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The Gas-Cooled Reactor Program being carried oat at the Oak Ridge 
national laboratory contribute to the development and evaluation of 
nign-tenpereture gas-cooled reactors (nTGRs) and of gas-cooled fast 
reactors (OCRs). The development programa that are •nonsored by the 
U.S. Energy Besearch and Development Administration (Etta) include the 
Iberian Utilisation Program (RGg fuel lecycle Development Program), 
the R G R base Technology Program, the HTCK Safety Programs, and the CCFt 
Progran. In addition to the U n a progress, safety stadias and assess-
•eats have aleo been perfornad at the request and under sponsorship of 
the Division of Systens and Safety and the Division of leactor Safety 
Research of the U.S. nuclear Regulatory Commission. These stadias con
sisted of Independent, objective assessnents of the safety aspects of 
specific systens of power stations for which construction or operating 
licenses were being considered. This report documents the work perfomed 
under all phases of the R G B safety atodies at O W L . 

Major incentives for developing BTCBs are the prospects for economi
cally attractive power production, improved fuel utilisation, the potential 
for obtaining low environs*ntal insect at a diversity of sites, the 
potential for high-tenperature direct-cycle and process heat applications, 
and the pertinence of the consonant technology to OCFBa. lecognition of 
these Incentives has led to the developaent, construction, and operation 
of several experimental and prototype nuclear power plants based on 
gas-cooled reactora that utilise various configurations of fuel, soderator, 
and gaseous coolant. More recently a number of construction-permit 
applications were considered within the U.S. for large central-station 
power plants based on a particular HTGR concept being offered commercially 
by General Atonic Company (GA). Much of the work for the Safety Prograa 
has concerned the study and assessment of the safety of these plants, such 
am the Summit Station for Delasrva Power and Light Company, and of their 
systems and components. Although plans for these power stations have 
since bean cancelled for economic reasons, the original commitment on 
the pert of the utility companies and GA represented a conviction that 
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1 K b can be operated with a high degree of reliability and without ansae 
risk to the health sad safety off the public. The RCft safety stadias 
have as their objective to docoaeat the assessaeat aad/or development of 
technology that will inset* appropriate levels of safety wader postalatad 
accideat coaditioaa that coald affect either on-site or off-site personnel. 

all tasks sad assessaeats for the safety stadias are coordinated 
closely with similar work at GA and at the Los Alanos Scientific 
Laboratory and Broakhavea Ratioaal Laboratory, as well aa with gas-cooled 
reactor development efforts in Europe. Slgaiflcaat efforts oa RGB. 
safety-related work are being carried oat at D a in west Geraany, and 
anch work was conducted and reported by the Dragon Project in England 
before closure of the Project in March 1976. Before its closme, HTGR 
safety inforaation was exchanged under the EkDn/Dragon HIC1 Agreeaent. 
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Part I. HTGR SAFETY STUDIES FOR GAS REACTOR SAFETY BRNACH OF RRD, ERDA 

1. SYSTEMS AND SAFETY ANALYSIS 

1.1 Planning Guide for HTGR Safety and Safety-Related Research and 
Development 

The subject planning guide was published in May 19. ifter undergoing 
revisions by personnel of the Oak Ridge National Laboratoi., Atomic 
Company (GA), and USAEC (now ERDA). The guide is divided into major 
parts: Part I provides general background information and di: he 
need, objectives, and scope of the overall safety program. Pa.c *' 
plicitly delineates the research and development safety work by c\ - ci\> i 
seven interrelated task areas. Part III presents a comprehensi-
description of the HTGR safety-related work. 

1.2 HTGR Core Support Structure 

The HTGR core support structure was analyzed for design adequacy 
and failure probability. Necessary research and development were identi
fied to assure adequate safety margins. 

The publicly/ available published material of the core supo.-rt design 
was sufficient .only for a preliminary analysis. Specific design criteria, 
details, and analyses were requested from GA. The information received 
is undergoing ORNL review. 

Mechanics Research Inc. (MRI) of Los Angeles, California, was 
awarded a small contract by ORNL to develop a practical method of 
evaluating the failure probability of the core support structure for 
a single refueling region. No GA proprietary information was involved 
in this segment of the study. General reliability methods were described 
and applied to this first-of-a-kind design. The necessary input parameters 
were identified. Sample calculations revealed both a need for accurate 
input information and a significant sensitivity to input parameter 
variations. Further sensitivity studies were recommended. 

MRI also submitted a brief study concerning oxidation effects on 
the core support structural strength. Mean strength reduction uncer
tainties were identified and listed. 

xiii. 
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1.3 Consequences of Core Support Structure Failure 

The consequences of core support structure failure were identified 
in two limiting cases. The first failure case postulated that one 
refueling region sluaped to the floor of the lower reactor plenum. 
The second case postulated that all refueling regions sluaped to the 
floor of the lower reactor plenum. 

Analysis of the first case assumed that the refueling region sluaped 
undetected and the reactor continued operation at 100X power. Any 
resultant change in core reactivity would probably be saall and was 
assisted to be undetected. The region loser, forced coolant circulation, 
and the fuel elements heat up in less than 2 ain to the temperature 
(1873 K) at which the fuel particle coatings begin to fail. The 
resultant fission product release would increase the circulating activity 
In. the coolant to 3 times the design value and IS times the normally 
expected value within 4 ain after the accident Initiates. This increase 
should readily result in a basis for reactor shutdown. 

After approximately 10 ain of full-power operation, essentially 
all the coated fuel particles in the sluaped region have overheated and 
failed. The released fission products that migrate to the exclusion area 
boundary as a result of expected leakage result in a whole-body dose of 
about 10 area and a thyroid dose of 11 arem. These results are far 
below the accident release liaits of 10 CFR Part 100. 

Analysis of the second case revealed that if all the core support-
failed simultaneously, a reactivity insertion of approximately $3.50 
results. This is aore severe than the considered incredible rapid rod 
pair ejection accident, and is judgea to produce unacceptable consequences 
to the public. An exact, detailed analysis of these consequences was 
deferred until the magnitude of the failure probability can be estiaated 
froa the susceptibility studies. 

1.4 Steaa Generator Review 

The aaterials and design philosophy used in the HTGR steaa generator 
are being reviewed. The aaterials proposed for the HTGR steaa generator 
are (1) austenitic type 304 stainless steel, (2) 2 1/4 Cr-1 Ho steel, 
and (3) Incoloy alloy 800H. The necessary aaterial properties are 
tabulated. 

Detailed inelastic analysis, necessary for high-temperature 
applications, requires the development of constitutive equations mathe
matically describing the phenomenological aodel of tht aaterial aechanical 
behavior. Sufficient tabulated data are available for inelastic analysis 
of type 304 stainless steel and 2 1/4 Cr-1 Mo steel. Constitutive 
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equations for these two steels have been developed and are currently 
being validated at ORNL. However, Incoloy 800H data are insufficient 
for an adequate inelastic analysis, and constitutive equations developed 
by GA need to be carefully validated. 

