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ABSTRACT 

For high-temperature gas-cooled reactors (HTGRs) of the future, heat 
exchangers will play a vital role in assuring high efficiency and economic 
competitiveness. The HTGR is well suited to meeting future utility ele~
trical power needs and can contribute significantly in the field of syn
thetic fuel production. Since steam generator technology for the steam 
cycle HTGR plant has been well documented in the past, this paper discusses 
various aspects of the high-temperatur~ heat exchanger conceptual designs 
for the gas turbine (HTGR-GT) and process heat (HTGR-PH) plants. Topics 
include technology background, heat exchanger types, surface geometry, 
thermal sizing, performance, material selection, mechanical design, fabri
cation, and the systems-related impact of installation and integration of 
the units in the prestressed concrete reactor vessel. The impact of future 
technology developments, such as the utilization of nonmetallic materials 
and advanced heat exchanger surface geometries and methods of construction, 
is also discussed. 
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INTRODUCTION 

In this paper, heat exchangers for two variants 
of the HTGR are discussed: 1) an electrical power
producting plant (HTGR-GT) in which the reactor coolant 
(helium) is used directly to drive a gas turbine power 
conversion system, and 2) a process heat plant (HTGR
PH) in which the reactor thermal energy is transported 
to the externally located process plant by an 'inter
mediate heat transport loop. In the latter case, the 
intermediate heat exchanger (IHX) is an inherent part 
of the overall system, and its role is to transport 
all or part of the nuclear generated heat to the ex
ternal process loop. In the case of the closed-cycle 
gas turbine plant, the recuperator is a necessary com
ponent in the power conversion system to ensure a high 
level of plant efficiency. While the recuperator and 
IHX perform different functions and have differing 
thermodynamic conditions, there is projected to be sub
stantial commonality in regard to surface geometry 
selection and mechanical design and development re
quirements, and these points are discu~s~J In the 
paper. 

An orderly program of design and development for 
the components of the aforementioned two variants of 
the HTGR is desirable in order to commercialize the 
plants for service at a reasonably early date. The 
heat exc.hRngers are key components and require detailed 
design attention as outlined in this paper. The design 
and development of the heat exchangers are to a large 
extent based on existing industrial heat exchanger 
technology, and this aspect is emphasized in this 
paper, together with design, performance, and fabrica
tion .cou.:;lderations. The design of a new plant con-

cept is an iterative process to satisfy the various 
safety, economic, and performance goals, and in recent 
y~ars several plant configurations have evolved for 
both the HTGR-GT and HTGR-PH programs. Various aspects 
of the heat exchangers for these two plants, which are 
still in the conceptual design phase, are discussed. 

A high degree of commonality exists for the over
all design of the recuperator and IHX, since both 
units are installed in vertical cavities within the 
prestressed concrete reactor vessel (PCRV) side wall. 
Both exchangers are helium-to-helium units and are 
large assemblies. Thus, they cannot be designed as 
isolated units; indeed, the selection of recuperator 
and IHX configurations formed an important part of 
the primary system development for HTGR-GT and HTGR-PH 
plants, respectively. The confines of an integrated 
configuration have a strong influence on the design of 
the heat exchangers, and thia point is discussed in 
this paper. 

While the gas turbine and process heat variants 
of the HTGR are new concepts, there is a substantial 
technology base for tlte'design of helium heat exchang
ers. As can be seen on the array in Fig. 1, compact 
heat exchangers have been designed, fabricated, and 
operated for steam cycle HTGRs and fossil-fired closed
cycle helium gas turbines, and their experience is 
applicable for the HTGR-GT and HTGR-PH plants. 

The fossil-fired closed-cycle gas turbine plants 
in Europe have operated successfully for close to a 
million hours, and the heat exchangers (of tubular 
construction) have been trouble free. In the concep
tual design phase of the recuperator and IHX it was 
felt to be prudent to select tubular typP.s of con
struction. The main reason for this selection was 
that it rep~esents the only type of construction that 
has thus far been proven to have the structural integ
rity for long-life power plant service. 

Even though relatively high heat transfer coeffi
cients can be realized in the helium-to-helium ex
changers, large surface areas are necessary. Because 
of the design constraint associated with installation 
of the heat exchangers in the PCRV side-wall cavities, 
it is necessary to use compact surface geometries, 
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Fig. 1 Helium heat exchanger design evolution 

with smaller hydraulic diameter heat transfer elements 
than is usual in contemporary power plRnrs. The in
fluence of tubular surface geometry characteristics 
on the salient elements of an exchanger is shown in 
Fig. 2. The two curve arrays are related through the 
common parameter of surface compactness (m 2 /m 3

) . The 
left-hand family of curves relates surface compactness 
and exchanger thermal density (MW/m 3

) tor lines of 
different heat flux (W/cm2

). The right-hand carpet 
plot ShOWS the relationship between tuhe niRmP.tPr, 
normalized pitch parameter, and surface compactness. 
Design points for various helium heat exchangers are 
shown superimposed on the curve array. To achieve 
high thermal density (for integration in the PCRV) and 
low flux (for low thermal stress) it is necessary to 
utilize quite compact surfaces (tubes of small dia
meter closely pitched), and early studies indicated 
that straight-tube designs offered practical solutions 
(fabrication and performance) . The recuperator and 
IHX conceptual designs outlined in this paper are 
based on straight-tube configurations with axial coun
Lerflow of ~he fluid streams. 

