofficient 

The total heat transfer resistance 

R = R + R. + r O 10 w 

= 0.000981 + 0.001286 + 0.000443 

= 0.00271 . 

The overall heat transfer coefficient 

u - i - 1 
R 0.00271 

= 369 Btu/hr-ft2-°F. 

The calculated value is in substantial agreement with the value assumed 
to determine the effective outside surface area of the tubes. 

A.4.4 Shell-Side Pressure Drop 

The shell-side design pressure drop is determined from the equa-
tion29 

AP = 0.334C , s xt p 
f \/F M x P s 

'\l0SAxf 
(5.55) 

where from Fig. A.8, the number of baffle spaces N„ = 11. The constant o 
for cross-flow tube rows traversed 
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C = 1.000(1 -
X 1 ds/ 

(A.l) 

for tubes arranged in a square pitch pattern, 

C « 1.41411 - 5 -
I ds 

(A. 2.) 

for tubes arranged in a staggered square pitch pattern, and 

C = 1.155 x i - 5 - l (A. 3) 

for tubes arranged in an equilateral triangular pitch pattern with the 
flow directed toward the base of the triangle. For the exchanger under 
consideration, 

Cx = 1 . 1 5 5 l l - % ° 5 

= 0.6353. 

The rating number for the shell-side pressure loss calculation is 
given by the equation 

(C - 1 )3/2/ p 13/2 
N = t 
P (C ) l / 2 K - do 

1 4 

kl/2« S + C (C ) ^ ( 1 . 1 8 W n — - J 
I S 1 4 \ B E I \ P T O i'b s 

(5.57) 

= (2.67)1* 5 + 0. 0022 (1.05)°' 5(1.18) 
(1.05)°' 5 

29 
19.78 (2.67) 1 -

13.05 
29 

= 0.05333 , 

The modified fraction of the total fluid flowing through the cross-flow 
area 
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p = i (5.58) 
P l d 

0.8 + H — P Pt 

i/a 

0.8 + 0.05333(29)l/2 

= 0.9198 . 

As determined in Subsection A.4.1, the cross-flow area within the 
limits of the tube bundle 

A = 1.419 ft2, x 

The modified Reynolds number for pressure drop 

d F M 

0.625(0.9198)(1,900,000) 
~ 29(0.677)(1,419) 

= 39,210 , 

and from Fig. 5.20 (page 185), the friction factor 

f = 0.095. x 

The pressure loss factor for the baffle window 

Y = 3' 3 2 5 (5.56) 
C M1'7 
x w 

3.325 
(0.6353)(0.9912) 1.7 

= 5.313 
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Substituting these values in Eq. 5.55, the shell-side design 
pressure drop 

AP = 0.334(0.6353) (0.095) 62 
0.9198(19) , 5.313 

i A i n ^ ' n n 1.419 29 j (29) 

= 18.6 psi. 

This calculated value approximates the design value given for the shell-
side pressure drop. Therefore, the assumed values for the inside diameter 
of the shell (dg) and the baffle spacing (BP) are correct for the design 
pressure drop. 

A.4.5 Tube-Side Pressure Drop 

Using che method presented by Kern27 for 313 U-tubes, the tube-side 
friction factor from Fig. 5.11 (page 164) 

f,. = 0.000157, 

and the tube-side pressure drop 

(5.21) 
t (5.22 X 10lo)D.S <!> i g 

0.00015 7 (2,3 20,000) 2 (2) 

(5.22 X 1010)(0.0439)(0.989) 

= 12-74 psi . 

The return pressure losses 

(5.22) 
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8(10.48)2 (62.5) 
0.989(64.4)(144) 

= 6.0 psi. 

The total tube-side pressure drop 

AP T = AP t + &P r (5.23) 

= 12.8 + 6.0 

= 18.8 psi. 

The results of the preceding calculations made for this example 
design are tabulated in the heat exchanger specification sheet illustrated 
in Fig. A. 9. 

the residual heat removal exchanger whose parameters are discussed in 
Subsection 5-5. From the given design conditions, the heat load 

Q = 20 X 10s Btu/hr, 

and the corrected log mean temperature difference 

A.5 Correlations of Short 

The correlations presented by Short37 are used in this design for 

(F)LMTD = 29.5°F . (5.8) 

If it is assumed that the overall heat transfer coefficient 

U = 279 Btu/hr-ft2'°F » 

the effective outside surface area of the tubes 

A Q (5.2) (F)LMTD(U) 
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ETR3-147 
1 JCB NO. 
2 CUSTOMER REFERENCE NO. 
3 ADDRESS PROPOSAL NO. 
4 PLANT LOCATION DATE 
5 SERVICE OF UNIT ITEM NO. 

6 SIZE TYPE WERT.'!1 CONNECTED IN 
7 SQ. !T . SURF./UNIT ' " P " 1 SHELLS/UNIT SQ. FT. SURF./SHELL 

8 PERFORMANCE OF ONE UNIT 
9 SHELL SIDE TUBE SIDE 

10 FLUID CIRCULATED Water Borated Water 
11 TOTAL FLUID ENTERING 1,900,00 1,100,000 
12 VAPOR 
13 LIQUID 1,900,000 1.100.000 
14 STEAM 
IS NON-CONDENSABLES 
16 FLUID VAPORIZED OR CONDENSED 
17 STEAM CONDENSED 
IB GRAVITY 
19 VISCOSITY (Centipoise) .68 @ 100 °F Ct> .5 @ 131 °F Cp 
20 MOLECULAR WEIGHT 
21 SPECIFIC HEAT BTU/LB-* F BTU/LB-* F 
22 THERMAL CONDUCTIVITY BTU/HR FT-* F BTU/HIWT-* F 
23 LATENT HEAT BTU/LB BTU/LB 
24 TEMPERATURE IN 93 * F 1U0 
25 TEMPERATURE OUT 105-5- - * F 
26 OPERATING PRESSURE 

105-5- -
PSIG PSIG 

27 NO. PASSES PER SHELL 
28 VELOCITY FT/SEC «. . . , FT/SEC 
29 PRESSURE DROP 18.6 PSI ± 0 . 0 PS! 

30 FOULING RESISTANCE (MIN.) 
31 HEAT EXCHANGED-BTU/HR 20,000,000 MTD CORRECTED-* F 
32 TRANSFER RATE—SERVICE 3b9 BtU/hr "P CLEAN 

33 CONSTRUCTION OF ONE SHELL 
34 DESIGN PRESSURE PSI PSI 
35 TEST PRESSURE PSI PSI 
36 DESIGN TEMPERATURE * F • F 
37 TUBES U N O -313 O . O . 5 / 8 BWG 1 8 LENGTH 2 0 5 PITCH I " ' 

3B SHELL 2 9 . 0 " L-D. O.D. SHELL COVER (INTEG) (REMOV) 
39 CHANNEL OR BONNET CHANNEL COVER 
40 TUBESHEET—STATIONARY 2 0 " spacing TUBESHEET-FLOATING 
41 BAFFLES—CROSS cut TYPE Segmental FLOATING HEAD COVER 
42 BAFFLES—LONG TYPE IMPINGEMENT PROTECTION 
43 TUBE SUPPORTS 
44 TUBE TO TUBESHEET JOINT 
45 GASKETS 
46 CONNECNONS-SHELL SIDE IN our RATING 
47 CHANNEL SIDE IN OUT RATING 

48 CORROSION ALLOWANCE—SHELL SIDE TUBE SIDE 
49 CODE REQUIREMENTS TEMA CLASS 

50 REMARKS 
51 IT' mi —i ri -1 . 
52 J. . xj .un.cx wui x cxcl L 

53 
54 

Fig. A.9. Specification Sheet for Heat Exchanger Designed by Using 
Methods Presented by Tinker. 
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= 20 X 10s 

29.5 (279) 

= 2433 ft2. 

The number of straight tubes in the exchanger 

N t = l ! - L = 8 7 1 ' o 

and the number of U-tubes = 87l/2 ~ 435. From the tube layout, the cor-
responding inside diameter of the shell is estimated to be 

d =34.0 in. 

A.5.1 Shell-Side Heat Transfer Coefficient 

When using the correlation presented by Short37 for the shell-side 
heat transfer coefficient, one must first determine an effective velocity 
for the baffle configuration used. The configuration used in this example 
design is illustrated in Fig. A.10. The effective flow velocity for the 
half-moon baffles illustrated in Fig. A.10 is determined from the equation 

t>, DUMMY bfcffIt 
bP 

Sp 

1 7 

n a " 

205' 

ETR3-156 

*—Tt 

\inr >tu\ 
\&u:rrnh Ap ( AVfc. Ffcfcfc CROSS FV.OW 
ymntj^ r AKEA') 
(fflZZZZD̂ V, I I 

Fig. A.10. Exchanger Layout for Determination of Shell-Side Heat 
Transfer Coefficient by Method Presented by Short. 
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G = G x D si 
o 

O .8 
(5.67) 

The heated length of this exchanger 

L = 205 in./l2 = 17.08 ft , 

and the assumed baffle spacing 

BP = 178/5 = 35.6 in. = 2-967 ft . 

The total free cross-sectional area Ag = cross sectional area of the 
shell minus the total cross-sectional area of the tubes. 

A = T(dJ a - 871 ?(0.625)2 s 4 s' 4V 

= 640.7 in.2 = 4.449 ft2 . 

With 403 tubes in the window opening, the free area of the baffle opening 

= |(f )(34)2 - 0.05(34)2 - 403 |(0.625)2 

= 272.5 in.2 = 1.893 ft2 . 

The flow velocity through the opening at the half-moon baffle 

= = 1-9 X 106 
w Aĵ  1..893 

= 1,004,000 lb/hr-ft2 . 

The average free cross-flow area 

Ap = [ds -(32do)](BP) 

= [34 - (32)(0.625)](35.60) 

= 498.4 in.2 = 3.461 ft2 . 

The flow velocity perpendicular to the tubes between baffles 

W 1.9 X 106 

\ = i ( ! K - v o - o 5 v - H ; 

G 
P A, 3.461 P 
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G = 549,000 lb/hr-ft2 . P 
Substituting these values in Eq. 5.67, the effective flow velocity 

Gx = 1,004,000 12(17.08) 35.6 
O .5 1.893 O .8 

4.449 

35.6 
12(17.08) 

°'5'4.449 I0,8 

1.893 + 549,000 

= 468,500 lb/hr-ft2 . 

The shell-side heat transfer coefficient is obtained from Eq. 5.69. 

i0.5r„ i< C 
h = -^-(0.37) 
0 Do 

0.364 

^ " do 
0.32,d q ,O.S 

(0.37) 

I k 

1 - Q.625)0, 
l0.05208jvu"""'\ 1 | 

= 817 Btu/hr-ft2.°F . 

The shell-side resistance to heat flow 

o x 
U 

(4.505)0,32 0.05208(468,500) 
1.64 

O.S 

r = = 0.001224, o h o 

and the shell-side fouling factor 
r - = 0.0005 . of 

The total shell-side resistance to heat transfer 

R = r + r . = 0.001724 . o o of 

A.5.2 Tube-Side Heat Transfer Coefficient 

The flow area per tube = 0.2181 in.2, and the flow area per pass for 
435 U-tubes 

,,JO.2181 
at = 4 3 5 p [ 4 4 - = 0.6588 ft2 

The mass flow through the tubes 
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W _ _ C _ 1,100,000 , .... , 
Gt = T t

 s 0.6588 " »&/0,000 Ib/hr-fc- , 

and the velocity through Che tubes 

1,670,000 
"t 3600s " 3600(61.7) 

® 7.52 fc/scc . 

From Figs. 5.9 and 5.10 (page 161), the film hcac transfer coefficient 
inside the cubes 

hi = 1.027(1960) = 2Q13 Bcu/hr-ft*.*P . 

The cube-side rosistanco to heat flow 

and the fouling foetor 
* 2513 " °- 0 0 0 4 9 6 • 

« 0.0007 . 

The total tube-sido resistance to heat transfer 

ft. = r, + r.e = O.COU96 1 i if 
corrected to the outside surface 

R< = 1.1859R. » 0.001418 . io x 
Ihe thermal resistance to flow of heat through the metal wall of the 
tube 

r = 0.000443 • w 

A.5.3 Overall Heat Transfer Coefficient 

The total heat transfer resistance 

R = R + r + R, o w io 

= 0.001724 + 0.000443 + 0.001418 

= 0.003585 . 
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The overall heat transfer coefficient 

tf • r » 279 Situ/hr-ft*- *F . 

This calculated value agree* with the value asjsuned to determine the 
effective outside surface area of the tubes. 

A.S.4 Shell-Side Pressure Prop 

«iwn using the correlation presented by Short*7 for det«r«inatiOft 
of the shell-side pressure drop, the shell-side friction factor for half-
taoon baffles is given by she equation 

fl20« r „ j : 
* I BP 20 + 

$> - d ?0 ' t of s 
a "ID 

2.Q? 
(5.72) 

where F » the friction and roughness factoi* for a particular baffle type-
For half-Doon baffles j F is tt function of 

0 C o s 
fC t» t> 

O D I s 

8h - r P o 

For this design, 

i r 

it 

0 . 7 T 

1.64 • 14,880 . 

- (4.505) - 3.184 , 

D » 34 in./12 - 2.8333 ft, and s ' 
L - 17.08 fc . 

From the given baffle cut of 457., the height of the half-moon baffle 

Bh - 557,(34) - 18.7 in. « 1-558 ft , 

and 
D L s 2.8333(17.08) 

2lBh - f U 2 | l' 5 5 8 - ^ 1 0 . 0 5 2 0 8 
• 3287 . 
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The function 14,880(3.184)(3287) = 1.557 X 10s 

amd from Fig. 5.24 (page 194), the roughness factor 

F = 3.7 X 10-5 . 

Substituting this value in Eq. 5.72, the shell-side friction factor 

1 f = s 0.795 

= 1.899 , 

0.625J 20 + (0.375)TT^| 87(3.7 X 10"5) 

where for BP >4.32 in., (BP/12DS)°'7 = 0.795 . The shell-side design 
pressure dvop is given by the equation 

f LG2 

AP = | (5.70) s 2(3600) pgdQ 

= 1.899(17.08)<468,500)a 
2(3600)a(62)(32.2)(0.05208) 

= 2642 lb/ft2 = 18.3 psi . 

This calculated value approximates the design value specified for the 
shell-side pressure drop. Therefore, the assumed values for the inside 
diameter of the shell (Dg) and the baffle spacing (BP) are correct for 
this pressure drop. 

A.5.5 Tube-Side Pressure Drop 

Using the previously calculated (Subsection A.5.2) value for the 
mass flow through the 435 U-tubes 

Gfc = 1,670,000 lb/hr-ft2 , 

the Reynolds number for the. tube-side flow 

_ °iGt _ 0.0439(1,670,000) 
Ket JI 1.21 

= 60,590 . 
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From Fig. 5-11 (page 164), the tube-side friction factor 
f = 0.000173 , 

and the tube-side pressure drop 

f t G
t ^ AP = — 

t (5.22 X 10lo)DiSgc> 

0.000173(1,670,000)2 (2) 

(5.22 X 10io)(0.0439)(0.989)(1) 

=7.27 psi . 

The return pressure loss 

r Sg2gc[l44 

_ 8(7.52)a(62.5) 
~ 0.989(64.4)(144) 

= 3.08 psi 

The total tube-side pressure drop 

AP_ = AP_ + AP T t r 

(5.21) 

(5.22) 

(5.23) 

= 7.27 +3.08 

= 10.35 psi . 