2. FISSION PRODUCT TECHNOLOGY 

2.1 Accident Hazard Potential of Key Nuclides 

Iodine, cesium, and strontium require careful consideration if 
priacry containment is breached and factors causing loss of retention 
of the source are present. Otherwise the secondary containment, 
perforating as designed, can be expected to keep releases low enough 
that doses will not exceed the regulatory limit. 

2.2 Iodine Adsorption and Pesorption 

The maximum desorption of iodine is estimated t:> be about 228 Ci 
during a design-basis deprcssurization accident (DBCA); this leads to 
a maximum estimated release to the secondary containment of about 
308 Ci if the "design" gas content is added. The dose resulting from 
this release to the secondary containment is estimated to be only 0.31 rem 
assuming a \IQ * 0.001 for the atmospheric dispersion and a value of 
0.002 for the fraction of the amount entering the secondary containment 
that is released to the ataosphere. If the assuaed secondary containment 
release fraction is correct, isothermal desorption of iodine from the 
priaary circuit surfaces in a DBDA would not result in an excessive 
dose. 

2.3 Assessment of Cesiua Transport Parameters 

The hazard potential of individual fission product nuclides depends 
on the source inventories in relevant locations and on the possibility 
of transport during accident situations. The source inventories are 
derived from material transport and capacity properties that exist during 
normal operation. Consistent values of the needed parameters are net 
always available in the literature. The following points result froa 
the assessment of cesium transport paraaeters: 
1. isotherm control of fission product plateout under design conditions 

must be taken into account in the estiaate of inventories for 
plateout and gas; 

2. the release froa saturated surfaces during the course of any 
postulated accident must be taken into account; 

3. evidently an increase in surface temperature in the course of a 
postulated accident aay becoae highly significant, as reported 
isotherms vary appreciably with temperature; 
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4. design basis assumptions as to oxidation of various surfaces oust 
be established; 

5. isotherms Bust be established for such oxidized surfaces; 
6. increased partial pressures under conditions of isothera control 

will also increase adsorption of any dust and thus augaent the 
associated hazard potential. 

3. PRIMARY COOLANT TECHHOLOGT 

The effect of chronic low levels of steam ingress into the primary 
system on the corrosion and consequent strength loss of the core support 
posts were assessed. The assessment necessarily proceeds through the 
following three steps: (1) The impurity composition in the primary 
system is estimated as a function of a range of steady ingress rates of 
from 0.001 to 1.0 g/sec, both by means of an analysis of the Dragon 
steam ingress experiment and by a computer code, TDDX, which treats 
the primary system mm a well-nixed pot. (2) The core post burnoffs that 
result from 40-year exposures to these determined impurity atmospheres 
are then estimated with a corrosion rate expression derived from 
published ATJ corrosion rate data. Burnoffs were determined for both 
the core posts at the nominal and the maximum sustained temperature, 
estimated to be 90*C above nominal. (3) The final step involves 
assessment of the degree of strength loss resulting from the estimated 
burnoffs. An empirical equation was developed for this purpose and 
compares reasonably well with strength loss data for a number of 
different graphites and specimen geometries. 

Steps (1) and (2) yield an error band of predicted burnoffs with 
varying ingress rate for both the nominal and hot core posts. Step (3) 
was used to estimate a burnoff range that may cause 50Z strength loss 
— the maximum allowable — for both the nominal and hot core posts. A 
method was developed for estimating the probability for 50Z strength 
loss for the general case of overlapping error bands. 

The nominal core posts have 8Z probability for 50Z strength loss 
even at the maximum assumed 40-year ingress rate of 1 g/sec (corresponding 
to 850 vpm* total oxygen). The nominal core posts have 0Z probability 
of 50Z strength loss for ingress rates below 0.025 g/sec (20 vpm total 
oxygen). The hot core posts show significantly greater probability 
for 50Z strength loss because of the increase in corrosion rate with 
temperature. 

Thus, a major problem this study calls to attention is the potentially 
excessive loss of graphite strength in the hotter core post regions. It 
is recommended that a more accurate definition of the size, location, 

vpm • parts per million on a volumetric basis. 
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and temperature excess of the sustained core post hot zones, created by 
regional power peaking, hot-streaking, and nonideal coolant flow 
distributions, be obtained. 

4. SEISMIC AMD VIBRATION TECHNOLOGY 

A review of the GA HTGR core design and design verification for 
seisaic loading conditions has been completed. It was generally con
cluded that the prograa was thoughtfully planned and is being vigorously 
pursued. However, because of the extreme coaplexity of the core and 
core support structure and reactor shutdown systems, only approximate 
"practical" solutions of the analytical problems can be expected and 
will require experimental verification. The need was seen for completing 
the documentation of information required to develop specific recom
mendations concerning design criteria, experimental model studies, and 
analysis methods development. 

5. CONFINEMENT COMPONENTS 

An assessment is in progress of the state of the art of prestressed 
concrete reactor vessel (PCRV) development. The study is divided into 
the following areas: (1) concrete properties and construction practices, 
(2) analysis methods, (3) model testing, (4) new materials development, 
(5) instrumentation, (6) prestressing, (7) liners, (8) penetration, 
(9) thermal barriers and cooling systems, (10) foundation and support 
systems. The text of this report is composed of summaries of the 
reviews that have been completed thus far. 

6. PRIMARY SYSTEM MATERIALS TECHNOLOGY 

6.1 Assessment of Methods Materials Technology for HTGR Primary System 
and Core Support Structures 

Two reports were completed during this time period, ORKl/TM-4760, 
Initial Assessment of the Status of HTGR Metallic Structural Materials 
Technology, and ORNL/TM-5136, Status Report on Structural Materials of 
HTGR Primary System Components. The first provides an interim assess
ment of the status of technology of the metallic component of the 
HTGR primary system. Major components such as the steam generator and 
helium circulators — and their materials of construction - are 
described, and areas of uncertainty, particularly as they relate to 
the safety of the system, are identified. Ongoing research aimed at 
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the improvement and refinement 01 <ITGK components and materials 
technology is summarized, and suggestions and priorities are given 
for present and future work. The second document reports on the 
continuing assess—nts of the status of technology of prianry system 
structural materials and implications of the-*e in the prediction of 
component integrity and performance as related to safety. Relevant 
information on the metallic materials used in the primary system is 
provided along with initial assessment efforts on the core lateral 
restraint structure. No new materials-related safety questions of 
great urgency were encountered in the course of these studies, but 
several items needing further consideration and investigation were 
identified. 

6.2 Assessment of Materials in HTGR Reactivity Control and Shielding 
Components 

The second report cited the results of the initial assessment 
efforts on the control rods, burnable poison rods, reserve shutdown 
system, boronated shield, and upper plenum elements. The B*C and 
graphite constituting these components will oxidize in the presence 
of some of the impurities contained in the primary coolant helium. 
Because of the uncertainty of possible transport and reactor effects 
an in depth analytical study is recommended together with continued 
examination and evaluations of material removed from the Peach Bottom 
Reactor and material that will become available in the future from 
Fort St. Vrain. 