As the design of the HTGR plants progresses be
yond the conceptual stage, there will also be an in
tensifying design effort on the heat exchangers . For 
~uch long-term programs there is an obvious onus on 
the part of the heat exchanger designer t o monitor 
industry-wide developments and to factor technology 
advancements into the designs in a prudent manner. 
The utilization ot enhanced surfaces, for example, is 
discussed in this paper. The modular recuperator con
cept outlined in this paper represents only one 
approach toward realizing the various performance, 
economic, and systems goals. ln tact, a monolithic 
appr oach has recently been identified as being very 
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cost-effective, and this will be discussed in a forth
cnmine paper . 

The main emphasis in this paper is on heat ex
changer design, but since this forms an integral part 
of the reactor system design and development, a brief 
description of the overall plant concepts for the gas 
turbine and process heat HTGR plants is included. 

HIGH- TEMPERATURE HTGR APPLICATIONS 

The HTGR offers a unique heat source for either 
power generation or process heat production since its 
operating temperature is significantly higher than 
that of other nuclear reactor types . A key feature 
of the HTGR is the nuclear reactor core, which uses 
helium as the primary coolant, has ceramic- coated fuel 
particles containing uranium and thorium, and employs 
graphite as the moderator and structural material. 
The helium heat transfer medium used as the primary 
coolant is chemically inert and remains in a gaseous 
phase under all possible operating conditions. The 
entire primary coolant system ot the HTGR is contained 
in a PCRV, which provides the necessary biological 
shielding and pressure containment. Theaforementioned 
elements of the HTGR offer unprecedented safety char
acteristics. A variety ot alternative tuel cycles is 
available to the HTGR for added security against 
nuclear proliferation or diversion of nuclear materials . 
The plant is uniquely flexible in that it can use pro
liferation-resistant, low-enriched or highly-enriched 
uranium/thorium. Of particular importance is the fact 
that these cycles are essentially interchangeable. 
The HTGR plant can start on one cycle and later change 
to another with minimal operational difficulty and no 
modification to the reactor. 
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Fig. 2 Thermal and surface density relationships for tubular heat exchangers 

The first generation of HTGRs was designed to 
take full advantage of modern steam plant technology, 
as exemplified by the Peach Bottom and Fort St. Vrain 
reactors (1). The study of advanced HTGR variants is 
aimed at further exploitation of the unique high
temperature capability (not possible with light water 
reactors) made possible by the all-graphite core, 
inert gas coolant, and ceramic-coated fuel particles. 
A brief description of the gas turbine and process 
heat plant concepts is given below. 

Gas Turbine Power Plant Concept 
In the direct-cycle HTt;K-t;T plant, as the name 

implies, the reactor coolant is used directly to drive 
a closed-cycle gas turbine power conversion system, 
thus obviating the steam turbine and related auxiliary 
systems characteristic of contemporary power plants. 
Studies have been reported (2) of an integrated system 
in which all of the power conversion system components 
are positioned inside the reactor vessel, as outlined 
on the isometric view in Fig. 3. With a centralized 
core cavity, the multiloop plant consists of horizon
tally oriented helium turbomachines, and the heat ex
changers are installed in sidc··wall cavities in the 
~CRV. The loop diagram for a non-intercooled cycle 
is shown in Fig. 4, and details are given of the 
salient thermodynamic parameters. The plant, based 
on a 2000-MW(t) core thermal rating, hao two 400-MW(c) 
power conversion loops, each having a helium-to-helium 
recuperator. The recuperative heat exchanger transfers 
heat from the turbine exhaust to the high-pressure 
.:.:ompn:!SS01' dls.:.:haq~o:. gas, thus ,.f[!::O.:.:livt<ly lt!uuciug 
the temperatuFe across the reactor core. The recuper
ator, operating with a gas in.let temperature of slight
ly over 500°C (932°F), is a key element in the plant 
from the standpoint of realizing an attractive effi-

3 

·ciency of the order of 40%, and details of this heat 
exchanger are given in later sections. 

An alternate gas turbine arrangement based on an 
indirect cycle is shown in Fig. 5. In this concept, 
heat is transferred from the reactor circuit to a 
secondary loop via an intermediate heat exchanger 
(IHX). For this plant arrangement the power conver
sion system is located outside of the reactor vessel 
and is thus better suited for incorporation of inter
cooling for higher efficiency, since the aforemen
tioned constraint of heat exchanger installation in 

Fig. 3 

GENERATOR 
TURBOMACHINERY TENDONS 

View of HTGR-GT power plant concept with heat 
exchangers installed in PCRV 
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Fig. 4 Loop cycle diagram for dry-cooled HTGR-GT 
power plant 

the PCRV is obviated. Studies are currently under 
way to evaluate the performance and economics of the 
indirect cycle variant. A postulated advantage of 
this power-producing variant is that there is sub
stantial commonality between the nuclear heat source 
system for both the gas turbine and process heat 
plants, the latter of which is described in the 
following section. 