The results of the preceding calculations made for this example 
design are tabulated in the heat exchanger specification sheet illustrated 
in Fig. A.11. 
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ETR3-15/ 
1 J C 1 NO. 
2 CUSTOMER REFERENCE NO. 
3 ADDRESS PROPOSAL NO. 
« PLANT LOCATION DATE 

5 SERVICE OF UNIT STEM NO. 

6 SIZE TTTE ' F F I CONNECTED IN 

7 SQ. FT. SURF./UNHR 'FFF/F SHELLS/UNIT SQ. FT. SUTTF./SHELL 'FT°?S,' 

8 PERFORMANCE OF ONE UNIT 
9 SHELL SIDE TUBE SIDE 

10 FLUID CIRCULATED Water B e r a t e d Water 
11 TOTAL FLUIO ENTERING l b / h r 1 , 9 0 0 , 0 0 0 1 , 1 0 0 , 0 0 0 
12 VAPOR 
13 1LQUE I b / h r ™ 

STEAM 
1 , 9 0 0 , 0 0 0 i . i n n ooo. 

14 
1LQUE I b / h r ™ 
STEAM 

15 NON-CONDENSABLES 
16 FLUID VAPORIZED OR CONDENSED 
17 STEAM CONDENSEO 
18 GRAVITY 
19 VISCOSITY ( C e n t i r o i s e ) .68 § 100 °F Cp .5 § 131 °F 
20 MOLECULAR WEIGHT 
21 SPECIFIC HEAT BTU/LB * F BTU/LB-* F 
22 THERMAL CONDUCTIVITY BTU/HR-FT-* F BTU/HR-FT-* F 
23 LATENT HEAT BTU/LB BTU/LB 
24 TEMPERATURE IN 93 * F IkC * F 
25 TEMPERATURE OUT _. 105.5 .... * F 121.8 .. -- * F 
26 OPERATING PRESSURE 

_. 105.5 .... 
PSIG PSIG 

27 NO. PASSES PER SHELL 
28 VELOCITY FT/SEC FT/SEC 
29 PRESSURE DROP 18.3-- - PSI 10.4 PSI 
30 FOULING RESISTANCE (MIN.) 

18.3-- - 10.4 
31 HEAT EXCHANGED-BTU/HR 20,000,000 MTD CORRECTED-* F 
32 TRANSFER RATE—SERVICE 27Q T H - u / h r CLEAN 
33 CONSTRUCTION OF ONE SHELL 
34 DESIGN PRESSURE PSI PSI 
35 TEST PRESSURE PSI PSI 
36 DESIGN TEMPERATURE * F * F 
37 TUBES U NO. 435 O.D.5/8 BWG 18 LENGTH 205" P,TCH 1" A 
38 SHELL 3 4 . 0 " I.D. O.D. SHELL COVER (INTEG) (REMOV) 
39 CHANNEL OR BONNET CHANNEL COVER 
40 TUBESHEET—STATIONARY 36" S p a c i n g TUBESHEET-FLOAT1NG 
41 BAFFLFS—CROSS 45FT cutrfPE " S e g m e n t a l T y j FLOATING HEAD COVER 
42 BAFFLES—LONG TYPE IMPINGEMENT PROTECTION 
43 TUBE SUPPORTS 
44 TUBE TO TUBESHEET JOINT 
45 GASKETS 
46 CONNECTIONS-SHELL SIDE IN OUT RATING 
47 CHANNEL SIDE IN OUT RATING 
48 CORROSION ALLOWANCE—SHELL SIDE TUBE SIDE 
49 CODE REQUIREMENTS TEMA CLASS 
50 REMARKS 
51 a.ii. s n o r t C o r r e l a t i o n 
52 
53 
54 

Fig. A.11. Specification Sheet for Heat Exchanger Designed by Using 
Methods Presented by Short. 
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Appendix B 

DISCONTINUITY ANALYSES 

Discontinuity analyses of the juncture of « cylinder to a 
hemispherical head, the pressure stresses in thin-walled ellipsoidal 
heads, a tube-sheet-shell-channel assembly for steady-state loads, the 
juncture of a cylinder to a flange, nozzle-shell and nozzle-head junc-
tions for applied nozzle loads, and the junctions of vessel supports with 
the shell are presented in this appendix. The equations presented herein 
are based on the assumption that 
1. the materials of construction are linear elastic and isotropic and 
2. thin-shell and small-displacement theory is applicable. 

B.l Cylinder to Hemispherical Head 

The discontinuity analysis of a cylinder with a hemispherical head 
consists primarily of determining the internal forces and moments that 
occur at changes in the cross section of the assembly. For this purpose, 
the assembly is treated as two free bodies, and the internal forces and 
moments are represented as equal and opposite pairs of external loads 
acting at the juncture, as illustrated in Fig. B.l. The radial deflection 
(5) and the rotation (6) of the adjoining edge of each body can then be 
expressed in terms of these edge loads and the applied loads imposed by 
a particular design condition. In most cases, the applied load is an 
internal pressure, as is shown in this analysis. 

The sign convention and directions of loads assumed in Fig. B.l are 
carried throughout the analysis. Therefore, the appearance of a negative 
sign indicates a force or deformation in the direction opposite to that 
shown. The actual physical continuity of the structure establishes the 
requirement that the rotation and deflection of the two adjoining edges 
must be equal. This is expressed by "characteristic" equations. Solu-
tion of two of these equations for the two unknowns determines the magni-
tudes of these internal forces for the design condition being analyzed. 
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ETR3-158 

Fig. B-l. Free-Body Diagram of Juncture of Cylinder to Hemispherical 
Head. 

Thereafter, the stresses and deformations throughout the structure can be 
calculated by combining the effects of the discontinuity loads with those 
of the primary loads. 

B.l.l Deformation Equations 

The equations for deformation of shell elements at their juncture in 
terms of edge loads (Q and M) and internal pressure (p) are as follows. 
For the hemispherical shell, the rotation 

• - " £ « > - ^ « • » 1 im i 
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and the deflection 

2 Sim\ 
5 - I r ^ + l r ( M ) + ( 1 -1 1 i 

(B.2) 

where 
E = modulus of elasticity, 

X = 3(1 - P 2 ) lm 
1/4 

p = Poisson's ratio, 

and all other terms are as illustrated in Fig. B.l. For the long cylin-
drical shell, the rotation 

and the deflection 

5 = -

e = - ~ - ( Q ) + -k(M) 
2p?D 

1 1 PR2i, _ E 
2(33D 20D 2i \ / » 

(B.3) 

(B.4) 

where 

3 = 

D = 

3(1 - U ) 
R2 t2 

2m 2 

Et" 

1 / 4 and 

12(1 - u ) 

The equations for rotation and deflection are given in Table B.l. This 
type of tabulation presents a clear and concise picture of the relative 
magnitudes and effects of each force in deforming each element, thereby 
facilitating analytic manipulation. The absence of a term in a column in 
the table is equivalent to a coefficient of zero. 
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Table B»l» Coefficients of Edge Displacements and Rotations 
for Juncture of Cylinder to Hemispherical Head 

Q 

I Hemispherical Eti 

M 

-14X3 
Rn Eti lm 1 

Shell 
5 Im 2X2 >' (1-y i ' V 5 Et i Eti , 2Et! 

a -1 
26 ZD 

1 
Cylindrical 

-1 
26 ZD BD 

Shell 
6 

-1 1 *2i 
r 

> r f 6 26*1) 23*D Et2 

r 

> r f 

B.l.2 Characteristic Equations 

To satisfy the actual condition of continuity of the structure, the 
rotation and deflection of an element must equal the rotation and deflec-
tion of an adjoining element at the point of juncture. The resulting 
equations of compatibility of deformation are as follows. 

6 hemispherical shell = 0 long cylindrical shell (B.5) 
and 

& hemispherical shell = 6 long cylindrical shell • (B.6) 

Substituting these equations of deformation in terms of the unknown edge 
loads (Q and M) and the applied load (p) gives a set of simultaneous 
equations, called the characteristic equations, as follows. 

t r ^ ( Q ) - i r 4 - ( M ) - d r ™ + ̂ ( H ) <B.7a) l im l 2p D 
or 

. 2 £ L „ U x i _ + i 
2PSD " J - R^Et PD 

Q - hr^rr- + ^ M = o . (B.7) 
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2R X _ 2 
•(Q) + ^ r - ( M ) + Et Et 

(1 - vOR^ 
lit (p) 

~ - ( Q ) + - ^ - ( M ) + 
23 D 2p D 

R . |R„ - -r R^. 21 \ 5m 2 2x 
Et (P) (B.8a) 

or 

2R X im 
Et 203D Q + Et i 2P2D)M 

R . R„ 2iI 2 m 2 2i 
Et 

(1 -
2Et (B.8) 

These characteristic equations are tabulated below to facilitate solution 
for the unknown loadings (Q and M) in terms of the given applied loading 
(p). 

s_ 

(B.7) 

(B.8) 

K 

K 

K 

K 

K 

K 

In the above tabulation, represent the numerical values of the 
coefficients of Q, M, and p from Eqs. B.7 and B.8. For example, 

1 2X2 
Kl ~ 2^D " Et ' Ks " and so forth. 

B.1.3 Solution of Characteristic Equations 

The four basic steps involved in the solution of the characteristic 
equations are outlined as follows. 

1. The numerical values of the constants given in Table B.l are 
calculated from the geometry and properties of the elements. 

2. The numerical values of the coefficients K, v are calculated 
by using the values of the constants given in Table B.l. 

3. The simultaneous equations (Eqs. B.7 and B.8) are solved by 
algebraic substitution (or use of a computer program) to obtain solutions 
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Q = ciP 

M = C ap 

4- The numerical values of Q (pounds per inch of circumference) and 
M (pound-inches per inch of circumference) are calculated for a given 
applied pressure by substituting for p in the general solutions of step 3. 

B.1.4 Calculation of Stresses 

The resulting numerical values of Q and M are used to determine the 
stresses in the hemispherical head and the long cylindrical shell as 
follows-

(a) Hemispherical Head. From the free-body diagram illustrated in 
Fig. B.2, the longitudinal stress in the hemispherical head 

cr = General Membrane + Bending 
N_ + 6M 

Therefore 

(B.9) 

ETR3-159 

N 

Fig. B.2. Free-Body Diagram of Hemispherical Head at Juncture With 
Long Cylindrical Shell. 



403 

The tangential (hoop) stress 
(General 
Membrane) (Local Membrane) (Bending) 
pR . 

t 2t , im/ i lm ci 
(B.10) 

At the inner surface, the radial stress cr̂  = |p| . This value drops to 
zero at the outer surface for general membrane stress. The average 
primary radial stress 

°Rav = 2lpl (B.11) 

For combining purposes, the sign convention is used whereby + designates 
tension and — designates compression. Thus, for the case crn = -p —>0, K 

= R av 

(b) Long Cylindrical Shell. Cylindrical shells are considered 
long when P(length) > 3 or when the length > 3/{3. For the free-body 
diagram illustrated in Fig. B.3, the longitudinal stress 

= General Membrane + Bending 
_ NL , 6M 

PR 
where N = 21 21 

\R2m/ 
Therefore, 

PRal P W . 6M (B.12) 

M 

N ETR3-160 

I 

-R 2i 

Fig. B.3. Free-Body Diagram of Long Cylindrical Shell at Juncture 
With Hemispherical Head. 
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The tangential (hoop) stress 
(General 
Membrane)(Local Membrane) (Bending) 

a t = t ~ + — ± ^ • ( B - 1 3 ) 
2 2 2 

The radial stress cr = —p at the inner surface and zero at the outer 
K 

surface for general membrane. The average primary radial stress 

CTR av = " 2 ' ( B' 1 4 ) 

B.l.5 Calculation of Steadv-State Stress Intensities 

The steady-state stress intensities for both the hemispherical head 
and the long cylindrical shell are calculated in accordance with the 
rules of Paragraphs NB-3213 through NB-3221 in Section III of the ASME 
Boiler and Pressure Vessel Code. These calculated values are then com-
pared with the allowable values. 

(a) Hemispherical Head. The maximum general primary membrane 
stress intensity in the hemispherical head 

- H I 
i \ im / 

PR2. or P = ,„ p1 + 0.5p . (B. 15) m 2t Rĵ  m 

The calculated value is compared with the allowable value S . The maxi-
mum local membrane stress intensity 

PT = Pm + ~(Q) + ~ ^ - ( M ) . (B.16) L m t K. t l lm l 
The calculated value is compared with the allowable value 1.5Sm. The 
maximum primary membrane (general or local) plus primary bending stress 
intensity (PL + is the greater of 

P L + 0 . 5 p + p p (tangential) (B.17) 
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or (longitudinal) (B. 18) 

The expressions with"p" terms are for inner surfaces and are based on the 
assumption that discontinuity bending produces tension at this location. 
If M produces tension at the outer surface, the maximum stress intensity 
will occur there without the radial component p. Thus, for values at the 
outer surface, subtract p from those expressions. The greater calculated 
value is then compared with the allowable value 1.5S . 

(b) Long Cylindrical Shell. From the diagram illustrated in Fig. 
B.4, the general primary membrane stress intensity in the long cylindrical 
shell 

(B.19) 

or P (B•20) 

ETR3-161 

Fig. B.4. Combination of Stresses in Long Cylindrical Shell. 
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The value of P m t a n g is always greater and is compared with the allowable 
value Sm. The maximum local membrane stress intensity 

PT = P + L mt 
-2 PR. 2m (Q) + 

2f3eR 2m (M) (B. 21) 

The calculated value is compared with the allowable value 1.5Sm. The 
maximum primary membrane (general or local) plus primary bending stress 
intensity is the greater of 

pRai , 6M , i + p 
2t2R2m t| 

(B - 22) 

or 
pR . 2PR 2i K 2m 23aR n,__ 

(Q) + — Z (M) + —rs + P • 
2 2 

(B.23) 

The greater calculated value is compared with the allowable value 1.5S m 

B«2 Pressure Stresses in Thin-Walled Ellipsoidal Heads 

The maximum stress components and maximum stress intensities result-
ing from internal pressure in a thin-walled cylindrical pressure vessel 
with an ellipsoidal head are determined here by using the stress indices 
and stress intensity indices given in Tables B.2, B.3, and B.4. The data 
in these tables were compiled by using the solution described by Kraus, 
Bilodeau, and Langer59 and the computer program described by Bilodeau, 
Callaghan, and Kraus.60 The indices are nondimensional values equal to 
the quantity being reported (stress or stress intensity) divided by 
pDm/2t, the circumferential stress in the cylinder remote from the junc-
tion. The terms used in these tables and this subsection are as follows. 

D^ = mean diameter of cylinder, in., 
h = inside head height (minor axis), in., 
p = internal pressure, psi, 
T = wall thickness of head, in., 
t = wall thickness of cylinder, in., and 
3 = ratio of the major diameter to the minor diameter of the middle 

surface of the ellipsoidal head. 