6.3 Assessment of Core Support Post Graphite 

Four primary concerns were postulated relative to the in-service 
behavior and degradation of properties of the core support post 
graphite: (1) compatibility with ceramic and metallic components of 
the lower seat assembly, (2) irradiation damage, (3) fatigue and crack 
propagation behavior, and (4) oxidation by impurities in the primary 
coolant. 

The first concern relates to possible reactions of graphite posts 
with Si3^ (or other) seat material. This could lead to premature 
local failure. The design is not yet final; however, this question 
should be recognized and used aa a criterion in design. The fast 
neutron dose to the core support posts CvlO"n/cm 2) is not expected 
to give trouble from dimensional or property changes, but irradiation 
might Increase the graphite oxidation rate. We sought quantitative 
estimates of this potential effect. The third concern is the possible 
failure due to initiation and growth of cracks under both static and 
cyclic loading. Although not possible at present because of a lack 
of data, information on fatigue and crack growth due to loading and 
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environmental effects on crack behavior should be considered in design 
and end-of-life assessaents. Long-tera graphite oxidation and strength 
loss have also been pursued. Future assessaent she ild involve definition 
and/or consideration of a nuaber of factors including the asxlana 
sustained graphite teaperature, corrosion environment and rate, and 
strength loss burnoff correlations. 

7. SAFETY INSTRUMENTATION 

Preliminary results are presented of an ongoing study to assess 
the adequacy of and identify development requireaents for safety 
instruaentation for large HTGRs. The object of the review is to identify 
areas where further development and design efforts would result in 
improved safety, reliability, or availability. The base of information 
being used for the review comes from Safety Analysis Reports for 
proposed HTGRs, topical reports, and published articles when available. 
In addition, comments have been informally obtained froa GA on several 
points. The study to data has concentrated primarily on moisture 
monitoring instrumentation, but has also included in-core instru
aentation and systea logic configurations for the reactor shutdown 
systea and engineered safeguard systeas. Several recommendations are 
made for possible development efforts. 

PART II. HTGR SAFETY STUDIES FOR THE GAS-COOLED REACTORS BRANCH 
OF THE DIVISION OF REACTOR LICENSIKG, USHRC 

8. AMALYSId OF LOSS OF FORCED CONVECTIVE COOLING ACCIDENT 
USING THE HEATUP CODF 

Development work on the HEATUP computer prograa for the thermal 
analysis of Loss of Forced Circulation (LOFC) accidents in HTGRs was 
essentially completed, and a user's manual was drafted. The code was 
used in the thermal analysis of LOFC accidents involving both the 
Summit Power Station and the Fulton Generating Station. 

9. DEVELOPMENT AND USE OF THE COUPLED CONDUCTION-CONVECTION 
MODEL FOR CORE THERMAL ANALYSIS 

The capabilities of the Coupled Conduction-Convection Model (CCCM) 
computer prograa were extended to allow a thermal analysis of three-
dimensional cylindrical models. The CCCM computer code was used in a 
thtnul analysis involving a single blocked coolant channel in a fuel 
element. * paraaetric study analyzed the effects on fuel and coolant 
teaperaturcs dc* to variations in the power level, coolant mass 
velocity, and coolant inlet teaperature. The effects on the aaxiaua 



XX 

fuel temperature due to a totally closed orifice in the highest powered 
refueling region were analyzed. An analysis was begun for the thermal 
response of the Fort St. Vrain HTGR following a design-basis depres-
surization accident with operation of two circulators at 7000 rpm. 

10. DEVELOPMENT OF THE MULTICHANNEL OIIBJUCTlOW-COWVECTIOli 
PtOGSAM, HEXEREI 

The HKXEKEI code is a hexagonal and cylindrical nesh conduction 
and convection beat transfer code to be used in the theraal-hydraulic 
analysis of RTGRs during full power and during dcpressurization acci
dents. The code at present is capable of core transient and steady-
state conduction cases. Development of coolant temperature and flow 
redistribution subroutines are in the debug stage and will be included 
into the main code in the near future. 

11. COOLING SYSTEM PERFORMANCE AFTER SHUTDOWN 

Computational methods were developed to determine the heat removal 
capability of the core auxiliary heat exchangers (CAKE) for large HTGR 
designs. The capability was evaluated for both the pressurized 
condition and for the conditions following a depressurization accident. 
The latter calculations required determination of the transport properties 
of mixtures of helium and nitrogen containing carbon monoxide. Such 
mixtures would result from the ingress of air from the containment 
building. These methods were used to determine the performance of the 
CAHE designs for both the Summit Power Station and the Fulton Generating 
Station. 

12. EVALUATION OF CIRCULATOR AND MOTOR FOR THE CACS 

We studied the auxiliary circulator and motor capabilities for the 
core auxiliary cooling system (CACS) for large HTGRs. The relationship de
scribing the pressure loss around the loop was determined and used, in 
conjunction with specified operating characteristics of the circulator, 
to determine the total flows during the design-basis depressurizatioc 
accident (DBDA) plus loss of main loop cooling (LOMLC). For the conditions 
specified by the vendor, GA, the performance specifications appeared to be 
adequate; however, independent computation of the air ingress rate 
following depressurization indicated a deficiency in the torque provided 
by the motor drive. 
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13. DEVELOPMENT OF THE CORE AUXILIARY COOLING 
SiSTEM CALCULATION, ACHERONS 

A system of subroutines to provide independent analysis capability 
of the Core Auxiliary Cooling System was developed. These are to be 
included into the HEXEREI computer code in the near t e n to provide 
the heat duty, pressure drop, and exit teaperature of the heat exchanger 
and the aass flow rate and pressure rise in the circulator. Results of 
depressurization accidents on the Fort St. Vrain and Fulton reactors 
are coapared with results presented by GA. 

14. DEVELOPMENT OF THE FLODIS CODE 

In the determination of the maximum temperatures developed in the 
core and in the exit gas streams for the Fort St. Vrain (FSV) reactor 
during a specified depressurization accident, an accurate estimate of 
the distribution of coolant flow amxtg the various refueling regions 
was needed. During full-power operation, the flow is adjusted by 
means of a movable orifice so that the exit temperature from each 
region is the same. Ai low flows, the orifices are no longer effective, 
and the total flow is redistributed among the regions in accordance 
with relative flew paths and heating rates. A computer progrr-i, called 
FLODIS, was written to determine this distribution of flow during the 
transient. 