Process Heat Plant Concept 
The high-temperature heat available from the 

HTGR makes it suitable for many process applications. 
The high-grade heat can be utilized in the production 
of hydrogen and synfuel using coal, lignite, residual 
oil, or oil shale as the carbon source. It can also 
serve as the heat source for thermochemical water
splitting processes to produce hydrogen without car
bon. It may be useful in large-scale energy trans
pore and storage systems for industrial or utility 
application. 

The HTGR process heat plant discussed in this 
paper envisages a nuclear-chemical process whose pro
duct is hydrogen (or a mixture of hydrogen and carbon 
monoxide) generated by steam reforming of a light 
hydrocarbon mixture. The reactor energy is trans
ported to an externally located process plant by an 
intermediate heat transport loop. The intermediate 
loop provides an additional boundary between the 
nuclear heat source and the process, thereby enhanc
ing plant safety and offering considerable flexibility 
for alternate applications. 

Studies have been reported (3) of a process heat 
plant based on a reactor core thermal rating of 842 

MW(t) (this value corresponding to the HTGR steam 
cycle constructed and operating at Fort St. Vrain for 
the Public Service Company of Colorado). An isometric 
view of the nuclear heat system for the process heat 
plant is shown in Fig. 6. The system consists of two 
loops each embodying an IHX and primary system circu
lator. A loop diagram for the process heat plant is 
shown in Fig. 7. This cycle is based on a reactor 
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Fig. 7 Cycle diagram for 950°C HTGR-PH plant 

outlet temperature of 950°C (1742°F), but studies are 
currently under way for an 850°C (1562°F) system, and 
at this value there is commonality between the gas 
turbine and process heat plants from the standpulnt 
of reactor outlet temperature. From Fig. 7 it can be 
seen that the two secondary loops are supplied with 
energy from the IHXs, and each loop consists of a re
former, steam generator, and helium circulator con
nected in series. There are several high-temperature 
heat exchangers in the process heat plant, but this 
paper concentrates on various aspects of the most 
critical of these, namely, the helium-to-helium IHX. 

HEAT EXCHANGER DESIGN CONSIDERATIONS 

The heat exchanger design considerations for the 
gas turbine (4) and process heat (5) plants are sim
ilar in many respects and result in the following com
mon criteria: 

The heat exchanger designs should be based on 
tubular construction and conventional fubrication 
techniques to obtain the reliability of proven power 
plant technology. 

2 Only counterflow and multipass cross-counter
flow designs are thermodynamically practical, wiLh 
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-~e counterflow approach yielding more favorable heat 
exchanger proportions for vertical PCRV cavity instal
lations, lower metal temperature gradients, and lower 
potential for flow-induced vibration. 

3 Compact surface geometries are desirable be
cause very large heat transfer surface areas are re
quired in the gas-to-gas heat exchangers, which must 
transfer heat at rates on.the order of those trans
ferred in the reactor. 

4 Economic considerations require that the heat 
exchangers, which are important plant capital equip
ment items, be designed for long life. 

5 The heat exchangers must be designed in accor
dance with the appropriate provisions of the ASME 
Boiler and Pressure Vessel Code. 

Additional heat exchanger design constraints are 
created by the integrated HTGR plant arrangements, 
where the PCRV assumes the heat exchanger containment 
and support roles. While this arrangement removes the 
need for large vessels typical of industrial heat ex
changers and eliminates the requirement for shell-side 
fluid couplings connecting the heat exchangers to the 
primary system, additional restrictions in the follow
ing areas must be accommodated: 
· 1 Orientation. Vertical heat exchangers help 
minimize both PCRV diameter and prestressing complexit~ 

2 Diameter. Heat exchanger diameters should be 
minimized to avoid directly impacting PCRV and reactor 
containment building diameters, which are major plant 
cost considerations. 

3 Height. PCRV (and thus reactor containment 
building) height should not be governed by the heat 
exchangers. 

4 Accessibility. The restricted accessibility 
of PCRV-mounted heat exchanger installations influ
ences the heat exchanger mechanical designs in the 
areas of in-service-inspection (ISI) and maintenance. 

Although the HTGR-GT recuperator and HTGR-PH IHX 
design approaches are quite similar as a result of the 
above common considerations and common '~orking fluids 
(helium-to-helium), there are also important differ
ences. The recuperator is not a part of the reactor 
coolant pressure boundary, and it operates with the 
same working fluid on both the HP and LP sides; there
fore, small recuperator leaks which do not adversely 
affect plant performance can be tolerated. Conven
tional ferritic alloys can be considered for the re
cuperator, which has a maximum metal temperaturP. nn 
the order of 515°C (959°F) and an internal pressure 
differential of 4.62 MPa (6/0 psi). On the other 
hand, the IHX is the interface between the primary 
and secondary helium circuits and therefore must be 
leak-tight. For the process heat plant with a reactor 
outlet temperature of 950°C (1742°F), the maximum metal 
temperature in the IHX is 927°C (1700°F), the equiva
lent value for the case with a reactor outlet tempera
ture of 850°C (1562°F) being 835°C (1535°F). Thus, 
metal temperatures of this order in the IHX mandate 
the use of superalloys in at least the hot end of the 
unit. As will be mentioned in a later section, tem
perature uprating potential should be realizable in 
the future by utilizing nonmetallic materials current
ly being developed. llith a ground rule of designing 
the IHX using existing materials,· the low allowable 
long-term stress levels at the aforementioned temper
atures make it necessary to base the IHX design on a 
"pressure-balanced" approach. Pressure-balancing in 
the HTGH-PH application is achieved by maintaining 
the secondary helium pressure only slightly above the 
primary helium pressure so that secondary helium in
leakage to the primary system will result if leaks 
develop in the iHX. 