Tab le B. 2 . MAXIMUM STRESS INDEXES IN VARIOUS PRESSURE VESSELS WITH ELLIPSOIDAL HEADS 

0=1.0 
D/t T / t Crown Junction Cylinder Crown 

10 2.00 0.22(a) 0.52(c) 1.04(d) 0.35(b) 
1.50 0.34(b) 0.61(c) 1.04(d) 0.58(b) 
1.25 0.41(b) 0.67(c) 1.04(d) 0.76(b) 
1.00 0.51(b) 0.74(d) 1.03(d) 0.99(b) 
0.75 0.68(b) 0.89(d) 1.03(d) 1.33(b) 
0.50 1.00(a) 1.11(d) 1.01(d) 1.90(b) 

25 2.00 0.26(b) 0.54(c) 1.04(d) 0.51(b) 
1.50 0.34(b) 0.63(c) 1.03(d) 0.67(b) 
1.25 0.40(a) 0.68(c) 1.03(d) 0.77(b) 
1.00 0.50(a) 0.75(d) 1.03(d) 0.92(b) 
0.75 0.67(a) 0.89(d) 1.02(d) 1.16(b) 
0.50 1.00(a) 1.11(d) 1.01(d) 1.64(b) 

50 2.00 0.25(a) 0.54(c) 1.04(d) 0.46(b) 
1.50 0.33(a) 0.63(c) 1.03(d) 0.58(b) 
1.25 0.40(a) 0.68(c) 1.03(d) 0.67(b) 
1.00 0.50(a) 0.75(d) 1.03(d) 0.82(b) 
0.75 0.67(a) 0.89(d) 1.02(d) 1.07(b) 
0.50 1.00(a) 1.11(d) 1.01(d) 1.57(b) 

100 2.00 0.25(a) 0.54(c) 1.04(d) 0.41(b) 
1.50 0.33(a) 0.63(c) 1.03(d) 0.53(b) 
1.25 0.40(a) 0.68(c) 1.03(d) 0.63(b) 
1.00 0.50(a) 0.75(c) 1.03(d) 0.78(b) 
0.75 0.67(a) 0.89(d) 1.03(d) 1.03(b) 
0.50 1.00(a) 1.11(d) 1.01(d) 1.53(b) 

300 2.00 0.25(a) 0.54(c) 1.04(d) 0.39(b) 
1.50 0.33(a) 0.63(c) 1.04(d) 0.51(b) 
1.25 0.40(a) 0.69(c) 1.03(d) 0.01(b) 
1.00 0.50(a) 0.75(c) 1.03(d) 0.76(b) 
0.75 0.67(a) 0.91(d) 1.02(d) 1.00(a) 
0.50 1.00(a) 1.11(d) 1.01(d) 1.51(b) 

p = 1.5 0 = 2.0 

0.55(e 
0.72(e 
0.84(e 
1.01 (e 
1.25(e 
1.70(e 

0.5B(c 
0.74(e 
0.85(e 
0.98(e 
1.18(e 
1.58(e 

0.58(e 
0.72(e 
0.81(e 
0.93(e 
1.12(e 
1.50(e 

0.56(e 
0.69(e 
0.78(e 
0.89(e 
1.06(e 
1.43(e 

0.54(e 
0.66(e 
0.74(e 
0.85(c 
1.08(l" 
1.70lb 

Cylinder Crown Knuckle Cylinder 

1.13(e) 
1.04(d) 
1.05(d) 
1.05(d) 
1.06(d) 
1.06(d) 

1.15(e) 
1.05(d) 
1.05(d) 
1.06(d) 
1.07(d) 
1.07(d) 

1.11(e) 
1.05(d) 
1.06(d) 
1.06(d) 
1.07(d) 
1.08(d) 

1.08(e) 
1.06(d) 
1.06(d) 
1.07(d) 
1.07(d) 
1.08(d) 

1.05(d) 
1.06(d, 
1.06(d) 
1.07(d) 
1.10(d) 
1.08(d) 

0.47(b) 
0.77(b) 
1.03(b) 
1.41(b) 
1.99(b) 
2.93(b) 

0.74(b) 
1.01(b) 
1.20(b) 
1.44(b) 
1.77(b) 
2.39(b) 

0.72(b) 
0.89(b) 
1.01(b) 
1.19(b) 
1.51(b) 
2.17(b) 

0.60(b) 
0.75(b) 
0.88(b) 
1.08(b) 
1.42(b) 
2.08(b) 

0.53(b) 
0.69(b) 
0.83(b) 
1.03(b) 
1.35(b) 
2.01(b) 

0.61(e) 
0.87(e) 
1.07(e) 
1.37(e) 
1.82(e) 
2.50(e) 

0.73(e) 
1.00(e) 
1.20(e) 
1.45(e) 
1.80(e) 
2.42(e) 

0.70(e) 
1.01(c) 
1.17(e) 
1.39(e) 
1.69(e) 
2.26(e) 

0.75(e) 
0.97(e) 
1.12(e) 
1.30(e) 
1.57(e) 
2.11(e) 

0.70(e) 
0.90(e) 
1.03(e) 
1.19(e) 
1.40(e) 
2.60(b) 

1.40(e) 
1.25(e) 
1.14(e) 
1.06(d) 
1.08(d) 
1.11(d) 

1.58(e) 
1.31(e) 
1.12(e) 
1.09(d) 
1.11(d) 
1.19(b) 

1.55(e) 
1.23(e) 
1.08(d) 
1.10(d) 
1.12(d) 
1.27(d) 

1.47(e) 
1.13(d) 
1.09(d) 
1.11(d) 
1.1 Gib) 
1.32(b) 

1.35(r) 
1.09(d) 
1.10(d) 
1.12(d) 
1.22(b) 
1.40(b) 

0 = 2.5 (3 = 3.0 

Crown Knuckle Cylinder Crown Knuckle Cylinder 

0.58(b) 0.65(e) 1.63(e) 0.66(b) 0.69(e) 1.81(e) 
0.93(b) 0.98(e) 1.53(e) 1.06(b) 1.07(e) 1.76(e) 
1.24(b) 1.26(e) 1.44(e) 1.41(b) 1.41(e) 1.70(e) 
1.74(b) l.G9(o) 1.30(e) 1.93(b) 1.96(e) 1.58(e) 
2.54(b) 2.37(e) 1.09(d) 3.00(b) 2.86(e) 1.35(e) 
3.95(b) 3.47(e)' 1.14(d) 4.89(b) 4.39(e) 1.24(b) 

0.96(b) 0.85(c) 2.03(e) 1.15(b) 0.95(e) 2.45(e) 
1.34(b) 1.26(e) 1.79(e) 1.63(b) 1.48(e) 2.26(e) 
1.63(b) 1.5G(e) 1.58(e) 2.02(b) 1.90(e) 2.05(e) 
2.00(b) 1.90(e) 1.27(e) 2.53(b) 2.46(e) 1.71(e) 
2.49(b) 2.50(e) 1.17(b) 3.24(b) 3.25(e) 1.28(b) 
3.27(b) 3.39(e) 1.51(b) 4.28(b) 4.43(e) 1.77(b) 

1.00(b) 0.95(e) 2.01(e) 1.27(b) 1.12(e) 2.68(e) 
1.24(b) 1.32(e) 1.73(e) 1.03(b) 1.65(e) 2.31(e) 
1.41(b) 1.59(e) 1.45(e) 1.83(b) 2.00(e) 1.97(e) 
1.04(b) 1.94(e) 1.13(b) 2.15(b) 2.53(c) 1.53(e) 
2.00(b) 2.31(e) 1.34(b) 2.57(b) 3.19(e) 1.56(b) 
2.79(b) 3.22(e) l.G9(b) 3.46(b) 4.27(e) 2.09(b) 

0.81(b) 0.96(e) 2.01(e) 1.08(b) 1.19(e) 2.66(e) 
1.00(b) 1.31(e) 1,60(e) 1.28(b) 1.07(e) 2.18(e) 
1.15(b) 1.55(e) 1.30(e) 1.46(b) 2.00(e) 1.78(e) 
1.39(b) 1.85(e) 1.22(b) 1.72(b) 2.45(c) 1.41(b) 
1.81(b) 2,2G(c) 1.47(b) 2.22(b) 3.07(e) 1.77(b) 
2.65(b) -3.05(d) 1.83(b) 3.22(b) -4.44(d) 2.34(b) 

0.67(b) 0.93(e) 1.82(e) 0.82(b) -1.26(d) 2.44(e) 
0.88(b) 1.22(e) 1.35(e) 1.07(b) -1.79(d) 1.85(e) 
1.05(b) -1.48(d) 1.10(b) 1.28(b) -2.20(d) 1.46(e) 
1.30(b) -1.87(d) 1.34(b) 1.58(b) -2.81(d) 1.62(b) 
1.73(b) -2.52(d) 1.54(b) 2.09(b) -3.81(d) 1.97(b) 
2.57(b) -3.81(d) 1.86(b) 3.18(b) -5.09(d) 2.27(b) 

Note: (a) - equal axial s t r e s s on Inside and outside; (b) * axial outside; (c) = circumferential inside; (d) circumferential outside; (o) = axial inside. 



Tab le B.3. MAXIMUM STRESS INTENSITY INDEXES IN VAIUOUS PRESSURE VESSELS WITH ELLIPSOIDAL HEADS 

D/t 

0 = 1.0 0 = 1.5 P'2.0 /l = 2.5 0 * 3.0 

T / t Crown Junction Cylinder Crown Knuckle Cylinder Crown Knuckle Cylinder Crown Knuckle Cylinder Crown Knuckle Cyl'p ,r_ 

2.00 0.41(1) 0.72(1) 1.21(1) 0.35(o) 0.75(1) 1.33(0 0.47(o) 0.81(1) 1.61(1) 0.5B(o) 0.85(1) 1.83(1) 0.66(o) 0.89(1) 
1.50 0.49(1) 0.81(1) 1.21(1) 0.5fl(o) 0.92(1) 1.22(1) 0.77(o) 1.07(1) 1.45(1) 0.93(o) 1.18(1) 1.73(1) 1.0G(o) 1.27(1) i . . 
1.25 0.56(1) 0.87(i) 1.21(1) 0.7C(o) 1.04(1) 1.22(1) 1.03(0) 1.27(0 1.36(1) 1.24(0) 1.46(1) 1,64(0 1.41(c) 1.01(0 1.90(1) 
1.00 0. C8(l) 0.94(1) 1.21(i) 0.99(o) 1.21(1) 1.22(0 1.41(0) 1.57(1) 1.22(1) 1.74(a) 1.89(1) 1.50(1) 1.99(d) 2.16(1) 1.78(0 
0.75 0.86(1) 1.05(1) 1.21(0 1.33(o) 1.45(f) 1.22(1) 1.99(o) 2.02(1) 1.23(0 2.54(oj 2.57(0 1.2G(i) 3.00(a) 3.06(1) 1.55(0 
0.50 1.20(1) 1.27(1) 1.20(0 1.90(o) 1.90(i) 1.22(0 2.93(c) 2.76(0 1.24(1) 3.95(o) 3.67(i; 1.250) 4.89(c) 4.59(0 1.26(1) 

2.00 0.32(1) 0.61(1) 1.09(1) 0.5l(o) 0.6B(i) 1.23(0 0.75(o) 0.81(1) 1.66(1) 0.96(0) 0.93(0 2.11(0 1.1 Mo) 1.03(1) 2.53(1) 
1.50 0.41(1) 0.71(1) 1.09(0 0.67(o) 0.B2(i) 1.10(0 1.01(o) 1.08(0 1.39(1) 1.34(c) 1.34(0 1.87(1) 1.63(0) 1.56(0 2.34(1) 
1.25 0.48(0 0.76(i) 1.09(0 0.77(o) 0.93(1) 1.10(1) 1.20(o) 1.28(0 1.20(1) 1.63(a) 1.64(0 1.66(1) 2.02(a) 1.98(1) 2.13(0 
1.00 C.58(i) 0.83(i) 1.03(1) 0.92(o) l.OG(l) l.IO(i) 1.44(o) 1.53(0 1.12(0 2.00(c) 2.04(0 1.35(1) 2.03(o) 2.54(1) 1.78(1) 
0.75 0.75(1) 0.93(i) 1.09(0 1.16(0) 1.26(1) 1.10(o) 1.77(0) 1.88(0 1.12(1) 2,49(0) 2.64(i) 1.17(0) 3.24(c) 3.45(1) l.OH(l) 
0,50 1.08(i) 1.07(1) 1.08(0 1.64(0) 1.66(1) 1.11(0) 2.39(0) 2.61(i) 1.19(o) 3.37(c) 3.94(0 1.51(o) 4.28(a) 5.21(1) 1.06(0 

2.00 0.29(i) 0.58(i) 1.05(0 0.4G(o) 0.62(1) 1.15(1) 0,72(o) 0.80(0 1.59(1) 1.00(a) 0.99(1) 2.14(1) 1.27(o) 1.25(1) 2.72(1) 
1.50 0.37(1) 0.67(1) 1.05(0 0.58(o) 0.76(1) 1.06(0 O.U'J(o) 1.05(0 1.27(1) 1.24(0) 1.41(1) 1.77(1) 1.63(a) 1.83(1) 2.35(1) 
1.25 0.44(i) 0.72(i) 1.05(0 0.67(o) 0.85(0 1.06(0 1.01(c) 1.21(0 1.08(o) 1.41(c) 1.76(1) 1.49(1) 1.83(0) 2.31(1) 2.01(0 
1.00 0.54(1) 0.79(1) 1.05(1) 0.82(o) 0.97(i) 1.06(0 1.19(0) 1.48(0 1.10(o) 1.64(c) 2.26(0 1.23(1) 2.15(0) 3.00(1) 1.90(1) 
0.75 0.71(1) 0.89(i) 1.05(0 I.07(o) 1.16(1) 1.07fo) 1.51 (o) 1.00(1) l.!2(0) 2.00(c) 3.03(0 1.34(a) 2.07(a) 4.08(1) 1.80(1) 
0.50 1.04(1) l . l l (o ) 1.04(0 1.57(o) 1.54(0 1.08(c) 2.17(o) 2.87(0 1.27(c) 2.79(o) 4.46(1) 1.69(c) 3.4G(o) 6.01(1) 2,09(o) 

2.00 0.27(1) 0.56(0 1.04(o) 0.41(0) 0.58(0 l.io(i) O.CO(o) 0.78(0 1.49(1) 0.111(0) 1.16(0 2.03(1) l.OB(o) 1.54(1) 2.68(1) 
1.50 0.35(1) 0. G5(i) 1.03(o) 0.53(o) 0.71(1) 1.06(o) 0.75(o) 1.07(0 1.15(1) 1.00(o) 1.03(0 1.62(1) 1.2«(o) 2.10(1) 2.24(1) 
1.25 0.42(1) 0.70(i) 1.03(o) 0.Q3(o) 0.80(0 1.0G(o) 0,88(o) 1.29(0 I.09(o) 1,15(0) 2.00(0 1.35(1) 1.4(3(0) 2.71(!) 2.1!(1) 
1.0 0 0.52(i) 0.77(1) 1.03(o) 0.78(o) 0.91(0 1.07(o) l.OB(o) 1.01(0 1.1 l(o) 1.39(0) 2.53(0 1.23(i) 1.72(o) 3.450) 1.96(1) 
0.75 0.69(1) 0.89(o) 1.03(0 1.03(o) l.OB(i) 1.07(c) 1.42(0) 2.10(0 1.10(o) 1,81(0) 3.34(1) 1.-17(0) 2.22(0) 4. GUI) 1.87(1) 
0.50 1.02(1) l . l l (o ) 1.02(0 1.53(o) 1.46(1) 1.08(o) 2.08(o) 3.07(0 1.32(o) 2.65(o) 4.91(0 1.83(o) 3.22(c) 6.77(o) 2.70(a) 

2.00 0.26(i) 0.54(0 1.04(o) 0.39(o) 0.54(1) 1.05(c) 0.53(0) 0.88(f) 1.36(0 0.07(a) 1.37(f) 1.03(1) 0.82(c) 1.89(1) 2.44(1) 
1.50 0.34(1) 0.63(i) 1.04(o) 0.51(o) 0.67(1) 1.06(o) 0.69(o) 1.17(0 1.09(o) 0.88(c) 1.87(1) 1.41(1) 1.07(o) 2.62(1) 2.20(1) 
1.25 0.40(1) 0.69(1) 1.03(o) 0.6 l(o) 0.75(1) 1.06(o) 0.83(o) 1.39(1) 1.10(o) 1.05(a) 2.26(0 1.28(0 1.28(a) 3.19(1) 2.07(1) 
1.00 0.50(1) 0.70(1) 1.03(o) 0.76(o) 0.86(0 1.07(o) 1.03(o) 1.71(0 1.12(o) 1.30(d) 2.81(0 1.34(o) 1.58(p) 4.01(1) 1.95(0 
0.75 0.67(1) 0.91(i) 1.02(o) 1.01(1) 1.08(1) 1.10(o) • 1.35(o) 2.20(0 1.22(o) 1.73(a) 3.72(1) 1.54(o) 2.09(c) 5.32(1) 1.97(a) 
0.50 1.00(i) 1.11(0) 1.01(1) 1.5l(o) 1.70(u) 1.08(c) 2.01(o) 3.22(1) 1.40(u) 2.57(o) 5.50(1) 1.86(a) 3.18(a) 8.13(1) 2.27(o) 

Note: (i) = inside, (o) = outside. 