15. AIR INGRESS RATES TO THE PRIMARY SYSTEM FOLLOWING A DJDA 

A computational method was established to estimate the exchange 
rate between air in the containment building of a large HTGR and the 
helium in the primary systea following a design-basis depressurization 
accident (DBDA). The computation involved a nuaber of assumptions 
concerning the chemical reaction between entering air, mixing effects 
within the primary system, and teaperature distributions in both the 
primary system and the containment structure. In addition, detail 
input information concerning the relative volumes of the two systems, 
final system pressures, and break size were required. This process is 
important only when the break occurs in the top of the primary -/stem 
boundary, and it appeared that the most critical input variable was 
the effective buoyant head causing flow, when input values similar 
to those indicated by GA were used, the computed results agreed well. 
A disagreeaent remained, however, en the value of the effective head. 
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16. PERFORMANCE OF THE THERMAL BARRIER COVER PLATES 
AT THE LIMITING TEMPERATURES 

Square and hexagonal plates which are typical of cover plates for 
the PCRV of the HTGR were analyzed for severe transient conditions to 
determine the resulting accumulated elastic, plastic, and creep strains 
by use of the inelastic finite eleaent coaputer program EPACA. The total 
strain in the Hastelioy X square plate was within the "P—age Liait1* 
and "Critical Safety Limit" set by CA. However, deflection of the plate 
is greater than 25 an (1 in.)* allowing separation of the insulation 
froa the plate, thereby failing to achieve one of the design objectives. 
The General Atonic Coapany specified hexagonal plates of carbon steel. 
Since no carbon steel data were available at the specified elevated 
temperatures, 2 1/4 Cr-1 Mo steel was substituted to give son* indication 
of the behavior of a lo»r-alloy steel for which property data are 
available. Although the accumulated strain and deflection for the 
2 1/4 Cr-1 Mo plate were found satisfactory, the integrity of carbon 
steel plates for the specified conditions would be very doubtful. 

17. EVALUATION OF TEMPERATURE LIMITS FOR THE FAILURE 
OF FUEL PARTICLE COATINGS 

In the evaluation of critical safety limits given by CA, both 
damage and critical safety limit temperatures for the failure of the 
fuel particles are given. Certain limiting temperatures are obvious, 
such as the graphite sublimation temperature (>3300*C (6000*F)], and 
the temperature (about 2400*C (4300"F)] at which the fuel particle 
melts. Other failure points are not as well defined. The graphite 
matrix fails at about 1650*C OOOO'F); however, this docs not represent 
a critical safety point since cooling can still be maintained. It 
does result in sufficient damage to prevent further operation without 
fuel replacement. Failure of the particle coating results froa a 
combination of effects such as differential thermal expansion, irra
diation damage to the structure, buildup of internal fission-gas 
pressure, and possible chemical interactions within the coating. All 
these are significant for isothermal operation of the particle; when 
a thermal gradient exists, kernel migration will add to the failure 
mechanisms. Within the constraints of these processes, combined effects 
can be consldexed, and a probable failure ron« can be indicated. 

18. ANALYSIS OF TRITIUM DISTRIBUTION AHD RELEASE IH HTGR 

Tritium will be produced in HTGRs not only by fission but by 
reactions of neutrons with boron in the control rods, with trace lithium 
impurity, and with 'He in the helium coolant. A computer program was 
written to determine the tritium inventory in various sections of the 
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plant as a function r>£ the operating history of the plant,- helium 
purification rate, and constants related to the plant design. This 
program is called TRITGO; it has been documented, and test cases have 
been executed. 

19. ENERGY RELEASE TO PCRV DURING DBDA 

The total energy released to the containment of the Summit Power 
Station daring a depressvrization accident was estimated. The computation 
was made to evaluate the response given to question 6.30 in the PSAR for 
that plant. The approach was to estimate en the basis of energy trans
port rather than energy transfer. It was courluded that the total energy 
that could be transported to the containment system was 12.9 GJ 
(12.2 x io s Btu). This agreed well with the quantity indicated by the 
utility; in fact, two items contributing to the conservatism of the 
response were cited. 

Part III. HTGR SAFETY STUDIES FOR THE DIVISION 
OF REACTOR SAFETY RESEARCH, USHRC 

20. CORE SIMULATION FOR EMERGENCY COOLING ANALYSIS 

A computer code ORECA, an ORNL approximation of the GA RECA code 
for simulating Reactor Emergency Cooling Accidents, was developed to 
analyze DBDA and LpCA transients. Separate versions of ORECA were 
made for each or the three reactor types [Fort St. Vrain (FSV), 
2000 Mf(t), and 3000 MH(t)]. Cf the three, the FSV version is the most 
highly developed, and example transients are presented. 

21. CORE MODEL FOR USE IN OVERALL NUCLEAR STEAM 
SUPPLY TRANSIENT ANALYSIS 

A coupled heat transfer and neutron kinetics core simulation code 
for the HTGR has been developed and incorporated into an overall nuclear 
steam supply system response program. The core simulation code calculates 
the temperature distribution in an average fuel rod and the surrounding 
graphite moderator and coolant channels and has the capability to 
determine temperatures in the "hot" fuel column, the siirrounding graphite 
moderator, and coolant channels. The neutron kinetic avior of the 
core is modeled by use of the space-independent kinr quations with 
six groups of delayed neutrons. The heat transfer ca* itions and the 
neutron kinetics calculations are coupled by an ftcrative procedure. 
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22. HTGR REHEATER AMD STEAM GENERATOR MODEL DEVELOPMENT 

A reheater-steaa generator dynamic simulation code has been developed 
and incorporated into an overall nuclear steam supply systea response 
code. The code simulates the rebeater-steaa generator nodule with a 
aultinode, fixed-boundary, honogeneous flow model. The code solves the 
conservation of energy, nmss, and momentum equations for the tubes by an 
water and the conservation of energy equation for the tubes by an 
implicit integration technique. Equations of state, heat transfer 
/correlations, and friction factor routines are included in the code. 

/ Steady-state results obtained with the code are in reasonable agreement 
/ with data given by GA. 

23. TURBINE-GENERATOR PLANT SIMULATION 

A detailed dynamic simulation of the turbine-generator plant for 
the Delmarva Summit reactor was developed, debugged, and prepared for 
incorporation into an overall nuclear steam supply systems code. 

24. CORE AUXILIARY COOLING STSTEM MODEL DEVELOPMENT 

Models for both the Core Auxiliary Beat Exchanger (CARE) and Core 
Auxiliary Cooling Tower (CACT) have been developed, and simulations of 
both are operational. 

25. STEAM-GENERATOR DYNAMICS MODELING 

Work on sttarn-generator dynamics modeling has focused on several 
areas: evaluation of both linearized and nonlinear moving boundary 
models; development of a detailed model for the Fort St. Vrain (FSV) 
reactor steaa generator to use in planning and interpreting dynamics 
tests; ard development of a nonlinear, fine-mesh, fixed-node model. 

26. DIGITAL COMPUTER CODE ACQUISITION AND EVALUATION 

The first program released by GA was the POKE code; it was made 
operational at OfclT.. The conversion of this code was relatively 
straightforward; it involved only the substitution of equivalent FORTRAN 
statements. An earlier version of the kinetics code, BLOOST-S, was 
available from the Argonnc Code Center in an IBM-compatible package. 
Transients executed with the BLOOST code compared well with the singlc-
ch»p ?1, TAP-type core model developed at ORNL. The RECA program 
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depends upon exercising the CIMDA-3G preprocessor to execute different 
probleas. The CIMDA-3C preprocessor produces a "packed," aachine-
language tape that is required as input to che execution of RECA. Since 
the structure of the tape depends upon the "hardware" of the coaputer, 
a prograa was written at OftNL to rearrange this tape into che form chat 
is coapatible with che IBM-360 systea. 