HEAT EXCHANGER CONCEPT SELECTION 

The surface geometry alternatives available for 
the HTGR heat exchanger design are limited by the size 
and geometric proportion constraints imposed by the 
PCRV. The emphasis on minimizing PCRV diameter, when 
considered with the criteria noted above·, creates an 
advantage for surface geometry approaches which have 
low f/j (ratio of friction factor to Colburn modulus) 
characteristics. Plain tubular arrangements therefore 
are logical first choices for the HTGR-GT recuperator 
and HTGR-PH IHX designs. Small hydraulic diameters 
(henc.e high surface compactness) are required to accom
modate the large surface area requirements for these 
helium-to-helium exchangers. The data shown in Fig. 
2 illustrate that high values of thermal density (i.e., 
small exchanger volumes) can be realized at modest 
values of flux (hence reduced thermal stress) with 
straight-tube counterflow designs. A combination of 
plain tubular geometries and an axial flow configura
tion results in bundle geometries (with small.frontal 
area and long length) that are conducive to installa
tion in the PCRV side-wall cavities. 

It should be pointed out that in the quest for a 
. design solution that satisfies all of the safety, cost, 

and performance goals, enhanced tubular geometries 
have been studied (6,7). Since the PCRV is obviously 
a major plant cost item, it was thought that PCRV size 
reductions obtainable through the use of enhanced sur
face geometries in the heat exchangers might present 
an avenue by which overall plant costs can be reduced, 
even though higher heat exchanger costs may result. 
As shown in Fig. 8, for example, substantial length 
reductions in the recuperator are possible through the 
use of longitudinal fins, but this feature represents 
no significant improvement over plain tube designs 
that do not govern the height of the PCRV. Enhanced 
heat transfer through artificial surface roughening, 
which has been extensively investigated for fuel pin 
cooling in the European and U.S. gas-cooled fast 
breeder reactor (GCFR) programs, also can produce sig
nificant heat exchanger length reductions at the ex
pense of increases in frontal area or pressure loss. 
The type of roughness produced and representative 
design data for tubular geometries (from Ref. 8) are 
presented in Fig. 9. No incentives have been demon
strated for recuperator concepts employing artifically 
roughened tubular surface geometries because the ad
vantages achieved do not offset the additional costs 
of roughening and increased cavity diameter and/or 
pressure loss. However, surface roughening may be a 
viable option for IHX designs where the additional 
pre~sure lu•~ repre~ent~ le~~ penalty tu plant 
economics. 

It should be pointed out that global efforts are 
under way on the design of helium-to-helium intermedi
ate heat exchangers for nuclear process heat plant 
application, and that both straight-tube and helical 
geometries are being evaluated (9-13). Similar studies 
have also been reported on the design of tubular heat 
exchangers for the nuclear closed-cycle gas turbine 
ptant (6,14,16). The studies upon which this paper is 
based did not identify a configuration with character
istics superior to the straight-tube counterflow var
iant from the standpoints of performance, economics, 
ztructural integrity, fabricability, and envelope di
mensions for an IHX integrated in the side-wall cav
ities of a PCRV. 

These considerations reinforce the conclusion 
thaL iu.i.L.i.al recuperatur allll IHX des.i.gu cuucepLs 
should specify plain tubular surface geometries in 
counterflow arrangements. Structural arguments asso
ciated with long-term creep buckling phenomena also 
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make it desirable to have the high-pressure (liP) helium 
inside the tubes, particularly in the IHX. Recupera
tor designs with the HP helium outside.the tubes are 
structurally viable but require considerably tighter 
tube pitching and a change from ferritic alloys to a 
higher-strength austenitic alloy. 

HEAT EXCHANGER SIZING AND THERMAL PERFORMANCE 

Establishing the thermal size of HTGR heat ex
changers entails scanning parametric surveys for the 
combination of surface geometry, heat exchanger fron
tal area (diameter), and effective tube.length that 
fit the available PCRV cavity envelope at an accept
able pressure loss. The design data used to generate 
the parametric statistics for the recuperator and IHX 
are given in Table 1. 

The recuperator thermal size selection is shown 
in Fig. 10, which shows effective tube length and 
pressure loss as a function of tube pitching and re
cuperator diameter. Since the optimum tube pitching 
arrangement is governed by the pressure loss split 
between the HP and low-pressure (LP) sides, the de
signer is not permitted the usual option of perform
ing size tradeoffs on a particular surface by dealing 
with each side of the recuperator independently. It 
is also important to note that the pressure loss con
sidered is the summation of the relative pressure loss 
ratios on both sides of the recuperator. This summa
tion procedure is useful for gauging the impact of 
changes in recuperator pressure loss on plant cycle 
efficiency. When plotted as a function of tube pitch
to-diameter (P/d) ratio, it exhibits a minimum inflec
tion between the regions where the tube-side and shell
side losses are dominant, and this guides the thermal 
selection process. Only 11.1 mm (0.4375 in.) o.d. 
tubes, corresponding to th~ minimum limit adopted for 
practical manufacturing, were considered because it 
was apparent with this survey that larger tube diam
eters would result in longer recuperator designs with 
direct penalties on PCRV height. The recuperator 
thermal size selection results ill th~ minimum pressure 
loss (2.8%) for the combination of 12.2 m (40 ft) max
imum effective length and 5.33 m (17.5 ft) maximum 
diameter set by initial PCRV layout considerations. 