Tab le B. 4 • MAXIMUM MEMBRANE STRESS INTENSITY INDEXES IN VARIOUS PRESSURE VESSELS WITH ELLIPSOIDAL HEADS 

10 

25 

50 

100 

300 

0 = 1.0 fi= 1.5 0 •- 2.0 P = 2.5 0 = 3.0 

T / t Crown Junction Cylinder Crown Knuckle Cylinder Crown Knuckle Cylinder Crown Knuckle Cylinder Crown Knuckle Cyltnd 

2.00 0.32 0.60 1.12 0.34 0.47 1.13 0.37 0.380) 1.13 0,37 0.38 1.13 0.38 0.39 1.13 
1.50 .0.41 0.69 1.12 0.47 0.53 1.12 0.49 0.47 1.13 0.51 0.480) 1.13 0.52 0.48 1.13 
1.25 0.49 0.76 1.12 0.58 0.570) 1.12 0.C2 0.500) 1.13 0.64 0.550) 1.12 0.65 0.56 1.13 
1.00 0.60 0.84 1.12 0.74 0.610) 1.13 0,82 0.600) 1.13 0.86 O.GO(j) 1.14 0.87 0.600) 1.14 
0.75 0.77 0.97 1.11 1.02 0.6UO) 1.13 1.19 0.770) 1.14 1.29 0.770) 1.14 1.33 0.770) 1.15 
0.50 1.10 1.10 1.10 1.57 1.100) 1.13 1.95 1.100) 1.16 2.23 1.48 1.17 2.43 1.71 1.18 

2.00 0.29 0.55 1.06 0.38 0.370) 1.07 0.43 0.290) 1.07 0.48 0.300) 1.08 0.50 0,3.7 1.08 
1.50 0.38 0.65 1.06 0.52 0.430) 1.07 0.63 0.37(j) 1.08 0.70 0.48 1.0B 0,75 0.57 1.09 
1.25 0.44 0.71 1.06 0.03 0.460) 1.07 0.78 0.440) 1.08 0.90 0.65 1.09 0,98 0.77 1.00 
1.00 0.54 0.79 1.06 0.79 0.540) 1.07 1.0! 0.70 1.09 1.20 0.94 1.09 1.34 1.13 1.10 
0.75 0.71 0.91 1.05 1.04 0.710) 1.0B 1.37 1.05 1.10 1,68 1.45 1.12 1.94 1.76 1.15 
0.50 1.00 1.13 1.04 1.54 1.040) 1.08 2.05 1.73 1.12 2.57 2.43 1.15 3.07 3.02 1.G7 

2.00 0.27 0.53 1.04 0.39 O.340) 1.05 0.51 0.3G 1.06 0.60 0.50 1.07 0.68 0.64 1,08 
1.50 0.35 0.63 1.04 0.52 0.400) 1.05 0.69 0.55 1.06 0.84 0.77 1.07 0.98 0.95 l.oa 
1.25 0.42 0.69 1.04 0.02 0.430) 1.05 0.83 0.71 1.0S 1.03 1.00 1.08 1.21 1.26 1.09 
1.00 0.52 0.77 1.04 0.77 0.52'j) 1.05 1.03 0.94 1.07 1.29 1.35 1.09 1.54 1,09 1.19 
0.75 0.69 0.89 1.03 1.02 0.C90) 1.06 1.36 1.31 1.09 1.71 1.93 1.12 2,06 2,46 1.51 
0.50 1.02 1.11 1.02 1.52 1.020) 3.06 2.02 2.11 1.11 2,53 3.08 1.35 3.05 3,96 2.05 

2.00 0.26 0.52 1.03 0,38 0.330) 1.04 0.51 0.48 1.04 0,65 0.70 1.06 0.77 0.90 1.07 
1.50 0.34 0.62 1.03 0.51 0.380) 1.04 0,68 0.70 1.05 0,85 1.02 1.07 1,03 1.32 1.08 
1.25 0.44 0.68 1.03 0.61 0.44 1.04 0. HI 0.88 1.06 1,02 1.29 1.07 1.23 1.67 1.20 
1.00 0.51 0.7'j 1.03 0.76 0.56 1.04 1.01 1.14 1.07 1,26 1.69 1.09 1.52 2,21 1.41 
0.75 o.e«j 0.88 1.02 1.01 0.74 1.05 1.34 1.57 1.08 1.68 2.36 1.15 2.01 3.11 1,76 
0.50 1.01 1.10 1.01 1.51 1.14 1.05 2.01 2.42 1.10 2,51 3.68 1,48 3,01 4,B7 2,31 

2.00 0.25 0.51 1.02 0.38 0.320) 1.03 0.50 0.63 1.04 0.63 0.97 1.06 0.75 1.29 1.09 
1.50 0.34 0.61 1.02 0.50 0.41 1.03 0.67 0.88 1.05 0.84 1.35 1,07 1.00 1.83 1.25 
1.25 0.40 0.67 1.02 O.UO 0.50 1.04 0.80 1.07 1.06 1.00 1.67 l.Ott 1.20 2.27 1.40 
1.00 0.50 0.75 1.02 0.75 0.62 1.04 1.00 1.35 1.07 1.25 2.13 1.10 1.50 2.P3 1.04 
C.75 0.07 0.89 1.02 1.00 0.82 1.06 1.34 1.82 1.08 1.34 2.92 1.20 2.00 4.03 1.95 
0.50 1.00 1.09 1.01 1.50 1.23 1.05 2.00 2.76 1.10 2.50 4.48 1.48 3.00 6,27 2.23 

•P-O vo 

Note: (j) indicates there was no peak in the k.Jckln region awl the value given occurs al the Junction. 
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B.2.1 Maximum Stress and Stress Intensity Indices 

The maximum stress index for each region of the cylindrical pressure 
vessel with an ellipsoidal head is given in Table B.2. The data given in 
this table indicate whether the maximum is axial or circumferential and 
whether it occurs on the inside or the outside surface. The maximum 
stress intensity index in each region of the vessel is given in Table B.3. 
The data given in this table also indicate whether the maximum stress 
occurs on the inside or outside surface. The maximum membrane stress 
intensity index in each region of the vessel is given in Table B.4. For 
several cases, including all the hemispheres (f3 = 1), there is no pro-
nounced peak of membrane stress intensity in the knuckle region. Because 
the knuckle is not an accurately defined region in an ellipsoidal head, 
the maximum stress in the knuckle is not always a clearly defined quan-
tity. Whenever this ambiguity exists, the membrane stress intensity 
index at the head-to-cylinder junction is used. 

The maximum stress components and stress intensities given in Tables 
B.2, B.3, and B.4 were calculated for the following parameter ranges with 
the assumption that the length of the cylindrical shell is greater than 
2(Dmt/2)1/2. 

10 < D /t < 300 — m — 
1 < & < 3 

0.5 < T/t < 2 

For T/t = 1, only discontinuity stresses are present and no stress con-
centration factor is required. 

The maximum stress components and stress intensities for any given 
design may be found by interpolating between the values given in Tables 
B.2, B.3, and B.4. Stresses and stress intensities in pounds per square 
inch are obtained by multiplying the tabulated indices by pDm/2t. 

B.2.2 Example Evaluation of an Ellipsoidal Head 

For this example evaluation it is assumed that the design require-
ments for the pressure vessel stipulate an inside diameter of 4 ft and 
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an operating pressure of 800 psi at room temperature. To minimize the 
overall length, the head selected for the vessel is flatter than the 
hemispherical or the standard 2-to-l ellipsoidal type. On the basis of 
the design requirements, an ellipsoidal head with the following dimen-
sions is determined. 

h = inside head height (minor axis) = 8 in., 
T = wall thickness of head = 1.77 in., 
t = wall thickness of cylinder = 0-985 in., and 

Dm = mean diameter of cylinder = 48.885 in. 
Therefore, the ratio 

a _ 48.885 _ o 
2 8 + - Y 2 1 

To determine the stress intensity indices from Tables B.3 and B.4, 
the value of 

Dm/t = 49.7 
and T/t = 1.80. 
The value of Dm/t is so close to 50 that no interpolation is required. 
For this value, the stress intensity indices in the crown of the ellip-
soidal head given in Table B.3 are tabulated below. The values in this 
tabulation that were determined by interpolating between values in Table 
B.3 are followed by an asterisk. 

T/t p = 2.5 3 = 2.75 3 = 3.0 
2.00 1.00 1.27 
1.80 1.10* 1.25* 1.41* 
1.50 1.24 1.63 

The stress intensity indices for the cylinder and knuckle and the 
maximum membrane stress intensity indices for the crown, cylinder, and 
knuckle are calculated in a similar manner. The results of these calcu-
lations are given in the following tabulation where the numbers within 
parentheses are stress intensities in pounds per square inch obtained by 
multiplying the index by pDm/2t where 

- f f e f t f - » . * » P=t • 
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Type of Index Crown Knuckle Cylinder 
Maximum stress 
intensity 

1.25 1-32 2.28 
(24,900) (26,300) (45,400) 

Maximum membrane 
stress intensity 

0.75 0.69 1.08 
(14,900) (13,750) (21,500) 

These stress intensities are limited by the rules in Section III of the 
ASME Boiler and Pressure Vessel Code. In the crown, the maximum stress 
intensity is limited by Paragraph NB-3221.3 and the maximum membrane 
stress intensity is limited by Paragraph NB-3221.1. In the knuckle and 
the cylinder, the maximum stress intensity is limited by Paragraph 
NB-3222.2 and the maximum membrane stress intensity is limited by Para-
graph NB-3221.2. 

B.3 Tube-Sheet-Shell-Channel Assembly for Steady-State Loads 

A discontinuity analysis of a tube-sheet-shell-channel assembly for 
steady-state loads consists primarily of determining the internal 
moments and forces that exist at changes in the cross section of the 
assembly. These locations are referred to as points of discontinuity. 
Under the action of an applied load, such as internal pressure, the 
individual elements that make up the assembly xrould each perform differ-
ently. Therefore, the discontinuity moments and shears are necessary for 
compatibility and continuity of the assembly. 

B.3.1 Five-Component Assembly 

A free-body diagram of a typical tube-sheet-shell-channel assembly 
is illustrated in Fig. B.5. This assembly has five basic components: 
a spherical shell, short shell, rigid ring (the solid portion of the 
tube sheet), a perforated plate (the perforated portion of the tube 
sheet), and a long shell. The assumed directions of the moments and 
shears together with the positive sign convention for rotation and dis-
placement are illustrated in Fig. B.5. These are used to develop the 
equations for displacement and rotation of the individual components 
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ETR3-158 
LONG 

SPHERICAL 
S W E L L 

Fig. B.5. Free-Body Diagram of Tube-Sheet-She11-Channel Assembly 
With Five Basic Components. 
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of the assembly. Therefore, if the sign for any calculated moment or 
shear is negative, the moment or shear will be acting in a direction 
opposite to that shown in Fig. B.5. 

(a) Equations for Displacement and Rotation of Individual Components. 
The equations for displacement and rotation of the individual components 
of the assembly are developed in terms of the edge loads, pressure, and 
temperature. The development of these equations is based on the assump-
tion that 
1- the materials of construction are linear elastic and isotropic, 
2. thin-shell and small-displacement theory is applicable, and 
3. the ring acts as a rigid body. 
Some of the terms used in this subsection are defined as follows. 

P^ = tube-side (primary) pressure, psig, 
P q = shell-side (secondary) pressure, psig, 
T^ = tube-side temperature, °F, 
Tq = she11-side temperature, °F, 
E = modulus of elasticity, psi, 
(X = coefficient of linear thermal expansion, in./°F, and 
p = Poisson's ratio. 
1. Spherical shell. The rotation 

2X2(sin t)Q 4X3M 
e 3 . = + Et " ER t~ ' <B'24> i l 

where X = 
R W 

3(1 - P 2) ̂ n 
_ li / . 

1 / 4 

The radial deflection 

2RimX(sin2 <t>)Q 2X2(sin 4>)Mi (1 - p)R^|(sin <t>)Pi 
5i = + " Etx ~ i T " + 

+ R a(T. - 70) . (B.25) am l 
Short shell. 

B,„ B G G B 1 2 /„ X . aa v __12_ m \ . 22 / u X I 12 
+ •

 + w 1 * ' c o s 
2 2 2 2 

(B.26) 



415 

I I 
203D 

2 2 

(Q,) -
B12 G11 1 2 (H ) + —zr—(%) 12 
2P=D 1 

2 2 
2PfD2* 

B 
(M ) -

2 P | V 2 1 
(N cos <t>) 

piRl- IK i 2i 2m jiN IR 
-Is) + R a(T. - 70) , t I E / 2in i ' 2 ' 

(B.27) 

9 = 
2 

2ft 
- + ~ ^ < Q 2 > " ) - -^r-CN cos •) 3„D„ 1 2ft2D2 1 2ft D 2ft,D̂  2 2ft„D„ 1 

2 2 2 2 2 2 2 2 

(B. 28) 

V - T i r - C Q , ) - T^-CH,) -12 11 12 (M_) 11 
2ft2D2 i 2ftjD2 1 ^ 2^0, a' 2ft=D0' i 

(N cos $) 
2 2 2 2 

PiR2i ^ f t 2m + R ^ T . - 70) , (B.29) 

where B ^ , B ^ , B , G ^ , G12, and G 2 2 are short shell coefficients and 

P2 = 
3(1 - pg) 
R^ ta 

2 m 2 

1/4 

Etc 

° 2 ~ 12(1 - p2) ' 

P.R2. 1 21 
N 

N = — g — = -i sin <l> 2R (sin <!>) 2m 

N = 
P.R' IR') i_2l( 21 

2 R_ 2m/ 

Then 
P-R'? 

(Nx cos *) = 2R~ii(cot 

2m 
(B.30) 

and 
pN P.R .P 

2 _ 1 21 
t 2R t 

2 2rn 2 
(B.31) 
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Replacing the terms having N^ and N^ with their equivalents expressed in 
terms of pressure (Pf), for 0 

—p--(N, cos <)>) = 
B R'?(cot <t>)P, 12 £1 1 

2 " 2 ( 2 W 
" B12 K Pi (B-32) 

where K = 
R^Ccot 
2^ D2(2Ra m) 

(B.33) 

For eg, 

G (N cos 0) 12 J-
2S2D W2 2 

= - G KP. 12 i (B.34) 

For 6 , l 

"Bii(Ni c o s ^ " B n K 

2 ^ D 0 2 2 
3„ Pi ' (B.35) 

and 
P-RI- IK l 2i 2m 
t 2 I E 

pN / R. 

2 V 

2m 
E 

P,- R'. IR i 2i _2m 
E 

PiR2i^ 
2R t . 

2m 2 

elm 
I E 

R1 

= 7i( R2m " 2 R2i|Pi 
2 

(B.36) 

Combining the pressure terms for gives ^ P ^ where 

-P K R' 
\ " - f " + F i ( R a m " I *k> 

a 2 
(B.37) 

Similarly, for the terms 

G i i (N x cos 0) /P.R2. ^ 

2P|D2 " fc2 

R 2m 
E 

reduce to K P. where 2 i 
-G K R . 