Part 1 HTGR SAFETY STUDIES FOR GAS PEACTCR 
SAFETY BRANCH OF THE DIVISION CF REACTOR RESEARCH AND DEVELOPMENT 

T. E. Cole, Program Manager 

This section of the report covers work performed or the HTGR 
Safety Program under sponsorship of the Division of Reactor Research 
and Development of the USAEC (now ERDA). The organization of the 
chapters is based on the division of work as outlined in the Planning 

Guide for BTGR Safety and Safety Related Research and Development, 
ORNL-4968, which was prepared at the request of the USAEC and published 
in May 1974. This Planning Guide divides the work into seven task areas; 
the first of these addresses all aspects of systems and safety analysis 
for HTGRs, and the work devoted to this task is reported in Chapter 1. 
The remaining six technology task areas identify activities that are 
reported in Chapters 2 to 7; chapter headings in each cr.se are identical 
with the related task areas identified in the Planning Guide. In each 
chapter Che work reported represents a detailed assessment of the safety 
of particular items of HTGR technology, and the identification of areas 
of safnty-related technology for which additional development work is 
indicated. 
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1. SYSTEMS AND SAFETY ANALYSES 

Dunlap Scott 

Following the completion of the Planning Guide, Task Area I of the 
HTGR Safety Prograa was directed toward the exaaination of the performance 
of components critical to the safe shutdown of the plant during and 
following the initiation of the accident sequences described in the 
HTGR safety analysis reports. The accident analyses in these reports 
make certain assumptions regarding the continued operation of these 
components throughout the accident sequence; functional redundancy is 
required in those areas where single failures would cause significant 
consequence to the accident progression. The assumptions of continued 
operation or the effectiveness of redundancy would be made invalid by 
common mode failures, which might be caused by the additional loads 
imposed on the system by the forces produced in the accident sequence. 
Our initial effort was to identify the critical safety components and 
the accident sequences that were likely to produce such failure. These 
are listed below: 

1. steam generator system — DBDA (design basis depressurization 
accident) and steam ingress; 

2. core support structure — seismic event, water ingress; 
3. core auxiliary cooling system — DBDA; 
4. reactivity control system — DBDA and LOFC (loss of forced cooling); 
5. PCRV liner and penetration system - DBDA, LOFC, steam ingress. 
Two of these, the gross failure of the steam generator under DBDA 
conditions and the risk analysis of failure of the core support structure 
under seismic conditions, were identified by AEC as being studies of 
first priority, with particular emphasis placed on a best effort esti
mation of risks. A significant criterion relating risk to potential 
key public safety concern was established by RDD to govern the decisions 
as to where gas reactor safety research and development would be 
directed. Accidents that could constitute a public risk on the order 
of or greater than the current upper limits of the envelope risk values 
as given in the AEC's Reactor Safety Study1 or other such overall reactor 

3 
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safety risk assessments were defined to be of key public safety concern. 
These accidents would receive further study to resolve any uncertainties 
or to examine design options that reduce either the likelihood or the 
potential consequences. The accident sequences of significant risk identi
fied in the Reactor Safety Study1 included failure of the primary contain
ment resulting in gross release of fission products. Therefore, we included 
in our scope of study the challenge to the containment caused by such 
accident progressions. 

The studies to determine the probability of failure of critical 
safety components usually involved ffrst-of-a-kind components for which 
experience data are lacking or concerned the structural reliability, 
for which limited methodology exists. A short study by a consultant 
indicated a possible methodology for estimating the probability of 
structural failure while including such parameters as random seismic 
forces, the statistical distribution of strength of materials, and 
deterioration of the component properties during operation. While the 
study showed much promise for the method itself, its main impact was 
to relate the importance of good statistical data in properly charac
terizing the properties of the materials used in the components 
considered critical to safety. Additional studies are planned to 
follow up on the interesting features of these studies. 

1.1 PLANNING GUIDE FOR HTGR SAFETY AND SAFETY-RELATED RESEARCH AND 
DEVELOPMENT — J. R. Engel 
The preparation of a proposed HTGR Safety Program Plan, which 

included input from the General Atomic Company and the USAEC, was 
completed in 1973. The plan was originally intended to include research, 
development, and analysis in all phases of HTGR technology that relate 
to the evaluation of HTGR safety. Following review of the preliminary 
draft, a revised version was presented to the USAEC in December 1973. 
Review of this draft by the USAEC resulted in the determination that 
most of the research and development activities identified in the plan 
properly belonged in the HTGR base program. Revision of the draft 
into two parts to separate safety and safety-related tasks was under
taken early in 1974 in order to make generally available the detailed 
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review of technology contained in the plan, while significantly redefin
ing the scope of the program itself. The resulting report2 was published 
in Hay 1974. 

The document is divided into three major parts. Part I provides 
general background inforsation for the reader who is not familiar with 
HTGRs and their safety aspects. It begins with a detailed discussion 
of the need, objectives, and scope of an overall safety program for 
HTGRs. This is followed by a general description of a steam-cycle HTGR 
system and a survey of the safety considerations associated with this 
system. Also included is a summary of the postulated accidents that 
have been examined and their expected consequences. 

Part II provides a planning guide for research and development 
work directed explicitly to the safety of HTGRs. This part describes 
the work currently identified as safety work and the priority assign
ments, costs, and schedules estimated for that work. Seven interrelated 
task areas are identified as follows: 
1. systems and safety analysis, 
2. fission-product technology, 
3. primary coolant technology, 
4. seismic and vibration technology, 
5. confinement components (concrete reactor vessel and containment 

structures), 
6. materials technology, 
7. safety instrumentation. 

Within each task area, task groups are designated to define the 
studies to be performed. An important aspect of the safety work in 
each task area is a comprehensive assessment of the current state of 
the technology and a definition of additional needs; in some areas this 
is the only work that is currently identified. However, additional 
safety tasks may be added in any of the task areas as additional 
information becomes available. 

Part III presents a comprehensive description of the safety-
related work, as well as the safety work, that was identified with HTGR 
technology, with the exception that task area 1 is not repeated in 
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Part III because it is treated in its entirety in Part II. For the 
remaining six task areas, Part III gives both safety-related engineering 
and technology work and the previously identified safety work to clarify 
the interrelations among the various tasks. However, it is presumed 
that most, if not all, of the safety-related work will be carried on 
outside the HTGR rafety program. 

1.2 HTGR CORE SUPPORT STRUCTURE - I. T. Dudley 
The objectives of this task are to analyze the HTGR core support 

structure design for susceptibility to failure, estimate the probability 
of its failure, and evaluate the safety and related technology to 
identify needs for additional research and development work to assure 
adequate safety margins for the HTGR concept. This work is an integral 
part of the overall ERDA program supporting the development of the HTGR 
concept. 