The IHX thermal sizing is shown in r'ig. 11, which 
presents the envelope and performance combinations 
available for a given plain tube surface geometry. 
The 11.1 mm (7/16 in.) tube o.d. and 1.40 pitch-to
niAmPtPT TAtio are als;o considurud minimum practical 

TABLE 1 
HEAT EXCHANGER DESIGN DATA 

HTGR-CT HTCR-PH 

Application Electrical power Process heat 

Heat exchanger Recuperator IHX 
Plant rating, MW(t) 2000 842 
Exchangers per plant 2 2 
Loop rating, MW(t) 1000 421 

-
Fluid circuit High-pressure Low-pressure ~econdary Primary 

helium helium helium (HP) helium (LP) 

Fluid routing Tube Shell Tube Shell 
Flow per unit, kg/a S4S.S S66.4 170.7 170.7 
Inlet temp, oc (DP) 173 (346) 3)3 (99S) . ._ (/ij/) ~46 (173S) 
Inlet pressure. HPa (psia) 7.8S ( 1139) 3. 2S (472) 5. 24 (760) 4.95 (718) 
Outlet temp, •c <•rl 49R (929) 223 (434) 899 (16SO) '·67 (872) 

Effectiveness 0.898 -- 0. 91 --
Log mean temperature 42. s (76. Sl S2. 2 (94) 

difference, •c (•F) 

TherlhCol l..vlu.luc.lcnu .. c IJ'CL z 1. 6 (4 i • nJ') 8.1 ( 1~. ~ X 1U'J 
unit, KWrc (Btu/hr°F) 

Heat duty per unit, K\l(t) 918 4,~ I Pressure loss. OP/P. % 2.82 
Pressure loss. HPa (psld) -- o.oss (7.9) 0.046 (6.6) 
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Fig. 10 Thermal sizing data for HTGR-GT plant 
recuperator 
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limits for this type of heat exchanger; larger values 
for either parameter increase the effective bundle 
length required. The thermal size selection results 
in an IHX that fills up the allowable height envelope 
set by PCRV layout considerations and has acceptable 
primary and secondary side pressure losses. Table 2 
summarizes the salient features for the recuperator 
and IHX. From the standpoints of flow configuration, 
surface geometry, and thermal data it can be seen that 
there is substantial commonality between these two 
helium-to-helium high-temperature heat exchangers. 

TABLE 2 
DETAILS OF HEAT EXCHANGER CONCEPTUAL DESIGNS 

HTGR-GT HTGR-PH 

Heat exchanger Recuperator IHX 

Exchanger design status Conceptual Conceptual 
Flow configuration Counterflow Counter flow 
Type of construction Straight tube Straight tube 
ARRPmhly tyf!P MQdl.•lar Modular 
Surf.:lcc geometry Plain tube Externally roughened tube 
Tube o.d., mm (in.) 11. 1 (0.4375) 11. 1 (0.4375) 
Wall thickness, mm (in.) 1.1 (0.045) 1.5/1.09 (0. 0&/0. 043) 
Tube pit~h 1.4 1.4 
Surface compactness, m2/m 3 1&7 1&7 
Surface area per unit, m2 28,400 10,448 
Tubes per unit 6&,483 32,512 
Modules per unit 83 25& 
Effective tube length, m (ft) 12.2 (40) 9. 2 (30. 2) 
Assembly diameter, m (ft) 5. &4 (18.5) 4. 27 (14) 
Assembly height, m (ft) 20.4 (&7) 1&. 15 (53) 
Assembly weight, tonnes (ton) 72& (800) 218 (240) 
Pressure boundary 6P, MPa (psld) 4. & (7&0) 0. 29 (43) pressure balanced 
Max metal tamp, °C (°F) SlO (9&0) 927 (1700) 
Thermal density, MW'/m 3 5.40 &. 70 
Thermal flux, W/cm 2 J. 24 4 .OJ 
Tube material 2-1/4 Cr-1 ~lo Inconel 617, 2-1/4 Cr-1 Mo 
lSI/repair level Module Module 
Assembly location Factory Factory 
Transportation mode Barge Barge/rail 
ASME Code Class Section VIII Section Ill 

HEAT EXCHANGER MECHANICAL DESIGN 

Conceptual mechanical designs of the recuperator 
(16) and IHX (3) have been pursued in sufficient depth 
to establish major structural details and load paths, 
mechanical provisions for assembly, in-service
inspections, maintenance, component installation and 
removal, and cost. These mechanical arrangements are 
shown schematically in Figs. 12 and 13, which reflect 
similar design features in the following areas: 1) 
modular construction, 2) compact headering, 3) gas 
flow paths, 4) PCRV cavity access and support pro
visions, and 5) general maintenance provisions. 