(B .38) 
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3. Ring. For any reasonably compact cross section, 

Q, CG. 

e. = Q. 
MCGRCG RCGa(Ti - V 

R(CG) RING EI h + h. (B.39) 

QCG
R?G + r J T i + To 7 n 

R(CG) = RING = + RCGa| 2 7 0 (B.40) 

and . =
 Q C G R C G 

3R4 AE + R4Q: 
T. + T X o - 70 , 

Q R 2 IT + T 

&2 = SR 2 " V R " + " 7 0 
h
a
MCGRCG 
EI 

+ 
h

a^T± - V 
h2 + h 3 

( B . 4 1 ) 

(B.42) 

8 = R3 3 R AE 3 m \ 2 / EI 

h R„„a(T. - T ) 3 CG 1 o 
h + h ' 
2 3 

where 

( B . 4 3 ) 

M 
C G 

I = 

Q C G 

A = 

net sum of moments acting on the ring as a free body (assumed 
to be acting at centroid or center of gravity of section), 
lb-in./in. of circumference, 
moment of inertia of the ring cross section about its centroidal 
axis in the plane of the ring, in.4, 
net sum of radial forces acting on the ring as a free body 
(assumed to be acting at centroid or CG of section), lb/in. of 
circumference, and 
cross-sectional area of the ring, in.2 
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MCG = ^ 2 
Ra m 

CG 
+ Q„h 2 a 

R 
+ N ( R - R _ . „ ) 

CG' 2 m 

R. 2m 
CG 

+ P . ( R ' . - R , ) ( R C G - R P i ) ( ^ ) 
R_ 

M 3m 
CG 

" N 3 < R S M ' R C G } 

\RCG 

+ Q h 3 3 

- r4)(Rcg - Rp ) O 31 

3m 
RCGI 

Rp \ 

where 

+ M„ - H , CB.44) 
I CG 

i. 
P R F 

O 3 1 
N3 = 2R 

«Pi 

3m 
R _ . + R 21 4 

R3i + R 3 1 4 

(P.- - P )R X 1 O 4 
Q4 = 

R = r* + l/4(p - h) , 4 C 

r' = radial distance from center of tube sheet to center of outer-
most hole, 

P t = nominal distance between hole center lines (pitch), 
h = nominal width of ligament at the minimum cross section, 

and Q C G = " Q A | R 

/ R / R / R 
L s e + q L s a . y 
K G M R C G 4 \ R C G 

(B.45) 

Substituting these values in Eq. B.39i 

R C G R 2 M H G ^ , . R C G R A M , „ , , R C G R 3 M
H 3 . , N . W M . M , 

R ( C G ) = E I 2 + - E I - ( M 2 ) + E I 3 - E I ~ ~ ~ 3 

RCGR4 
+ - g r - ^ ) + w - w -

R_ a(T. - T ) UCr 1 O 
h + h 2 3 

(B.46) 
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where 

K - i s 3 EI 

R „ „ 

K = — 4 EI 

• R 1 2 R2i 
r ( R a m - W + RPi(R2i - V ( R C G - RPi} + 2"(RCG - VJ 

(B.47) 
R. rR«2 

fT ( R3m ~ RCG> + RPo(R3i ~ V < R C G - RPo} + r ( RCG " V 

Since T. - T can be written as (T. - 70) - (T - 70), i o 1 o 

-R.rR,„ PVr.R,m RrrR4 l o 
V - + t P ' V - - g - < \ > + i " ( I i " 

(B.48) 

R A. 

+ — ( T o - 70) , (B.49) 

5 = -
2 

R„„R„ h R_„R_ h R__R 
+ <= ""In - c "" "'"(M ) AE EI I 2 EI K 

. ! R C G R 3 m h2h3RCGR3m\n . h2RCGR3m.M . , + ~~AE - — s i — 1 3 +—ir—(Ms) ~ 

) - h K (P.) + h K (Pn) + , 2,'r a(x. - T ) 
AE 4 2 3 1 2 4 ° h + h i o 

R R 
+ -y&CT. - 70) + - f ^ C ^ - 70) , (B.50) 

and 

CG 2m 3 2 CG 2 m 3 CG 2m . 
3 = "I Al EI I 2 + EX 2 

. ,RCGR3m . h3 RCG R3m' 
+ AE EI Q . 3 eg (M ) + -2=SS-i(M ) 

3 EI 3' EI 4 

RCGR4 h3RCG 
-—-^(N ) + h K (P.) - h K (P ) - - T ) AE 4' 3 3 1 3 4 0 h + h r o 

2 3 

+ -f^Xfl^ - 70) +-|2b;(To - 70) . (B.51) 
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4. Tube sheet (perforated plate). The radial deflection or 
displacement 

R, (1 - p*) JIR 

If 2 E E * - E ^ < V + 
-(1 _ u,v) _ (i - n) 

+ R̂ Q£(T̂  - 70) , (B.52) 

where E* and p* are the effective elastic constants; and the rotation 

-12R (1 - }!-'•; 3R 
e = r (M ) H - ix*) (P - P ) . 
4 E*h 4 2E*h 1 ° l l 

(B.53) 

Equations B.52 and B.53 can be rewritten as 

R (1 - n*) 
S4 = 4 E*hj_ ( V + KsPi + i f (Po) + V T i " 70> > <B'54> 

R4 where K = — 5 
E d - P*) _ i + 3 u 

E* 2 , and (B.55) 

-12R (1 - p*) 3RJ(1 - ji*) 
&4 " < V + 

E*h, 2E*h 3 < V * 
3R*(1 - p*) 

2E*h. 
- (P ) . (B.56) 3 O 

5. Long shell. Thti radial deflection or displacement 

o -1 . 1 x , PoR3i| 3m 
3 = l e f ^ V - + — h r 

pN„ ' 3m 
E 

+ R a(T. - T ) , (B.57) 3m x o ' 

and the rotation 

- « u + ^ r C M . ) • (B.58) 

P R . t R . \ 
Substituting N = ° 1 ^ 

3 2 '3m 
and rearranging, 

R. 

(B.59) 
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The equations for rotation and displacement of the individual 
components of the assembly are now established. These individual equa-
tions are given in Table B.5 to give a clear picture of the forces which 
affect the individual components and the interaction between the compo-
nents- The blank spaces in the table represent coefficients of zero. 
The data given in Table B.5 are read, for example, as follows. For the 
spherical shell, the edge displacement 

2 Ri m
x 2< s i n - ^ (1 " P)R^(sin O) ~ _ xm . za (sm 0; N , ii , 

5i = eT ( V k (Mi) + m (pi) 

+ R2ina(T. - 70) . 

The next step in the discontinuity analysis is the calculation of 
the numerical value of all of the coefficients of the equations for rota-
tion and displacement. Once again, it becomes advantageous to represent 
the equations with numerical coefficients in tabular form. This repre-
sentation is given in Table B.6. The expressions used to calculate the 
values of these coefficients are as follows. 

(B.60) « • " > 
i lm i 

2R X(sin2 <») B 
X^ S-rr (B.62) X (B.63) 3 E" t 4 J 

2(£D: 2 2 

B G 
X_ = 2 2 (B.64) X = t,2 (B.65) 

262D2
 6 2ggDa 

G22 B h X„ = — (B.66) K = t (B. 67) 
' 2P2D2

 8 2p?D2 

G R P X 
® ' 6 8 ) X10 " - ^ r 5 0..69) 

CB.70) ^ a - ^ 1 0.71) 



Table B.5. Edge Rotations and Displacements in Terms of Edge Loads, Pressure, and T| 
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Edge Loads, Pressure, and Thermal Loads 
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Table B.6. Numerical Coefficients of Equations for Edge Rotations and Displacements in Terms of Edge Loads, Pressure 
Thermal Loads 
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lations for Edge Rotations and Displacements in Terms of Edge Loads, Pressure, and 
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<B'72> (B-73) 

X x 5 = ^ i r E < B ' 7 4 > X i e = 4 c + X i 3
 ( B - 7 5 ) 

Xir = - h
2
h3 XXi + X 4 ( B- 7 6 ) XXB - h M o - X13 

12R (1 - H") 
X = h„X + 3L (B.78) X = - - (B.79) 

1 9 3 1 1 14 ' a o 

1 

R4(l - H*> 1 
K , = (B.80) X = a (B.81) 21 E~hx 22 2pfD3 

= " A r (B.82) X = o (B.83) 
23 P D 24 OFCT\ 

3 3 ^3 3 

(1 - u)R^(sin 0) 
K o = ^ (B-84) K = Eq. B.33 (page 416) 

K = Eq. B.37 (page 416) K 2 = Eq. B.38 (page 416) 

K = Eq. B.47 (page 419) K = Eq. B.48 (page 419) 
3 4 

K = Eq. B.55 (page 420) K, = — (B.85) " 6 feb 5 

3R^(1 - vi*) R 
Kv = - 2E,hs <B'86> Ke = E ^ ( R

3 m - ! W 

(b) Characteristic Equations. We now have rotation and displacement 
equations with numerical coefficients in terms of eight unknowns (Qx> 
Q2, M2, Q3, Mg, N4, and M^) and three applied loads [P^ P , and a(T 
- Tq)]. Therefore, eight equations are necessary for solution. These 
equations are obtained from the laws of compatibility, recognizing conti-
nuity of the tube-sheet-shell-channel assembly. Because of compatibility, 
the displacements and rotations of adjacent components are equated at 
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each junction to yield characteristic equations. Although the values of 
]?i» P Q j and a(Ti - T 0) are known, it is recommended that the solution of 
the unknown moments and shears be obtained in terms of P-̂ , P Q, and 
a(Ti - TQ). This will yield a general solution that can then be used 
for various values of pressure and temperature and for their combination. 
For the first characteristic equation 

61 spherical shell = short shell 

X A " V l = M l + X5M1 - X6% + XVM
2
 + B12KPi ' 

yielding 
(Xx - X4)Qx - (X2 + X5)M1 + X 6Q 2 - X ^ = ( B ^ K ^ . (B.88) 

For the second equation 
spherical shell = B1 short shell 

X 3 Q l - X A + K0P. + R^aCT. - 70)sin <t» = ( - X ^ - X ^ + X ^ 

" X s M
2
 + K i P i + R 2 m a ( T i " 7 0 ) ' 

yielding 
<X3 + X e) Q l + (-Xx + X4)Mx - K9Q2 + X 6M 2 = (K - K0)P. 

+ R^aCTi - 70) (1 - sin tf) . (B.89) 

For the third equation 

short shell = ring 

(-X_)Q - X_M + - X_M - G, KP. = h X Q + X, M +h 0X,,Q, 6/xl 7 2. 4X2 5 2 12 1 2 lO 2 lO 2 3 11^3 R c r - X N IM 0 + X 1 0M + K P. - K P - . , , A(T. - T ) , 
11 3 12 4 3 1 4 O h2 3 

yielding 

(-X6)Qi - X A + (X4 - h 2 X l o)Q 2 - (X5 +X 1 o)M 2 - h s X l lQ 3 + X i i M 3 

RCG 
- X12M4 = (K3 + G12X>Pi " X4P0 " h ~ + T T ^ l " T0) ' ( B' 9 0 ) 

2 3 

For the fourth equation 
5 2 short shell = 52 ring 
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(-x9)Ql - x ^ + X 8 Q 2 - X 4 H 2 + K 2 P . + R A M A ( T . - 7 0 ) 

= " X 1 6Q a ~ W a + + A - ~ h2Xi2M4 " W i 
R R 

+ h K P + (h ). Ct(T. - T ) + - 70) 
2 4 O ^ 2.' h + h v x o' 2 i 

2 3 

+ -=-a(T - 70) , z o 
yie lding 

C-VQl - *e*L + «8 + X 1 6 ^ 2 - (X4 - h2XXo>M2 - ̂  " h2XXXM3 

+ + V l A 

h 2 R r r 
= (-K - h L)P, + h K P + r rr-a(T. - T ) 

2 2 3 i 2 4 O h T h 1 O 
2 3 

IL R 
+ (-R +-5S)a(T. - 70) +-fsa(T - 70) 

2 m £. i i. o 

h P R r r R p m = (-K - h K )P, + h K P + . Ct(T. - T ) +-^b;(70) 2 2 3 i 2 4 o h + h x o 2 2 3 

_ + - F B T O - - F % < 7 0 > 

h = R r r R
2 m = (-K - h K )P. + h K P + . a. "r a(T. - T ) - b:(T. - T ) 2 2 3 x 2 4 o h„ + 1 o 2 x o 

= (-K - h„K )P. + h K P + v 2 2 3 1 2 4 O 

h R„_ R • 
2_C6_ _2inla(T _ T ) . (B.91) 

*h2 + h3 2 1 1 ° 

For the fifth equation 
0 R ring = 0 3 long shell 

\\Q% + X10M2 + h3X!̂ 3 " + X
12V Vi ~ Vo 

CC> «(T. - T ) = X Q + X M , 
h + h v 1 o' 22 3 23 3 

2 

yielding 
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h
2
XXOQa + X10M2 + <h3Xll " X2 2^3 - <X11 + X23>M3 + ^ 

= (-K )P. + K P + CG • - . • . , , -Ct(T. - T ) . (B.92) 3 1 4 o h + h i o 2 3 

For the sixth equation 

B3 ring = 53 long shell 

Xie^2 + h3XXOM2 + " V l l M 3 " *LSN4 + h3X12M4 + W i 
h3Rrr ^ m K m 

- W o - i r r ^ ( T i - V + - 7 0 ) + - f ^ ( T o - 7 0 ) 
2 3 

= )Q - X M + K P + R a(T - 70) , 2 4 2 2 3 8 O 3m O 

yielding 

X, 0 + h X + (X,Q + X_)Q o - (h X - X „)M„ - X, + h X M IS 2 o lO 2 19 24 3 3 U 22 3 15 3 3 12 4 

h3Rrr 
- - W i + <Ks + h3 K4) po + h ~ r f ° : ( T i - V - - f ^ i - 7 0 ) 

2 3 

R3lJ R - "T^aCT - 70) 3m 2 j o 

h R R 
= -h R P. + (K + h K )P + . 3. C G a(T, - T ) -

3 3 X 8 3 4 O h + h 1 O 2 L 
2 3 

+ ^ ( 7 0 ) + - ^ a ( 7 0 ) £ l o I 

hR.. R 
= - L L P . + (K + h K )P + L -

3 3 X 8 3 4 O lh + h„ 2 
2 3 

a(Ti - TQ) . (B.93) 

For the seventh equation, 
ring = perforated plate 

hoX,„Qo + X 1 0M 0 + h X 0 - X M + X M + K P. - K P 2 10 2 lO 2 3 11 3 11 3 12 4 3 1 4 O 

Rcr t — a ( T . - T ) = (-X„ )M + K P. - K P h + h 1 O 2 0 4 7 l 7 o 
3 3 
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yielding 

+ X10Ma + h3XlX^3 " + ^ 2 + X20>M4 

RCG = (K - K )Pi + (K - K )P + , T . 3(T. - T ) . (B.94) r 3 1 4 7- o h + h i o 
2 3 

For the eighth equation 
6T% ring = 8 perforated plate 
"4 4 

R4 R 

(-X )Q + X Q - X N + - 70) + -A^T - 70) 13 2 14 3 15 4 2 1 2 O 

= X N + K P . + K P + R a:(T. - 70) , 
21 4 5 1 6 0 4 v i ' ' 

yielding 

(-X )Q + X Q - (X + X )N 13 2 14 3 15 21 4 

= K P. + K P + 5 i 6 o 

R 
R4 ' f | a ( T i " 7 0 ) ~ I ^ o " 7 0 ) 

= K P. + K P + -r^[a(T. - 70) - a(T - 70)3 

5 1 6 0 2 1 O 

R4 = + + - T J • <B-95> 5 1 S O L 1 O 
These eight characteristic equations are given in Table B-7. Solu-

tion of these eight simultaneous equations three times (once for each 
applied load) will give the values of the eight unknowns in terms of P^, 
Pq, and a(Ti - TQ). The results thereby obtained are illustrated in 
Fig. B.6. With a given numerical value of the pressure acting alone (P^) 
or in combination with another pressure (PQ), the numerical values of the 
moments, shears, rotations, and displacements can be determined. 