The overall risk associated with the core support structure is 
defined as the product of the consequences of failure and probability 
of failure. Because this is a first-cf-a-kind design, experience 
numbers are not available for estimating the probability of failure, 
and it was necessary to develop methods and techniques for analytically 
determining stress-strength probability distributions and the statistical 
methods for combining those distributions to provide an overall assess
ment of the core support structures reliability throughout its design 
life. 

The HTGR uses helium for the reactor coolant and graphite as the 
moderator and core structural material. Fuel elements are graphite 
hexagonal blocks stacked in columns in a massive cylindrical array. 
The active core region is surrounded by graphite reflector blocks, and 
the entire assembl. is supported by graphite structural members (see 
Fig. 1). 

Helium coolant, circulated by axial flow compressors, flows downward 
through the core and reaches a normal exit temperature of approximately 
760°C (1400°F>. At that point it enters the lower plerjm provided by 
the core support structure, flows radially outward around tiie graphite 
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Fig. 1.1. General Reactor View. General Atomic Company drawing. 
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support posts into ducts in the prestressed concrete reactor vessel 
(PCRV), which then direct it upward through the steam generators. The 
axial flow compressors, located on top of each of the steaa generators, 
then drive the coolant back into the upper plenum and then dowr through 
the core. Reactor coolant system pressure is maintained at approximately 
4.8 MPa (700 psia) within the steel-lined PC3V. 

The core support structure must provide a stable platform on which 
the fuel elements and reflector blocks are stacked. The support structure 
must support and maintain the core and reflector assembly within definite 
vertical and lateral limits for all conditions. It must aisc provide 
a passage for the reactor coolant leaving the core. The General Atomic 
Company (GA) design of the core support structure uses graphite core 
support blocks, each of which supports a core refueling region (an array 
of seven fuel element columns), graphite permanent reflector support 
blocks of various configurations to match the permanent reflector blocks, 
graphite upper post seat inserts, graphite posts, graphite lower seats, 
and ceramic lower pads. The lower seat and ceramic pad assembly is 
supported by the PCRV floor liner. Horizontal positioning and restraint 
of the core and reflector assembly is maintained by spring pack assemblies 
attached to the PCRV liner wall. 

Each of the support blocks sits on either three or four posts as deter
mined by position or load. Spherical post ends and seats are designed to 
permit a limited amount of lateral movement of the support blocks in any 
direction. This arrangement accommodates lateral movements due to thermal 
expansion of the blocks and provides a passage for the coolant leaving 
.the core. 

Pads attached to the spring packs fit into vertical slots in the 
outer surfaces of the permanent reflector blocks. This design permits 
vertical thermal expansion of the core and reflector as-sembly yet 
restrains radial and rotational movements. 

Two grades of graphite have been identified by GA as reference 
design materials for use in the core support structure. They are 
UCC-PGX eor support blocks and UCC-ATJ for the s-oport posts and seats. 
Other graphites of similar physical characteristics might be used. 
Grade PCX graphite is a medium-grain material developed for optimum 
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structural qualities in large parts. Crade ATJ is a very fine-grain, 
high-strength graphite. The aain advantage of graphite is its retention 
of strength at high teaperatures. 

The ability of the core support structure to function reliably over 
the 40-yesr design life of the reactor is obviously essential. This 
study of the GA design has been based on all available published informa
tion and unpublished design details, analysis, and otner information 
supplied by GA ~c our request. All unpublished information supplied 
by GA has been identified by GA as being proprietary and has been 
treated accordingly here at ORHL by mutually agreed upon procedures. 

It was not intended that an independent design or design analysis 
be generated by ORNL. That would have been neither practical nor within 
the scope of this task. 

1.2.1 Procedure 
The aain sources of published Material on the GA co-e support 

structure design were the preliminary safety analysis reports for the 
Delmarva and Summit plants, the General Atomic Standard Safety Analysis 
Report3 (GASSAR-6), and transcripts of meetings of the Advisory Committee 
on Reactor Safety. The information contained in those documents was 
sufficient to permit only a preliminary analysis, which revealed areas 
of special interest and need for more specific information about the 
GA design. The following is a list of the information of special 
interest, which was requested of GA: 
1. core support structure design criteria; 
2. the design details and engineering analysis of the core restraints 

that prevent rotation of the core about its vertical axis; 
3. design details and engineering analysis of the radial restraint 

for the outer core support blocks; 
4. procedures and results of ultimate load tests performed on (a) all 

core support block configurations, (b) upper post seats, (c) posts, 
(d) lower post seats, and (e) insulating ceramic bases; 

5. the maximum normal operating load supported by a single core support 
block (some of the outer support blocks appear to be larger than 
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the inner blocks and would therefore be required to support 
greater loads); 

6. design details and engineering analysis ot (a) the upper post 
seats, (b) posts, (c) lower post seats, and (d) ceramic bases; 

7. details of the restraints for the ceramic bases; 
8. physical and chealcal properties of the ceramic bases; 
9. design details and engineering analysis of the supporting system 

for the segmented core barrel, spring packs, boronated graphite 
shield, and peripheral seal; 

10. design details and engineering analysis of the spring packs; 
11. analysis of the effects of high contact stresses on oxidization 

rates and strength deterioration of the upper and lower post ends; 
12. support post installation procedures with regard to height adjust

ments and alignment (should include the bases for the steps in the 
procedure); 

13. the specifications for the grouting beneath the PCRV liner plate 
with regard to size and number of voids that are acceptable, 
including the engineering basis for the specification; 

14. plans for in-service inspection of the posts, post ends, post 
seats, and ceramic bases, including description of access to the 
various areas of interest and discussion of the adequacy of the 
inspection method; 

15. mechanical properties of the materials to be used in the posts, 
post seats, and bases. These should include modulus of elasticity, 
creep strain rates at temperatures of interest, and uniformity of 
these properties across the materials. 

1.2.2 Reliability Pilot Study 
In addressing the problem of reliability, Mechanics Research, Inc. 

(MRI) of Los Angeles, California, vith an office located in Oak Ridge, 
Tennessee, was given a small consulting contract by ORNL for the develop
ment of a practical method for evaluating probability of failure of a 
single refueling region core support structure. Their work was based 
mainly on information contained in GASSAR-6, and no GA proprietary 
information was involved. 
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The results of the pilot study to investigate the application of 
reliability analysis aethods to the core support structure were presented* 
in an Mtl report to OtKL. This study was performed as an example of 
how reliability methods nay be applied to first-of-a-kind structural 
components. General reliability aethods, applicable to other components, 
are also described. The application of these methods to the core support 
structure is addressed qualitatively to identify significant factors to 
be considered, information needs for detailed analysis, and means for 
obtaining the required information. The actual numerical examples 
generated in the study were based on simplified analytical models and 
are for illustrative purposes only. Several random variables were 
considered, including core support strength at start of operation, 
strength reduction with time, random variation in loads applied to the 
structure during normal operations, and transient seismic loads. A 
computer program using Honte Carlo simulation techniques was used in 
performing the reliability calculations. 