Although a monolithic tube field is the optimum 
heat exchanger packaging arrangement from a PCRV di
ameter standpoint, modular arrays were adopted for 
the initial design concepts to facilitate fabrication 
and handling and to help promote good flow distribu
tion in these high-effectiveness units. Adopting a 
modular approach for a PCRV cavity installation dis~ 
courages the conventional headering practice of using 
flat module tubesheets, which penalize heat exchanger 
diameter due to the unusable space created between 
modules by edge-distance requirements. Since minimum 
ligament considerations ruled out addressing this 
problem by local reductions in tube pitching in the 
module tubesheet areas, compact headering approaches 
which permitted contiguou~; packaging of hexagon<;~! tube 
bundles were conceived. Figure 14 schematically por
trays the recuperator module headering concept, in 
which the hexagonal modular tube bundles are headered 
into hemispherical tubesheets. The lHX concept em
ploys conically shaped, rather than hemispherical, 
tubesbeets, but both of these headering approaches 
are based on tubesheet configurations that occupy less 
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Fig. 12 Overall view of modular, straight-tube 
recuperator concept for HTGR-GT plant 

space than the hexagonal envelope of the tube bundles, 
making it necessary to bend the modular tubes locally 
to achieve the desired tubesheet penetrations. This 
type of compact headering approach facilitates shell
side fluid entry and exit, results in heat exchanger 
frontal area utilizations approaching that of homo
geneous tube fields, and eliminates the need for anti
bypass seals between modules, but it obviously compli
cates module fabrication. Studies to identify more 
attractive alternatives are continuing. 

Both the recuperator and IHX designs have the HP 
inlet and outlet helium connections located at the top, 
with the LP helium making its pass vertically upward 
on the shell side. Counterflow operation is achieved 
by routing the HP helium downward. inside the module 
tubes and then returning it to the top of the unit. 
The HP return circuitry is an important difference 
between the recuperator and IHX concepts. In the IHX, 
the HP (secondary) helium leaving the modules is col
lected in a drum header at the bottom of the unit and 
is returned to the ~op inside a central return duct. 
Lead tubes connect each module to the main support 
plate at the top, which &lso acts as a tubesheet, and 
to the drum header. The upper set of IHX lead tubes 
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Fig. 13 Overall view of modular, straight-tube IHX 
concept for HTGR-PH plant 

(c:old encl of unit) are c:oi.lecl to provi.clc thP- r.lf.lstic
ity necessary to accommodate module differential growth. 
By contrast, the recuperator, which must sustain large 
HP-to-LP differential loads, provides a small-diameter 
return pipe for the HP helium within each module to 
avoid the potential depressurization consequences of 
a large HP return duct. This integral return tube 
approach eliminates the need for coiled lead tubes, 
but it does require special thermal barrier consider
ations to prevent performance losses through regenera
tive heat transfer in the HP return circuit. Figure 
13 shows the integral return tube "locked up" between 
the upper and lowe;:- module tubesheets. lfuether or not 
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Fig. 14 View showing compact subheadering arrangement 
for tubular heat exchanger 

an expansion device will be required to accommodate 
the differential growth between the integral return 
tube and the module tube bundle needs to be analyzed 
further as ~ore detailed system transient information 
becomes available. 

The main support plates for these units represent 
the principal pressure boundary in their respective 
cavities and must contain th'e HP-to-LP helium pressure 
differentials while supporting the unit. They have 
been designed as dished heads in accordance with appro
priate ASME code provisions, and the resulting plate 
thicknesses are well within fabrication and material 
limitations, although multiple-piece construction may 
be required. The general maintenance considerations 
for heat exchangers {n this class have been discussed 
previously (17). 

MATERIAL SELECTION CONSIDERATIONS 

Approximate operating boundaries for various heat 
exchanger materials are shown in Fig. 15. For high
temperature heat exchangers, material temperature 
limits are a major constraining factor. For use of 
metallic materials above 650°C (1200°F), the choice 
is essentially limited to stainless steels and the 
nickel-base and cobalt-base superalloys with special
ized applications fo·r the heat-resistant cast alloys. 
From Fig. 15 it can be seen that the specific strength 
(strength/density) of metallic materials decreases very 
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rapidly at elevated temperature. The potential future 
use of nonmetallic materials for the HTGR heat exchang
ers is discussed in a following section. The operating 
islands shown in Fig. 15 are very approximate, and for 
a particular application the actual properties of the 
candidate materials in the operating environment must 
be examined in detail over the appropriate temperature 
range. 

Both ferritic and austenitic stainless steels 
have been successfully uaed for elevated-temperature 
heat exchangers. They have good creep strength and 
oxidation resistance for long-time service up to tem
peratures of about 700°C (1300°F). Stainless steels 
in general are readily formable and can be welded, 
making them attractive from the standpoint of heat 
exchanger fabrication. For the gas turbine recupera
tor, with a maximum metal temperature of less than 
538°C (1000°F), both ferritic (2-1/4 Cr-1 Mo) and 
austenitic (316 stainless steel) materials are viable 
candidates. 