(c) Stresses and Stress Intensities. The equations for calculation 
of the stresses and stress intensities in the spherical shell, short 
shell, ring, long shell, and the tube sheet are given herein. The values 
calculated by using these equations must be compared with the allowable 
values given in Section III of the ASME Boiler and Pressure Vessel Code. 



Table B.7. Characteristic Equations for Five-Component Assembly 

Qi MJ Q 2 
M2 Q3 

M3 MT, P i PO a ( T ± - T J 

( 1 ) Xi-Xtf - X 2 - X 5 
+ X 6 - x 7 B 1 Z K 

( 2 ) X 3 + X 8 - X I + X I , - X 9 + X 6 
K J - K 0 

( 3 ) - X 7 X ^ - ^ X J G - X 5 - X J O - h 3 * i i +X11 - X I 2 K 3 + G 1 2 K -Ki. 
_ R c a 
~Vi2+h3 

( 1 0 - x 9 - x 6 
X 8 + X 3 6 - X ^ + h j X i o - X 1 7 - h 2 X n +X15 + h 2 X 1 2 - h 2 K 3 - K 2 hi^C 

h Z R C G R
2 D , 

h 2 +l»3 2 

( 5 ) h 2 x 1 0 x 1 0 h 3 X n - X 2 2 - X 1 1 - X 2 3 X12 -Kg +KIL 
, R c o 
h 2 + b 3 

( 6 ) X l 8 h 3 X i 0 XJ G+XP [, - h 3 X I 1 + X 2 2 - X l 5 h 3 X i 2 - I I3K3 Kg+h^KIF 
h 3 R C 0 R 3 m 

( 6 ) X l 8 h 3 X i 0 XJ G+XP [, - h 3 X I 1 + X 2 2 - X l 5 h 3 X i 2 - I I3K3 Kg+h^KIF 
h 2 + h 3 2 

( 7 ) h 2 X 1 0 X 1 0 t l3Xl 1 " X l l XL2+X2O K7-K3 - K 7 + K 4 
,RCG 
b 2 + h 3 

( 8 ) - X l 3 X14 - X I 5 ~ X 2 I K 5 K 6 2 
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ETR3-158 

'From Solution 
of Characteristic 
Equations 

Statically 
Determinate 
Quantities 

"" Obtained by 
Substituting 
Above into . 
Equations in 
Table B.6 

Fig. B.6. Solution of Characteristic Equations for Edge Loadings 
and Displacements in Terms of P^, PQ, and a(T± - TQ). 

The cladding material is neglected in the following calculations for 
stress, deflection, etc. 

1. Spherical shell. The stresses to be calculated for the spheri-
cal shell are those that occur at the edge of the shell where it joins 
the adjacent structural component since this is usually the critical loca-
tion. Only general membrane stresses will occur at a sizable distance 
from this point of discontinuity. The stresses between these two loca-
tions will vary between the two values calculated. Detailed equations 
for the calculation of these stresses are given in paragraphs 129 and 
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130 of Ref- 61. The longitudinal stress in the spherical shell 

P.R* /Ri*.\ a 6M _ _ cost,. «. , i 
°2 = ~2t IrT -) ~ E — < V ± -J- • i \ lm' l t i 

(B.96) 

and the tangential (hoop) stress 

= + 2X(sinl) 
t 2t, t 

2X2 p6M 
r r C M j i - i 1 
^-mi 1 t? 

(B.97) 

The radial stress a_ = -P. at the inner surface and approaches zero at K X 
the outer surface- For the general membrane (average primary) stress 

P. i 
R av - (B.98) 

Calculating the steady-state stress intensities for the spherical shell, 
the maximum ger 
the expression 
the maximum general primary membrane stress intensity (Pffl) is given by 

P.R' . 
m 2t l (B.99) 

The calculated value is then compared with the allowable value Sm- The 
maximum local membrane stress intensity (P4) is the greater of 

P + m 
2X(sin 4>) 2X*= 

< V - f r ^ i im l 
or cosJ^(Q ) (B•100) 

The thermal loads are not included in the calculation of this primary 
stress. Therefore, the values of Q and ^ that do not include thermal 
effects are used in Eq. B.100 to obtain the maximum value of P^. The 
calculated value is then compared with the allowable value 1.5S . The 
maximum primary membrane (general or local) plus primary bending stress 
intensity (P^ + P^) is not significant in this case since there are no 
moments imposed by external mechanical loads or pressure to produce pri-
mary bending stress. (Discontinuity bending produces secondary rather 
than primary bending stress.) The maximum secondary membrane plus bend-
ing stress is the greater of 

(P_ + P. + Q) 
p6M, 

Tang = PT + 0.5P. + (B.101) 
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or (PT + P, + Q)t L b ^ Long 
P.R'./R1. 1 ll 11 
2t \R l \ lin 

6M 
(B-102) 

The values given by Eqs. B.101 and B-102 are for the inner surface. For 
values at the outer surface, subtract P^. The greater calculated value 
is then compared with the allowable value 3Sm. 

2- Short shell (cylindrical). The stresses to be calculated for 
the short shell are those that occur at the edges of the shell where it 
joins the adjacent structural components since these are usually the 
critical locations. The stresses between these two edges vary between 
the two values calculated. Detailed equations for these calculations are 
given in paragraph 115 of Ref. 61. The longitudinal stress in the short 
shell 

<7g = General Membrane + Bending 
[_ 6M (B.103) 

As illustrated in Fig. B.7, the longitudinal stress at juncture 1 
6M^ P.R'. i 2i 

2t 
R' 2i 
2m 

(B.104) 

ETR3-164 

N.srn^ 

Fig. B.7. Free-Body Diagram of Short Shell at Junctions With 
Spherical Shell and Ring. 
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and the longitudinal stress at juncture 2 

P.R' /R'.\ 6M 

• ^ - i f t e ) ^ -
The tangential (hoop) stress at juncture 1 

P.R'. 2B f3R„ 2B„ B^R I li am.^ . 12 2m *. a = — - (Qx + cos *> (Mx) 
2 2 2 

2G PR 2G 82R p6M 
+ - 12

t CM
g) + , (B -106) 

2 2 t 2 

and the tangential stress at juncture 2 

P.R'. 2B, ,gRo 2B, 2 G 3R„ 
l 2 i , i i , 1 2 2 m / w v l i 3 m . . . . . cr = - + (Q2) . (M2) (Ql + Nx cos 4>) 

2G ^ R m6M 
- 7 + — • (B-107) 

2 C2 

The radial stress cr = -P. at the inner surface and approaches zero at K 1 
the outer surface. For the general membrane stress 

°Rav = - r - <B'108) 

Calculating the steady-state stress intensities for the short shell, the 
maximum general primary membrane stress intensity (P^) is given by the 
expression 

P R' 
Pm = + 0.5P. . (B. 109) 

2 

The calculated value is compared with the allowable value S^. Thermal 
loads are not included in the calculation of any primary stress • There-
fore, values of the discontinuity loads (Qx, Q2, , M2, etc.) without 
thermal effects are used in these calculations. The maximum local mem-
brane stress intensity (P^) is equal to Pm plus the greater of the local 
membrane portion of either cr or cr . Thus, ti t2 
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or 

PT = P + Li m 
2B,/IL 

+ \ cos 0) -t — ( M 1 ) 
2 ' 2 

2B pR 11 2m 

2G BR 
+ - " T 

2 2 

PT = P + 
Lq m 

11 2m 

(B.110) 

2B 2G BR 
t (Q2) - 1 (M ) - (Q + N cos fi>) 

2G f3̂ R 12 2m (B.Ill) 

The greater calculated value is compared with the allowable value 1.5Sm> 
The maximum primary membrane (general or local) plus primary bending 
stress intensity (PL + P^) is not significant in this case since there 
are no moments imposed by external mechanical loads or pressure to pro-
duce primary bending stress. Discontinuity bending produces secondary 
rather than primary bending stress. The maximum secondary membrane plus 
bending stress intensity (P^ + Pv, + Q) is the greater of 

+ Pi ' (B.112) 

+ Pi • (B.113) 

+ Pi ' (B.114) 

"t2 + Pi > (B.115) 

(B.116) 

(B.117) or 

The calculation of these values is based on the assumption that the max-
imum value occurs at the inner surface. To obtain the maximum value at 
the outer surface, omit the value of P^ from the calculations. For these 
values, the thermal effects are included in the evaluation of discontinu-
ity loads (Qx, Qa, HĴ J M2, etc.). The greatest calculated value is then 
compared with the allowable value 3Sm. 
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3. Ring. The stress in the ring is usually not critical, but the 
equations for these stress calculations are included here for the sake of 
completeness. The longitudinal stress 

cr̂  = General Membrane + Bending , 

is locally the same as that of the adjoining shells at the individual 
fibers where they join. Therefore, 

N 6M2 

0- = - r ± — (B. 118) 

N 6M and 0" n " T + — • (B-119) "a ~ t% 
The tangential (hoop) stress 

«CGECG . "CGRCG 

where M is given by Eq- B.44 and Q„„ is given by Eq. B.45. The radial Llr 
stress at the juncture of the solid rim to the perforated portion of the 
tube sheet (at R 4) 

N 6M 
= ( B ' 1 2 1 ) 

The thermal effects are not to be included in the values used to calcu-
late the primary stress intensities. The maximum general primary stress 
intensity in the ring 

P m - ^CG^CG (B.122) 
m Aring 

This calculated value is compared with the allowable value Sm. The max-
imum local membrane stress intensity 

P L = P m . (B-123) 

The maximum primary membrane plus primary bending stress intensity (P^ 
+ P^) is not calculated because the primary bending has no significance 
in the ring since all moments and bending result from discontinuities 
rather than mechanical loading. The maximum secondary membrane plus 
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bending stress intensity (P^ + P^ + Q) is the greatest value at a point 
of any of the following, -where the thermal effect is included in the 
values of discontinuity loads. 

, _ , I^cgrcg , M C G R C G 
( PL + Pb + <» - " °R = 1 ~17c~ 

N 6M 

(PL + Pb + Q) = at + P. = 
Q C G R C G +

 M C G R C G 

- 1/c + P. 1 

(B.124) 

(B.125) 

+ P ( B . 1 2 6 ) 

(PL + P b + Q ) = c r t - c r i 2 = | ^ ± ^ C G 

( P L + P B + Q) - crt - cr -
Q G G R C G +

 mcgrcg 

A - 1/c 

!k 
6M 2 

t 2 
T 

[N 6M O + o 

fc3 

(B.127) 

(B.128) 

CPL + Pb + Q) - crR + P. -
N 6H 

+ P. (B.129) 

( P L + P B + Q ) = A R + P Q = 

N 6 M . \ 

\hl I ° 
(B.130) 

The greatest of these calculated values is compared with the allowable 
value 3Sm. 

4. Long shell (cylindrical). The stresses to be calculated for the 
long shell are those that occur at the edge of the shell since this is 
usually the critical location. Only general membrane stress will exist 
in the shell at a sizable distance from this point of discontinuity. The 
stresses that occur between these two locations will vary between the two 
values calculated. Detailed equations for these calculations are given 
in paragraph 23 and on page 146 of Ref. 61. As illustrated in Fig. B>8, 
the longitudinal stress 

N 6M 
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1 t^T 
ETR3-158 

M , 
Q , 

H, 

Fig. B.8. Free-Body Diagram of Long Shell at Junction With Ring. 

where N = 
P R„.f R . 

O 3 L 3 1 
2 R sm 

The tangential (hoop) stress 

P R_. 2pR 
o 3i K : 

Crt= t 
2 p % m H6M 3 M , (B.132) 

The radial stress cr̂  = -P at the inner surface and approaches zero at 
the outer surface. For the general membrane (average primary) stress 

P 
R av (B.133) 

Calculating the steady-state stress intensities for the long shell, the 
maximum general primary membrane stress intensity 

? V 
P = — + 0.5P . m t o (B.134) 

This calculated value is compared with the allowable value Sm. The max-
imum local membrane stress intensity 

2 PR. 
PT = P + L m 

'3m,„ v
 2p2R3m ; (Q,) t3 3' ( M Q ) (B.135) 

This calculated value is compared with the allowable value 1.5Sm. The 
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maximum primary membrane plus primary bending stress intensity (P^ + P^) 
is not significant in this case- The maximum secondary membrane plus 
bending stress intensity (PL + P5 + Q) is the greater of 

(cr. + P ) (B. 136) v i o max 
cr (cr + P ) , (B. 137) t o max 

where the maximum value is assumed to be acting at the inner surface (the 
value of P is not included in the o 
ouLer surface), or the greater of 
value of P is not included in the determination of the value at the o 

or 

P R|. 6M 
(P + P + Q) = + + p (B.138) L b Long 2t3R3m - tJ o 

P R 20RO_ 2^R ji6M 
<PL + ?b + «>Tang = " f ^ " " " T ^ V ± + P

0 ' 3 3 3 t 3 

(B.139) 
The calculated maximum value, including thermal effects in the values of 
discontinuity loads, is compared with the allowable value 3Sm-

5. Tube sheet (perforated plate). The stresses and stress inten-
sities for the tube sheet are calculated in accordance with the method 
presented in Article A-8000 of Section III of the ASME Boiler and Pres-
sure Vessel Code. The nominal stresses for the equivalent solid plate 
are calculated first. Then the actual stress intensities for the perfo-
rated plate are determined by applying multiplying factors to the nominal 
stresses. The stresses at any location on the surface of the equivalent 
solid plate due to the edge loads 

crR = <Tt = (N4/h3) + (6M4/h3
a) , (B.140) 

where crt = erg and h 3 = hx + h^. The stresses at any location, R, on the 
surface of the equivalent solid plate due to the pressure differential 

% * + I 
R \ 2 

r* (3 + u*> 
3 / 

1 - R_ 
R 

4 
(P. - P ) (B.141) 1 o 

and 
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(3 + p*) - (1 + <Pi " V ' (B.142) 

where p* = the effective Poisson's ratio for perforated plate. The pres-
sure at any location in the equivalent solid plate due to pressure in the 
tubes 

lu IP* - n - (B-143) cr_ =cr = R3 t3 p 1 E Ft / t 
(pt) , 

where 
h = nominal width of ligament at the minimum cross section, 
pfc = nominal distance between hole center lines (pitch), 
t = thickness of tube wall, and 
Et = modulus of elasticity of tubes. 

In calculating the primary steady-state stress intensities, the thermal 
loads are not included and the thermal loads should also be excluded from 
the values of N^, M4, etc. The maximum general primary membrane stress 
intensity (average across the minimum ligament width and through the 
thickness of the plate) is the greater of 

Pm h 
(P. - P )R \2 
•i 2 - ± + 5 2 

h R 

1/2 
(B.144) 

or . .h) "m 2h 1 IL 
vhere <rR = /h^ - cr^. 
ing stress intent.ity 

[(P. - P )R \2 

1 Q 4 , ~2 
~ K 

(B.145) 

The maximum primary membrane plus primary bend-

< p l + V • M r ave (B.146) 

where 
K = stress multiplier* for stresses averaged across the width of the 

ligament but not through the thickness given in Article A-8000 
of Section III of the ASME Boiler and Pressure Vessel Code, and 

cr = greater value of or cr summed at the surface of the equiva-ave R t n 

lent solid plate. 
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The value of cr is the larger of ave 
(B.147) 

or 
cr + a + cr ti t2 l t3 ' 

(B. 148"> 

where both Eqs. B.147 and B.148 yield the maximum sum at either surface. 
The maximum secondary membrane plus bending stress intensity (P^ + P^ + Q) 
equals the greatest value of P^ + Pj-, and includes the thermal effects in 
the values of the discontinuity loads. 