The sample problem considers the failure of the support for one 
refueling region. One model considers the failure of three support 
posts only, and in the second version the effect of failure of a support 
block is also considered. The numerical results presented are illus
trative examples only of the potential of the method and may not be 
realistic because of the assumptions required to compensate for the 
limited structural strength data available. While these numerical 
values may not be realistic, the results are useful in examining the 
sensitivity of the probabilities of failure to variations in a number 
of the important parameters. For example, the probability of failure 
is dramatically increased when the strength loss is changed *rom 30 
to 50Z at the end of 40 years life. Accurate estimates of the mean 
rate of strength reduction are therefore essential in obtaining realistic 
reliability estimates. In another example, the reliability was reduced 
by about 2.5 orders of magnitude in reducing this factor of safety 
from approximately 8 to approximately 5. 

The significant differences in reliability obtained for the various 
casrs analyzed point out the need for further sensitivity analysis. 
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For example, the following parameters should be varied to establish 
their effect on reliability: 
1. standard deviations (initial strength, rate of strength reduction, 

and post-trial load); 
2. frequency of earthquakes; 
3. lower liait on initial strength (to investigate the effect of 

proof testing). 
Also, additional investigations should be performed to reduce 

uncertainties in the estimates for those parameters that most signifi
cantly affect reliability (e.g., mean rate of strength reductions). 

Mechanics Research, Inc. also performed a brief study of the 
effects of oxidation on the core support structural strength. Emphasis 
is given to the significant uncertainties with regard to the mean 
strength reduction that will take place in the core support structure. 
Sources of uncertainty in the mean strength reduction are listed as 
follows. 

1. Test data for graphites to be used in the core support structure 
of HTGRs were not available then. 

2. Current burn-off predictions vary considerably, depending on 
the reaction rate expression assumed. 

3. The current burn-off predictions do not account for effects of 
surface tensile stresses or irradiation on burn-off. 

4. The available test data for strength is for higher temperatures 
than predicted for the core support structure. 

5. The available test data are not directly applicable to the core 
support structure. 

Work is continuing at ORNL on the analysis of the core support 
structure for its susceptibility to failure. This includes a review of 
GA analyses, design safety factors, effects of graphite strength 
deterioration, and other design details that affect the core support 
structure reliability. 
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1.3 COHSCQUENCES OF COKE SUPPORT STRUCTURE FAILURE IN HTCRs 

1.3.1 Reactivity and Tenperature Effects - J. C. CU.eland and S. J- Ball 
Initial investigations were nadc concerning the consequences of 

postulated core support structure failures in an HTGR. The subject of 
determining the probability of failure of the core support posts is 
addressed in Sect. l.Z. 

Each refueling region in an HTGR rests on a core support block, 
which is supported by three core support posts, as shown in Fig. 1.2. 
These posts are approximately 1.8 • (6 ft) in length and 0.15 • (6 in.) 
in diameter. Each support block supports seven columns of eight hexagonal 
fuel elements each plus the top and bottom reflector elements. This 
analysis considers the consequences of failure of the posts supporting 
one or more support blocks, resulting in one or more refueling regions 
slumping to the floor of the lower plenum. 

The analysis was divided into two cases: 
1. failure of three posts supporting one refueling region and the 

subsequent slumping of that region to the plenum floor, 
2. failure of all posts and subsequent slumping of all refueling 

regions to the plenum floor. 
In the first case (illustrated in Fig. 1.3), the question first 

considered was: "How would this failure be detecfed?" Since the exit 
from each refueling region contains thermocouples to monitor the region 
outlet gas temperature, these thermocouples may fail if the region 
begins to slump. However, this failure might not offer sufficient 
evidence to force an immediate shutdown. The accident might also be 
detectable if a »ignfleant change in core reactivity results from the 
downward movement of one refueling region. However, we believe that 
the change in reactivity could be quite small because of the counter
acting effects of: 
1. the negative component of reactivity due to fuel moving away from 

the rest of the active core; 
2. the negative component of reactivity due to increased neutron 

leakage; and 
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Fig. 1.3. Refueling Region Support Failure. 

3. the positive component of reactivity due to the higher fissile 
concentration in the upper half of the stack of fuel elements moving 
downward into the higher importance region of the core. 

Furthermore, the slumping could occur over an extended time period — 
perhaps hours or days. The corresponding slow reactivity change could 
be compensated by slight movement of the regulating rods during this 
period and therefore go undetected. A two-dimensional transport theory 
calculation performed by Kirk* analyzing the reactivity change caused 
by the slumping of the central refueling region indicated a reactivity 
loss of about 4c. [This compares to a regulating rod pair worth ~16c/m 
(5c/ft).] That work thus supports the assumption that the reactivity 
change could go undetected. 

To determine if the accident could be detected from coolant fission 
product activity, the fuel temperature transients in the slumped region 
were calculated by assuming that the reactor continued to operate at 
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100Z power. A special variation of the ORSCA code* was used, with the 
assumptions peculiar to these calculations listed below: 
Core conditions 
1. continued 100Z power operation following"support post failure, 
2. constant core inlet helium temperature and flow rate, 
?. before slumping, helium flow rate through each region proportional 

to its radial power density, 
4. highest powered region slumps, 
5. instantaneous slumping with no flow through sluuped region. 
Core temperature lumping 
1. ten axial nodes for each of 54 refueling regions, 
2. more detail for slumped region — one node per fuel element (56 total) 

plus 14 top and bottom reflector nodes, 
3. bo«:h radial and axial heat conduction allowed. 

The results of the transient heat-up calculations are shown in 
Fig. 1.4. We see that the temperature at which fuel particle failure is 
assumed to begin (1873 K) is reached in less than i. min in the slumped 
region. Few, if any, of the coated fuel particles will remain intact 
at 2273 K. Therefore, after about 10 min of continued lOOZ-power 
operation, essentially all the coated fuel particles in the slumped 
region will have failed and thus released fission products. Other 
calculations showed that a scram at any point in the transient would 
effectively halt the rise in temperature. 

The results of this calculation were then used to determine the 
resultant coolant circuit activity and dose at the exclusion area 
boundary. As follows in Sect. 1.3.2, within 1 min after the failure 
temperature of 2273 K is exceeded, the coolant activity would at least 
triple its value if the reactor has been operating with the design 
limit of coolant activity, and it would increase by a factor of 15 if 
the reactor were operating with expected activity. Hi is large and 
rapid increase in coolant activity would therefore provide an obvious 
signal to force an immediate reactor shutdown. 

The calculated dose at the exclusion area boundary was found to 
be much less than the accident release limits of 10 CFR Part 100. 
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Fig. 1.4. Fuel Particle Transient Heat-Up. 

The second case considered — failure of all or many core support 
posts — is of concern because a large reactivity insertion is possible. 
Because the control rods are supported fron above by cables, the core 
could fall a distance approximately eqi>=tl to the length of the core 
support posts, 1.94 m (6 ft 4.5 in.), with the control rods remaining 
stationary. Furthermore, possible core rearrangement could prohibit 
further insertion of the control rods (and the reserve shutdown spheres). 