Superalloys have been utilized in many high
temperature systems, and the design anu fabrication 
of superalloy heat exchangers is a well-developed 
technology. Nickel-base and cobalt-base wrought 
sup~ralloys such as lnconel bUU, Incoloy 800H, !nconel 
807, Hastelloy X, Ineonel 617, and Haynes 188 have been 
utilized for elevateu-tem!Jeral:ure service. The upper 
limit for practical metallic heat exchanger design is 
shown in Fig. 15 as 955°C (1750°F). This value repre
sents an upper limit for the utilization of the super
alloys, which can readily be formed into a variety ot 
heat exchanger surface geometries a1~ construction 
types. 

In the petrochemical industry, centrifugally cast 
tubes of 25 Cr-20 Ni steel such as HK40, IN-519, and 
Manaurite J6C have O!Jcruted successfully ~n hundreds 
of plants for many years with tube wall temperatures 
of over 982°C (1800°F). The centrifugally cast tubes 
in modern reformers are about 100 mm (4 in.) in diam
eter and have \~all thicknessea of 20 mm (0. 8 in.). 
While these cast tubes exhibit excellent high-temper
ature capability, they cannot be formed in the small
diameter size (11 mm) with wall thicknesses of about 
1 mm, necessary for the <.:utflji<u.:L :>ur fa<.:e geumetry re
quired in the gas turbine recuperator and process heat 
IHX. For the high-temperature IHX, existing materials 
can be used, and candidate alloys include Inconel 617, 

Hastelloy X, and Ineoloy 800H. Such alloys are only 
necessary at the hot end of the exchanger, and in the 
final design it is likely that the most cost-effective 
unit will be of bimetallic construction. 

HEAT EXCHANGER FABRICATION CONSIDERATIONS 

The modular design concepts for the recuperator 
and IHX provide for considerable flexibility in the 
approaches to fabrication, shipping, and installation 
in the sense that the degree of final assembly com
pleted in the shop will be a function of shipping 
limitations, plant construction schedule, and economic 
considerations. The mechanical designs are based on 
state-of-the-art fabrication techniques and are within 
the size and weight limitations of existing U.S. nuclear 
component fabrication facilities. On the other hand, 
the compact header arrangement of the modules (shown 
in Fig. 14) adds a degree of complexity and cost to 
module assembly which must be balanced against the 
benefits of the smaller overall diameter associated 
with the compact arrangement. Future development of 
IHX and recuperator configurations will include quan
tification of the component cost versus system impact 
(heat exchanger envelope and pressure loss) tradeoff. 

The general approach to fabrication includes the 
parallel fabrication of a number of heat exchanger 
modules with the number of parallel modules consistent 
with fabrication constraints. The module size and 
weight are consistent with routine hP.at exchanger 
fabrication shop capabilities and could allow procure
ment from multiple vendors. 

In parallel with module fabrication, the large 
module support structures, shrouds (if required), and 
the large spherical head at the top of the heat ex
<.:hanger are fabricated. Although these parts are much 
larger than the modules, the sizes and weights are 
within existing capabilities of several U.S. fabrica
tion facilities. The spherical head represents a 
challenge if a single-piece forging is desired. 

Throughout design and fabrication of modules and 
their supporting structure, considerable attention 
will be given to tolerance control and alignment of 
parts so that the design goal of compactness does not 
lead to an untenable final assembly clearance situa
tion. However, the final assembly of the heat ex
changers (whether in the shop or field) can be accom
plished with techniques proven in similar configura
tions, e.g., pressurized-water nuclear reactor core 
assemblies. 

To the nonspecialist, the straight-tube exchanger 
design concepts embodying the small-diameter tubes out
lined in this paper may seem alien to modern power 
plant technology. The clean operating environment for 
the helium-to-helium heat exchangers in the HTGR obvi
ates problems such as corrosion, erosion, and fouling 
and is conducive to the utilization of compact surfaces. 
Recuperators for the closed-cycle gas turbine plants 
in Europe (18, 19) have operated trouble-free for close 
to a million operating hours. An example of one of 
these units (constructed more than two decades ago) 
embodying small-diameter straight tubes and compact 
subheadering is shown in Fig. 16. 

TECHNOLOGY ADVANCEMENTS 

As the designs of the HTGR-GT and HTGR-PH plants 
progress beyond the conceptual design stage, there 
will also be an intensifying design effort on the heat 
exchangers. For such long-term programs, there is an 
obvious onus on the part of the heat exchanger designer 
to monitor industry-wide developments and to factor 
technology advancements into the designs in a prudent 

10 



Fig. 16 Straight-tube modular heat exchanger embody
ing small-diameter tubes and compact headering 
(courtesy of Escher Wyss) 

manner. The recuperator and IHX <.:om:e!Jls uulli.uell i.u 
this paper are based on the utilization of existing 
technology and currently available and demonstrated 
materials. The incorporation of advanced technologies 
could be in the form of emerging new materials for the 
IHX (to permit higher system operating temperature) 
and the adoption of advanced surface geometries for 
both the recuperator and the IHX that will lead to the 
realization of the following goals: 1) cos t reduction, 
2) size reduction, and 3) improved lSI capability and 
maintenance approaches. Projected technology advance
ments are briefly outlined below . 