B.3.2 Four-Component Assembly 

The tube-sheet-she 11-channel assembly analyzed in Subsection 7.2.3(a) 
is illustrated in Fig. B.9. The hemispherical shell (<t> = 90°) of this 
assembly is attached directly to the tube sheet rim, which is rectangular 
in cross section, thereby eliminating the short shell of the five-compo-
nent assembly. The dimensions of this four-component assembly are illus-
trated in Fig. 7.7 (page 270). 

The equations for displacement and rotation of the four individual 
components of the assembly are developed in terms of the edge loads Q , 
MJ_, Q3, M3, N4, and M4; pressure P. and Pq; and the thermal loads CT(T. 
- T0), a(.Ti - 70), and 0r(To - 70). These equations are given in Table 
B.8, and the numerical coefficients for these equations are given in 
Table B.9. 

The rotation and displacement equations with numerical coefficients 
in terms of six unknowns and three applied loads are equated in six char-
acteristic equations in Table B.10. The numerical values of the coeffi-
cients of these equations are determined in the following calculations 
and are presented in Table 7.1 (page 273). The values resulting from 
the simultaneous solution of the six characteristic equations (given on 
page 272) are used to calculate the steady-state stress intensities in 
Subsection 7.2.3(a). 
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Fly. B.CJ. î i-ce-Uody plggj^M of Tulte-glieet-Shell-Channel Assembly 
Ftlll i : B a s i c C o m p o n e n t 



Table B.8. Edge Rota t ions and Displacements In Terms of Edge Loads, P ressu re , and Thermal Loads fo r Four-Component: Assembly 
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Table B .9. Numerical C o e f f i c i e n t s of Edge Rotation and Displacement Equations for Four-Component Assembly 
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Table B.10. Characteristic Equations for Four-Component Assembly 
EDGE LOADS EXTERNAL LOADS 

Eq.JIo. °1 Q3 M3 Nl» 

1 _C2"C5 ~C6 
+c7 "c8 

2 C3+4C9 2cio ~C6 C11 hlc8 
2 

3 -C5 CUT C6 V C 7 "C8 

k "2C9 ~CU -C!6-J,C10 "Clli+C6 +C11 
hi 
2 8 

5 - s ~C6 +C7 -C12"C8 

6 +C9 "C10 C13+Cll 

pi P 0 at^ - Tq) 

K3 - Rcc 
hl 

2 j 
hlK/t 
2 

RCG - Rlm 
2 

K3 - Rcc 
2 

hlK3 
2 

-*CG+ *3m 
2 

V * r -kU+kT - RCG 

"K5 -K6 
2 

•P-•0-4>-

EQUATION 1; 0. 

2; ^ (shell) 

^ (shell) =0, 3r (ring) 

. 5X (ring) 

3; 03 (shell) =0R (ring) 

EQUATION h-, 63 (Shell) =63 (ring) 

5; 0^ (Tube Sht.) = Oaring) 

6; (Tube Sht.) = (ring) 
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Assuming a constant value for Es permitting E to be eliminated from 
most of the C^ and K^ terms in Table B-8, the numerical coefficients of 
the rotation and displacement and the characteristic equations are eval-
uated as follows-

Cl " = 2 (3^25 > 2 = 2 1 , 3 5 (B-149) 
i 

r - 4 x 3 - M5.775)3 - , on (n 1501 c2 - R t - 63.06(3.125) " 3- 9° ( B' 1 5 0 ) 
lm l 

C , f ^ . 2(63.06)(5.775? . 2 3 3, Q ( R < 1 5 1 ) 
3 t J.lZO 1 

C = 6(59.47) (63.06) 
4 t h? 10.31(18) 

4 1 

c = 12(59.47) (63.06) = Q > 7 4 8 
5 t4h® 10.31(18)° 

c = ! ! A n = 6(59.47) (63 31) 
6 t4hf 10.31(18) 

_ ̂ C G ^ = 12(59.47)(63.31) = 0 > ? 5 1 ( B > 1 5 5 ) 
7 t4h® 10.31(18)3 

c , 12RCGR4 , 12(59.47)(54.31) = 
8 t4hf 10.31(18)" 

r W i m 59.47(63.06) rul-m 
9 ~ t4hx ~ 10.31(18) " 2 0' 2 ( B' 1 5 7 ) 

r _ ^ G ^ m _ 59.47(63.31) _ . . 
Cio ~ t h ~ 10.31(18) " 2 0 , 3 ( B- 1 5 8 ) 

4 1 

c = , „ I 7. 4 ( B. 1 5 9 ) ii t ^ 10.31(18) 

To evaluate the constants C and C, „, reference is made to Article 
12 13 

A-8000 in Section III of the ASME Boiler and Pressure Vessel Code for 
the values of E* and n*. Where the nominal width of the ligament at the 
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minimum cross section h = 7/8 - 5/8 = 2/8 = 0.25 in., h/pitch 

— = = 0.286 -*E*/E = 0.225 , Pt 7/8 

and ji* = 0.393 . 

12 " lE*j h2 
1 \12(54.31)(1 - 0.393) 

0.2251 (lfl)3 = 0.3015 

(B.160) 

13 ( E * ) 
^ ^ H o ^ ) 5 4 ' 3 1 ^ °- 3 9 3>=3.14 (B. 161) 

c , 12(1 - n2) = 12fl - (0.3>«] a 3 0 > 3 5 
1 4 2^t= 2(0.00993)(2.625)3 

12(1 - p2) 12[1 - (0.3)2] 
15 0.0996(2.625)3 = 6 .06 

(B.162) 

(B.163) 

c = 12C1 - P 2) a 12,rl - (0.3) ] = 
1 6 2(0.00099) (2.625)3 

(B.164) 

Ki ~ 2t 
(1 - n)R[| 

= (1 - 0.3)(61.375)2 = 
2(3.125) (B-165) 

12R 
K = 3 t.h: 

CG 
' 4 1 

- rCG> + • V ( r C G - RP i
) RP i

 + r ( R C G - V 

1. D Rii + R4 61.375 + 54.31 __ where Rp^ = = ~ = 57-84 . 

(B.166) 

(B.167) 

K = 12(59.47) (61.375)
2 

10.31(18)£ 2 -(63.06 - 59.47) 

+ (61.375 - 54.31)(59.47 - 57.84)(57.84) 
\2 

+ ^ ' g 1 * (59.47 - 54.31) 

= 0.01188(6760 + 666 + 7610) = 178-7 • 
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K = 
12RCG 

+ (R3i t h3 2 + (R3i 4 1 

R3i + R4 62.00 + 54.31 _ 

+ 
R4(RCG " V 

2 2 

<>2 

(B.168) 

(B.169) 

K = 0.01188 4 ^ ^ ( 6 3 . 3 1 - 59.47) 

+ (62.00 - 54.31) 0j9.47 - 58.15)(58.15) + 7610 

= 0.01188(7380 + 590 + 7610) = 185.0 . 

K = R 5 4 fyCl -]»*)- 1 

= 54.31 -—(1 - 0.393) - 1 + 0.225 

= 116.6 . 

K - 0-3(54.31) = 8 . 1 4 

(B.170) 

(B.171) 

- N -

3C(1 - p*) 
2h3 (B.172) 

[0.225 

= 111 .2 . 

1 13(54.31)3(1 - 0.393) 
2 ( 1 8 ) 3 

K-
v — 
8 t 3 

pR • P 3i 
3m 

62.00 
2.625 

= 1277 . 

63 3 1 _ 0.3(62.00)1 J 

(B.173) 



44 S 

B.4 Cylinder to Flange 

The discontinuity analysis of a cylinder with a flange consists of 
determining the forces and moments that occur at the changes in cross 
section of the assembly. In most cases where there is a tapered transi-
tion from the basic shell thickness to the flange, the assembly is 
treated as three free bodies, as illustrated in Fig. B.10. Typically, 
the tapered transition is treated as a short shell of uniform thickness 
equal to the average thickness. For the case where there is no tapered 
transition or where the transition is too short to be considered as a 
shell O ^ < 0.5), the assembly is treated as two free bodies, as illus-
trated in Fig. B.ll. Tn this case, the short transition piece is con-
sidered part of the ring cross section. 

The internal forces and moments are represented by external loads 
on the free bodies at the junctures of structural elements. Solution for 
the values of these forces and moments in terms of the design loads, 
internal pressure (p), and gasket loading (G) is given in detail herein 
for the typical cylinder to flange assembly with tapered transition illus-
trated in Fig. B.10. However, regardless of whether the assembly is 
composed of three structural elements or two, all that is required for 
the analysis of a particular design is the development of deformation 
equations, development of characteristic equations where the numerical 
values of the constants are based on the geometry of the assembly, and 
solution of these equations for edge loads. The stresses are then calcu-
lated at the critical locations and compared with the allowable values 
as required by Section III of the ASME Boiler and Pressure Vessel Code. 

The analysis presented herein is based on the compatibility of 
deformation of adjoining elements at junctures and on the assumption that 
1. the materials used are elastic, isotropic, and act linearly; 
2. thin-shell and small-displacement theory is applicable; and 
3. the ring acts as a rigid body. 
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ETR3-167 

RING 

—•— n i i t i n tk • 
" ' Q i 

I 1 — K.--I-0-&-

Fig. B.10. Free-Body Diagram of Cylinder to Flange Assembly With 
Tapered Transition. 
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ETR3-168 

Tapered Transition. 

B.4.1 Deformation Equations for Three-Element Assembly 

The equations for deformation of the elements at the junctures are 
developed in terms of edge loads (Q and M), internal pressure (p), and 
gasket loading (G). For the long shell, the radial deflection or 
displacement 

5 1 , . 1 . . P^i^im 
^ =" + - t f m (B-174) 

and the rotation 

0, 5—(Q, ) M,) , (B.175) 
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where 

3(1 - US)1 
R2 f2 
^-m i 

1 / 4 
and 

EC 
D = — 
1 12(1 - p2) 

Substituting 
P ^ i 

N i = 2 
Riil 

i R l r 
in Eq. B-174, the term 

PpR, . /R IR V ypR - IK • J-i ii iral II ii 
2t, R lm 

lm 
E 2tx 1 E 

is obtained. Rewriting and rearranging Eq. B-174, the radial deflection 
or displacement of the long shell 

p \ i L pRiil 
t E \ im 2 (B-176) 

For the short shell, 

e = -l 
B B 

2 2 2 

(B.177) 

B. 
B, = 2|3?Da 1 2{CD' 1 2p^D„ 20ZT)" a' 

2 2 2 2 2 2 2 2 

+ 
pR . R0 r li 2m p.N R 2 2m (B.178) 

e i£ 
2 2P2D •(Q,) 

22 

2 2 1 2 2 

B B 
CM.) + — P - ( Q a ) - 2 2 

2 2 

(M ) 
2 & A 2 

(B.179) 
2 2 

and 
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G n G B n BT P 
2 2P|Da 1 2^D. 2 2 2£3-D2 2 2&R 2 2 

where 

3(1 - u 2 ) 
Kim11! 

1/4 

pR . IR y li 2m 
t \ E 

2 
-f2) ; (B.180) 

Et, 
D = 2 12(1 - n2) 5 

and B , B , B , G , G , and G are short shell coefficients. Sub-X X X g* X X X c 
stituting the value 

>*Li/Rii\ 
N 2 = 2 1R. 2m/ 

in Eqs. B.178 and B.180, the entire pressure term for 6X and 5a becomes 

P*ii 
Et, ~ \ Rli> * 

For the ring 

9 = -<9 2 Ring 
M R2 
CGCG 
EI (B.181) 

where 
= net sum of moments acting on ring as a free body (assumed to be Li* 
acting at centroid (CG) of section), lb-in./in. of circumfer-
ence, where for any reasonably compact cross section "^.Q = 

clockwise; and 
I = moment of inertia of ring cross section about its centroidal 

axis in the plane of the ring, in.4 

S 2 • 6Ri„g - M a • ^ - V . . (B.182) 
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where 
Q = net sum of radial forces acting on ring as a free body (assumed CG 

to be acting at centroid (CG) of section), lb/in. of circumfer-
ence, where for any reasonably compact cross section 
= radially outward; and 

A = cross-sectional area of the ring, in.2 

The net sum of the moments acting on the ring as a free body 

CG 

M CG = W ( RW " *CG> R CG 
G(RCG - v ( i Q + N

2
( RCG - Ram> 

/R '2m 
CG 

IR \ 

RG + Rli\|RG + R
1i 

2RCG 1 ' 
(B.183) 

where 
G = gasket loading, 
W = bolt load, lb/in. 

TTR2p + 27TR.G R2 R 

N_ 
pR. . / R . ii H 

2 R. 2m/ 

The net sum of the radial forces acting on the ring as a free body 

QCG = ? H 

CG 
- Q, 

R 2m 
RC Gl 

(B.184) 

Tlae rotation of the ring 

9 - ^ 
2 E I 

fRS R G 
( R W " R C G > ' F CG \ CGI 

+ G(RCG • V l R CGI 

+ - R0 ) r" 2 m 
R„ 

2R2m^"CG "2m'\RCGl
 N

2Lj " Q 2 h R ^ 

+ P(RG - H ^ ) R( 
RG + 

CG 

RG + Rli 
2R, CG 
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which reduces to 

e_ = 
RamRCG, R2mRCGha. 
EI -(Ma> + EI CQ2) " V " RG(RW " V G <B"185> 

where 

R2 F2 

K X - R ( R W " "CG* + " L ^ G G - W + ( R G - Rxi> ( R C G " W ^ G 

RPG ~ 
"G + *L1 

(B.186) 

(B.187) 

The displacement 

&2 = ph 
R ii 
\RC G/ 

R 
- Q. 

sm 
2 R, CGJ 

CG 
AE h2 02 

t - NRiiRCG Ra m
RCG^ . ,, , V c G . u . „ p,R2mRCG^ . 

= (ph)— AE 2 • 2 EI 2 " 2 EI 2 

^ W C G 
EI ( M 2 ) 

+ haKlP + h 2R G ( R w - RG)G 

W ' C G l +
h 2 l n + A + r K + 

hRiiRCG 
AE + h2KX 

+ h2RG(RW - RG ) G • ( B- 1 8 8 ) 

The equations for rotation and edge displacement of the three ele-
ments of the cylinder to flange assembly with a tapered transition are 
now established. These individual equations are given in Table B.ll. 
The blank spaces in the table represent coefficients of zero. The numer-
ical coefficients of the deformation equations are presented in Table 
B.12. 