While temperature operating limits for wrought 
alloys will continue to increase over the years with 
metallurgical developments, it seems prudent to also 
explore the possibility of utilizing new classes of 
material which, although not commerically available 
and code qualified today, will surely be defined from 
the properties standpoint, for use by designers engaged 
in the study of heat exchangers for operation in the 
early decades of the 21st century. As mentioned pre
viously , the heat-resistant cast alloys, currently used 
in high-temperature reformers, are not available in 
the small-diameter form necessary for the degree of 
surface compactness required in the HTGR-PH plant IHX. 
Refractory metals (e.g., molybdenum, niobium, and tung
sten) and theria-dispersed alloys have high-temperature 
strength capability but are difficul t to fabricate 
(form, weld, braze, etc . ), which essentially precludes 
their use for high-temperature heat exchangers. 

From Fig. 15 it can be seen that two classes of 
materials, both nonmetallic, have potential for heat 
exchanger application at elevated temperature. For 
advanced power conversion systems, particularly the 
gas turbine , extensive developments are under way to 
utilize ceramic materials . \.Jhile s till in their in
fancy, developmental heat exchangers have been fabri 
cated from silicon carbide and silicon nitride and 
have operated successfully at elevated Lemperature 
(20). The role that ccramicc could play in heat ex
changers for future nuclear process heat plants has 
been discussed previously (21). 

A class of materials that offers significant 
potential fo r high-tempera tur e operation in the HTGR 
environment is that of carbon- fiber-reinforced carbon 
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composites. Carbon fiber/carbon composites at 1000°C 
(1832°F) can have the same or better modulus of rupture 
and compressive strength as steels at room temperature 
at one-fifth of the weight. These composites exhibit 
virtually no creep and have good fatigue resistance. 
Applications have included aerospace components such 
as heat shields, rocket nozzles, and thrust chambers, 
which utilize the high-temperature capability, high 
resistance to thermal shock, low thermal expansion 
coefficient, high specific heat, and low density of 
the composites. Thus, one can visualize a development 
of this type of material for specialized industrial 
applications, starting with components such as ducts 
and leading to tubular heat exchangers. Methods of 
forming heat exchanger tubes reinforced with carbon 
fibers are being developed (22), and it is postulated 
that in coming decades carbon/carbon components will 
play a significant role in high-temperature HTGR 
systems. 

To substantially reduce the size of the recuper
ator and IHX in the future it will be necessary to 
utilize advanced surface geometries, and these could 
include enhanced surfaces and novel primary and second
dary surface designs. To date, the plate-fin-type 
surface geometries characteristic of open-cycle gas 
turbine recuperators have not demonstrated the struc
tural integrity qualities for utility power service. 
For gas-to-gas recuperators in open-cycle gas turbines, 
extensive development efforts are under way (23) for a 
wide variety of applications. The data portrayed in 
Fig. 17 illustrate the varying types of surface geo
metries and configurations that are applicable for 
high-temperature gas-to-gas recuperators for different 
gas turbine applications. Developments in this and 
other high-temperature heat exchanger fields will be 
closely monitored, and technology advancements will be 
factored into the designs of future HTGR plant heat 
exchangers in a prudent manner. 

SUMMARY 

The conceptual designs presented in this paper 
have shown that considerable commonality exists for 
the HTGR-GT plant recuperator and HTGR-PH intermediate 
heat exchanger. While it needs to be pointed out that 
the designs are in the conceptual design stage, the 
heat exchanger types selected have a sound technology 
base and have been designed on the basis of utilizing 
existing materials. The axial counterflow configura
tion (embodying tubes of small diameter) bears a close 
resemblance to units that have operated trouble-free 
for close to a million hours in the European fossil
fired closed-cycle gas turbine plants. Because of the 
modest operating temperature associated with the HTGR
GT plant recuperator, its design can be considered to 
be conservative. The higher operating temperature of 
the HTGR-PH plant IHX poses additional problems, but 
these are projected to be resolvable with a dedicated 
design and development program. 

The heat exchangers outlined here were not de
signed in an isolated manner but, rather, as an inte
gral part, and indeed an important part, of the plant 
primary system. The exchangers are well integrated 
in the reactor vessel, and the interfaces have received 
atten tion during the conceptual design phase t o ensure 
the viability of the selected mechanical design 
appronchec. 

It is projected that the overall heat exchanger 
concep ts selected represent state-of-the-art technol
ogy from the fabricability standpoint. Another obvious 
issue related to the size and weight of the heat ex
changers is the technology for handling , transporting, 
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Fig. 17 Operating regimes for gas turbine recuperators showing different types of 
s urface geometry and methods of const ruction 

and installing the units. It should be pointed out 
that the heat exchangers are, in fact, no longer or 
heavier than units Lull l fur cunlemporary steam plants, 
and that existing and proven methods of handling and 
transportation are indeed applicable. 

lt has been poin t ed out that industry- wide devel
opments for high temperature heat exchangers will Le 
continually monitored, and advanced features will be 
embodied in t he HTGR heat exchangers in a prudent man
ner as the plant design matures . The motivation for 
the utilization of advanced surface geometries goes 
beyond just the heat exchangers, since the projected 
size reduction in these components manifests itself in 
a smaller reactor vessel, and this will contribute 
significantly to improved overall plant economics . 
The utilization of nonmetallic materials for the pro
cess heat IHX is regarJeJ as a luug-Lerm goal that 
could also have significant economic benefits . 
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