B.4.2 Characteristic Equations for Three-Element Assembly 

The condition of physical continuity of the structure gives rise to 
the following four equations for compatibility of deformation. 
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Table B . l l . Edge Rotat ions and Displacements f o r Ind iv idua l Elements o f Cyl inder to 
Flange Assembly Wit-h Taoered T r a n s i t i o n 

QI « 1 M2 P G 

LONG 
SHELL 

®1 
1 1 

BjDJ 
LONG 
SHELL 

«1 
1 1 Rli 

Et! r ^ 
LONG 
SHELL 

«1 28^! 26^! 
Rli 
Et! [r'lm" 2 

SHORT 

SHELL 

B ] 2 

26^2 
B 2 2 

2B2D2 
G]2 G 2 2 

2B2D2 

SHORT 

SHELL 

B N B I 2 GIL G J 2 Rli 
Et2 

JJR,. 
N 1 1 SHORT 

SHELL 

26 |D2 2BJD2 2S|D2 
Rli 
Et2 2m 2 SHORT 

SHELL 6 2 
G]2 
2B̂ D2 

G 2 2 

26^2 
BL2 

2Bp2 
B2 2 

2B2D2 

SHORT 

SHELL 

«2 
Gn Gl2 Bn 

2 6 | D 7 

B 1 2 Rli 
Et2 Ro --41 2m 2 

SHORT 

SHELL 

«2 26|D2 2B|D2 
Bn 
2 6 | D 7 "2B|D2 

Rli 
Et2 Ro --41 2m 2 

RING 

e2 
R2»RCGH* 
EI 

R2MRCG 
EI -K, 

- W V 
RING 

«2 
B2»RCG(L , H | ] R2MRCGhZ hR R 11 CG i h <1 W W 

RING 

«2 E (A ij EI AE ll'=I <1 W W 

Table B.12. Numerical Coefficients of 
Deformation Equations for Cylinder to Flange 
Assembly With Tapered Transition 

Qi Q2 M 2 P G 
Long 61 "ci C2 0 0 0 0 

Shell «1 -C3 C1 0 0 % 0 
91 "C5 ~c6 -C7 C8 0 0 

Short 61 C9 C5 C10 "C7 C11 0 

Shell e2 CT C8 c5 "C6 0 0 
62 C10 C7 C9 "C5 C11 0 

Ring 
e2 0 0 c 1 2 c13 -ClU -Cl5 Ring 
62 0 0 ~ ci6 " C12 C17 C18 
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0 long shell = 9̂  short shell (B.189) 

long shell = S1 short shell (B.190) 

0 2 short shell = 9^ ring (B.191) 

52 short shell = 52 ring (B.192) 

Substitution of the equations of deformation in terms of Q1, M̂ ,̂ Q2, M2, 
p, and G in these characteristic equations yields a set of simultaneous 
equations which can be handled in tabular form. For example, using the 
numerical coefficients of the deformation equations given in Table B.12, 
the first characteristic equation can be written as 

C-C-^Q-L + C2mx + 0Q2 + 0M2 + Op + OG 

- (~c5)Qi - C ^ - C7Q2 + CaM2 + Op + OG, 

( - C 1 + C 5 ) Q I + <C2 + C ^ + ( 0 + c 7 ) Q 2 + ( 0 - c 8 ) M 2 

= (0 - 0)p + (0 - 0)G . 

The other equations of compatibility are derived in a similar manner, and 
the resulting four simultaneous equations are presented in Table B.13. 

Table B.13. Characteristic Equations for Cylinder to 
Flange Assembly With Tapered Transition 
Eq. Qi Mi 0.2 M2 P G 

1 -Ci+c5 c2+c6 c? -CB 0 0 

n -c3-c9 C1-C5 "C10 +C7 
• — 

Cii-C^ 0 

3 c7 c8 
C5-C12 -C6-C13 -Cm -CIS 

k ClO c7 C9+Cie -C5+C]2 c 1 7-c n C1B 1 i 

The numerical values of the constant coefficients given in Table 
B-13 must be calculated. These coefficients are evaluated as follows. 

C = — ( B . 193) C
5 , = r V (B. 194) 

1 2^D 1
 2 i i 
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° 3 2P?D. l i 
(B.195) C 4 EtL R lm 

^ i l (B.196) 

B, 
C = — — 5 2£?D. 

2 2 
(B.197) C = 2 2 

6 2B D. 
2 2 

(B.198) 

12 

° 7 2f3?D. 2 2 

(B.199) 22 
Ca - 2p2D2 (B.200) 

c - i t 9 2^D. 2 2 

(B.201) I I 

10 2^D 2 
(B.202) 

*ii 
Cll ~ Et2\R2m 

^li (B.203) W a 
12 EI (B.204) 

13 
R2mRCG 
EI (B.205) 14 = K = Eq. B.186 

1B R2mRfT I 1 h' 
C15 = r G ^ - V ( B , 2 0 6 ) = + T (B.207) 

XT 

hRljRCG 
AE + h K 2 1 (B.208) 

The resulting numerical values can then be tabulated and the set of 
four simultaneous equations solved to obtain the value of each of the 
unknown edge loads CQX5 ^ > Q2J and Mg) in terms of the design loads (p 
and G). This solution is represented in the following tabulation in which 
Yx through Ya are numerical coefficients. The values of p in pounds per 
square inch and of G in pounds per inch for any design condition can be 
substituted for these coefficients to obtain actual values of the edge 
loads for that condition. 

E_ G_ 

Qi Yi Y2 
Y3 Y 4 
Y5 Y6 

M2 Y 7 Y e 
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B.4.3 Deformation and Characteristic Equations for Two-Element Assembly 

The edge rotations and displacements for the individual elements of 
tae cylinder to flange assembly without a tapered transition illustrated 
in Fig. B.ll are given in Table B-14. 

Table B.14. Edge Rotations and Displacements for Individual Elements 
of Cylinder to Flange Assembly Without Tapered Transition 

Q2 M 2 P G 

e2 
1 1 

Long 
Shell 

e2 
B I D I 

Long 
Shell 

62 
1 1 Rli 

• 

Im 
"Hli| 62 

2 6 ^ ! E T ! 

• 

Im 2 

Ring 
e2 

R2mRCGh2 
E I 

R2mRCG 
E I " K I 

- V W Ring 

62 
-R2mRCG 

f 
1 I 

h2] 2 R2m*CGh2 hRliRCG 
+ h 2 K I H 2 R G ( R W - R G ) 62 E I [ A I , E I AE 
+ h 2 K I H 2 R G ( R W - R G ) 

Using numerical coefficients for the terms of the deformation equa-
tions given in Table B.14, the resulting two characteristic equations are 
presented in Table B.15. The coefficient constants in Table B.15 have 
the same values as those for the three-element assembly presented in 
Subsection B.4.2. 

Table B.15. Characteristic Equations for Cylinder to 
Flange Assembly Without Tapered Transition 

• Q 2 M 2 p G 

( 1 ) C 1 ~ C 1 2 - c 2 - C 1 3 = -Cis 

( 2 ) C3 + Cie - C I + C I 2 C L 7 - CU Cxa 

The two simultaneous equations in Table B.15 are solved to obtain 
the value of the unknown edge loads (Q and M_) in terms of the design 2 
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loads (p and G). Solution of these equations yields 

% = V + YioG 

and 
M
2 = + Yi2G • 

where Y_ through Y12 are numerical coefficients. 

B.4.4 Stresses and Stress Intensities in Three-Element Assembly 

The equations for calculation of the stresses and stress intensities 
in the long shell, short shell, and ring of the cylinder to flange assem-
bly with a tapered transition are given herein. These calculations are 
to be performed in accordance with the rules of Section III of the ASME 
Boiler and Pressure Vessel Code. 

(a) Long Shell (Cylindrical). Cylindrical shells are considered 
long when SL > 3.0 or when the length > 3/5. The longitudinal stress in 
the long shell 

N 

X " t ~ t 3 ' = ~ + ^ > (B.209) 

or substituting N -

the longitudinal stress 

-i 

hi\ 
Am! 

PR?i 6M 
2 T R I - I ' ( B . 2 1 0 ) 
l im ct 

The tangential (hoop) stress 

pR 23R 2^ 2 R
1 m 

a „ . iE(q } + 1E(m) + . (B.211) 
t t, t, t - fa I I i I 

The radial stress cxR = -p at the inner surface and approaches zero at the 
outer surface. For the general membrane (average primary) stress, 

°R av = ~2 ( B' 2 1 2 ) 
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The maximum general primary membrane stress intensity 

t 0.5p (B.213} 

The calculated value is compared with the allowable value S^, The maxi-
mum local membrane stress intensity 

l\ = p + L m 
-2SR, m 20s R. 

(Q,) + lm (B.214) 

The calculated value is compared with the allowable value 1.5Sm. The 
maximum primary membrane plus primary bending stress intensity (P^ + p^) 
is the greater of 

2t R -l im 
C B . 2 1 5 ) 

or P«li 25Ri in (Qx) ± ® + P 
3 

(B.216) 

Equations B.215 and 2.216 are based on the assumption that the maximum 
value occurs at the inner surface. To determine the value at the outer 
surface, the value of p is omitted in the calculations. The greater 
calculated value is compared with the allowable value 1.5Sm. 

(b) Short Shell (Cylindrical). The longitudinal stress in the 
short shell at juncture 1 

Ni 6MX 

and at juncture 2 

^ A m ~ t? 

N 614 a 2 
^ ~ t3 ~ C2 

P R i i , 6 Ma 
" 2t3Ram " 

(B.217) 

(B.218) 
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The tangential (hcop) stress 

PR. , 2B , 0R„ 2B ^ R 2G , PRa 
ff aL2±+ 1 1 2i"(Q ) + - i S — £ H ( M ) + 1 1 2 m

( Q ) 
tl t, ta w r t v t A 1 « 2 2 

2G, u6H, 
2 (MJ ± — r - (B.219) ^ 2 c? 

and 
pR, , 2B , 3R„ 2B f^R 2Gn, 3R_ 

c = l ^ i + 2" ( Q ) . 1 5 (M ) + 1 1 (Q ) 
to t t t s t 

2 2 2 2 

2G ^ R ^ p6M 
+ I ^ ( M J • CB.220) 

The radial stress o- = -p at the inner surface and approaches zero at the K 
outer surface. For the general membrane stress 

av 5 " 2 ' (B-221> 

The maximum general primary membrane stress intensity 

P = ± + 0.5p . (B.222) m t„ 
P^Li 
<2 

The calculated value is compared with the allowable value S^. The maxi 
mum local membrane stress intensity (P^) is the greater of 

pR, . 2B , pR„ 2B S^R 2G , 3R0 
P = l i i + 1 1 2i"(q ) + §m( ii am( } Li t t w l 7 t„ v V t w 2 y 

1 

2G ^R,, 
f — < M 2 ) + 0 . 5 P (B. 223) 

or 
pR . 2B,,3R_ 23 2G, BR_ f li . 11 2m.. . 12 2m/v, v . ii 2m/ p = + ^ (Q ) - — = = — ( M ) + '"(Q ) 

L2 ta t2 ta
 v ta 



The greater calculated value is compared with the allowable value l.SS^. 
The maximum primary membrane plus primary bending stress intensity 
(?L + P̂ ,) is the greatest value at a point of any of Lhe following. 

(P. + P ) = c, + p , (B-225) L D 11 

(P. + P. ) = C-, + p , (B.226) L D to 

(PL + Pb) = o-ti + P , (B-227) 

(PL + Pfa) = o-tj> + p , (B.228) 

< P L + V = C \ - ° t l > ( B - 2 2 9 > 

or (P. + P.) = c, - c ; (B. 230) L D xo to 

where the maximum value is assumed to be acting at the inner surface. 
To determine the value at the outer surface, the value of p is omitted 
from these calculations. The greatest calculated value is compared with 
the allowable value 1.5S • 

m 
(c) Ring. The longitudinal (axial) stress in the ring at the 

juncture with the short shell 
N 6M_ 

a- = -a + i t,. - t2 s 

pRf. 6M r H 
2 t (B.231) 
3 2m t3 

On the top surface of the ring inside the gasket circle, the longitudinal 
(local membrane) stress 

tr̂  = -p . (B.232) 

The tangential (hoop) stress 

(B. 238) 
ring 

where Q C G is defined by Eq. B.184 (page 453) and M ^ is defined by 
Eq. B.183 (page 453). The radial stress at the inner surface of the 
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ring 

The maximum general primary membrane stress intensity 

(B.234) 

P = Q C G R C G . m (B.235) 
A . ring 

The calculated value is compared with the allowable value Sm- The maxi-
mum local membrane stress intensity 

p = p L m (B.236) 

The maximum primary membrane plus primary bending stress intensity 
(P^ + Pjj) is the greatest value at a point of any of the following. 

( p + P j . r . , B ( V C G + W C G 
( ^ V ' \ ring " I / c i 

L pRf. 6M \ 
J ^ — l l t } , (B.237) 
l-CaKam ts I 

(P. + P. ) = L b ~t + '' 
Q C G R C G +

 : : C G R C G 
A . - I/c ring 

(B.238) 

or (PL + Pb> 
pR?. 6M -1 + — 5 

\2t R sm 
+ P > (B.239) 

where the maximum value is assumed to occur at the inner surface. To 
determine the maximum value at the outer surface, the value of p is 
omitted from these calculations- The greatest calculated value is com-
pared with the allowable value 1.5Sm-

B.5 Nozzle-Shell and Nozzle-Head Junctions.for Applied Nozzle Loads 

Externally applied nozzle loading includes the thermal loading, 
seismic loading, and deadweight loading from the primary and secondary 
piping systems of the heat exchanger. The discontinuity analysis of a 
nozzle-to-shell or nozzle-to-head junction requires a detailed 
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calculation of local stresses at critical points in the structure that 
result from loads applied at the nozzle. 

A frequently used method for evaluating discontinuity stresses at 
nozzle junctions with shells and heads was developed by the late Profes-
sor P. P. Bijlaard. This method has been summarized and published in a 
form convenient for use by design engineers by Wichman, Hopper, and 
Mershon.517 Bi j laard *s work does have limitations that make it desirable 
for the analyst to refer to other and more recent works on this subject. 
Examples are the work of Melworm, Patel, and Berman.62-64 

The determination of the maximum stress intensity at nozzle-to-shell 
or nozzle-to-head junctions shall include the discontinuity stresses 
resulting from the externally applied nozzle loading and the membrane 
stress resulting from the internal pressure in the shell or head, respec-
tively. The maximum stress intensities shall meet the allowable limits 
of stress intensities for the stress categories of Paragraphs NB-3221.1, 
NB-3221.2, NB-3221.3, and NB-3222.2 in Section III of the ASME Boiler and 
Pressure Vessel Coda. 

B.6 Vessel Support to Shell Junctions 

Vessel supports are often locations of discontinuity. The moments 
and forces acting at the junction of the vessel support and shell that 
result from design loads create localized stresses in the vessel shell or 
head. These localized stresses must be calculated and evaluated to 
assure adequate design. Procedures are presented herein for determina-
tion of the localized vessel stresses for two basic types of support: 
(1) individual bracket supports and (2) continuous cylindrical support 
skirts. These two basic types of support are illustrated in Fig. B.12. 
One other type of support, used for horizontal heat exchangers, is the 
saddle support. However, this type of support does not generate the 
highly localized shell stresses considered herein. 
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Fig. B.12. Two Typical Types of Vessel Support. 

B.6.1 Individual Bracket Supports 

The individual bracket and the moments and forces associated with 
this type of support are illustrated in Fig. B.12(a). The shell moment 
and force result from deadweight and seismic loads. The support reac-
tions and shell moment and force are determined by using the equations 
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of static equilibrium. The localized stresses in the shell are 
determined in essentially the same manner as those at a nozzle-shell 
junction discussed in Subsection B.5. The only difference is that the 
applied loads for bracket supports are over a square or rectangular load-
ing surface rather than a circular loading surface. The detailed proce-
dure for determining the loads applied over a square or rectangular 
attachment is given in Ref. 57. 

B.6.2 Cylindrical Support Skirt 

A typical support skirt is illustrated in Fig. B.12(b). The cylin-
drical support skirt is usually thinner and therefore much more flexible 
than the vessel shell since the vessel is designed to retain high inter-
nal pressure. As illustrated, the mean diameter of the support skirt is 
usually equal to the mean diameter of the cylindrical shell. This type 
of support permits resistance to the deadweight and seismic loads by 
direct membrane action. However, local discontinuity effects occur 
because the continuous cylindrical skirt attempts to resist the radial 
displacement of the shell resulting from the action of internal pressure 
and thermal expansion. The procedure used to determine the discontinuity 
effects is outlined as follows. 

1. The radial displacement of the vessel shell resulting from 
design loads is calculated at the support skirt location. 

2. The radial displacement is applied to the cylindrical skirt as 
a boundary condition. A second boundary condition is that the rotation 
of the vjdge of the skirt is zero. The local shear and moment at the edge 
of the cylindrical skirt necessary to accommodate these boundary condi-
tions are then calculated by using the equations for displacement and 
rotation of a cylinder (Eqs. B.3 and B.4) presented in Subsection B.l. 

3. Once the values of the local shear and moment are determined, 
the discontinuity stresses in the shell and support skirt can be calcu-
lated. The maximum stress intensities are then obtained and treated as 
required by Section III of the ASME Boiler and Pressure Vessel Code and 
as described in Subsections B.l and B.3 of this document. 
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