The worst case conditions assumed are as follows: 
1. core falls rapidly, 
2. core rearrangment prohibits further control rod insertion and 

insertion of reserve shutdown spheres, 
3. core falls fron hot full-power condition. 
In terns of reactivity addition, this accident is the sane as removing 
all rods that are fully or partially inserted by approximately 1.8 n 
(6 ft). The reactivity addition was estimated by considering the 
reactivity held by the rods and factoring in the fractional insertion 
of the rods. An integral rod worth curve was then used to estimate 
the loss in reactivity hold-down when the core fails. 
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The amounts of reactivity held by rods under various conditions 
are: 

Condition Excess Reactivity, &k 

Beginning of cycle, before buildup <0.07 
of fission products 

After 1 3 5 X e , 2 3 3 P a , and ^'Sm have <0.O25 
reached equilibrium 

Following prolonged middle of cycle *O.10 
shutdown 

From an integral rod worth curve it can be shown that if core excess 
reactivity tk - 0.025 (for instance) is held by a rod bank that is 
approximately 60Z inserted into the core, approximately tJc « 0.020 
will be added during the accident, since the rod bank will be only 
30Z insertect after the core falls 1.8 m (6 ft). 

The reactivity addition of about $3.50 (which could be considerably 
larger if a larger core excess reactivity were available), if added 
rapidly, becomes more severe than the rapid rod pair ejection accident, 
an accident that was analyzed3 in GASSAR-6 but was not considered 
credible. The results of a collapse of most of the refueling regions 
is judged to present unacceptable consequences to the public. A very 
complicated analysis would be required to estimate the sequence of 
events and analyze the consequences. This analysis was deferred until 
the likelihood of such a failure can be estimated from the susceptibility 
studies. 

In summary, preliminary scoping calculations indicate that the 
failure of t'.ie support posts and slumping of one refueling region would 
not present a significant safety problem, and that the simultaneous 
slumping of several refueling regions would be needed before the guide
lines of 10 CFR Part 100 would be challenged. 

1.3.2 Fission Product Effects Associated with Hypothetical Failure of 
Core Supports — E. L. Compere 

A scenario of a postulated hypothetical accident sequence suggested 
that one or more refueling regions might slump downward because of support 
failure, without specific indication to the operator. Thus power might 
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be maintained while coolant flow is lost to the elements involved. 
In the absence of cooling with continuation of power, the temperature 
would increase at a rate of about 400°C/min, and fuel temperatures 
would begin to reach 2000*C in about 3 min (Fig. 1.4). Few if any 
coated particles would remain intact at such a temperature.7 

The transient release behavior of zoned cores in the presence of 
slower but similarly extensive temperature increases caused by after-
heat has been considered by the SOUS cone." These codes could be 
adapted to the present problem, but differences in the situation 
considered made preliminary scoping calculations of interest. 

The failure of the core support structure for a refueling region 
of fuel elements, with loss of forced cooling during operation, was 
characterized by the following special factors: 
1. a limited number of fuel elements (7 * 8) is inv lved; 
2. power operation continues, including purification system operation; 
3. no breach of primary system containment is indicated, so only usual 

leakage is presumed; 
4. because accident signals have not occurred, the usual atmosphere 

turnover of the containment ventilation system is implied; 
5. because long-term meteorological averaging is not applicable, 

only worst case worst sector dispersion factors are used. 
Because reactor operation is postulated to continue as the column 

of fuel elements becomes overheated, more fission products could enter 
the coolant circuit. Hence 
1. release from the plant could increase; 
2. increase in coolant activity might provide a timely indication 

of the situation. 
These points are considered below. 

1.3.2.1 Dose Effect of Increased Plant Release During Normal Operation 
The maximum dose at the exclusion area ouundary resulting from 

complete release of the full inventory of one fissioning fuel element 
into the primary coolant is estimated for important nuclides as follows. 
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where 

lC-

Dose » St„T _secx . 
R G C DP Q conv. Dose rate 

air cone. 

nuclide inventory of fuel element, Ci; 
release fraction, assume 1; 
transfer term for graphite, assume 1; 
leakage rate of nucllde/entry rate to coolant — at 
steady state, 

where 

8 

X 

DF 

V ( r i + 'p + r8 + X ) • 

1.2 x 10~*/sec if primary coolant leakage is O.OlZ/day; 
purification plant rate, 6.2 x 10~5/sec; 
plateout removal by surfaces — for 1Z per pass, 
r * 0.0022/sec; 

8 

radioactive decay constant of the nuclide; 
decontamination factor — concrete and secondary 
containment: use 1 for noble gases, 100 for other 
elements; 

sec purge/vol sec - secondary containment Transfer tent * X +• sec purge/vol * 
s e C

y P " r s e * 1.5 x 10~Vsec (basis Delmarva PSAR); 

X/Q * 1 x 10"3 (Ci/m3)/(Ci/sec). 
The conversion factor conv. for submersion is (year/sec) and for 
inhalation, breath rate (m3/sec)/annual intake (m3/year). Dose factors 
are in (mrem)/year*(Ci/m3) and are understood to be the annual dose 
commitment corresponding to unit air concentration. The effects of 
daughters produced internally is understood to be included. Dose 
factors*!10 are consistent with ICRP committee 2 (1959) values. 

The maximum dose resulting from the release from the particle of 
all the inventory of a given nuclide for one four-year-old fuel element 
was calculated under the above assumption, using standard inventory 
values3 from Table 11.1-5 of GASSAR-6 for a 3000-MW(t) HTGR. Complete 
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release and instantaneous passage through graphite were assumed. The 
effects of all nuclides of a given element were obtained and included 
in the doses described below. 

No dose factors are available for selenium. However, its activity 
is appreciably less than that of tellurium. The whole-body dose at 
the exclusion area boundary from tellurium isotopes in a single fuel 
element is about 3 x 10~ 7 rem. The dose to the gastrointestinal tract 
is about 1.2 x 10"' rem. 

From bromine isotopes the maximum whole-body dose would be about 
5 x 10~ 1 0 rem and that to the lover large Intestine about tentold 
higher. 

The maximum whole-body dose from iodine isotopes is about 
2 x io~ 7 rem; the dose is about 1000-fold higher (2 x lO"" rem) to 
the thyroid. 

The maximum whole-body doses from noble gases results from submersi. i 
and amounts (for one fuel element) to about 1.4 * 10"1* rem for all the 
various nuclides, , aKr being the dominant contributor. 

The maximum whole-body dose from the rubidium isotopes in one 
fuel element is about 3 x 10" 1 0 rem; values for the gastrointestinal 
system are about tenfold higher. 

The maximum whole-body dose from cesium isotopes in one fuel 
element is about 1 * 10" 6 rem; the dose to the lower intestine is 75 
times greater. Major contributors are 1 3"Cs, , 3 6 C s , and 1 3 7 C s . 

The maximum whole-body dose from strontium isotopes is about 
10" s rem. The dose to bone is about 20-fold higher. The whole-oody 
dose attributable to l l > 0Ba is 7 x io~ 7 rem, and the dose to the lower 
intestine is 20-fold greater. 

The elements considered above are the gaseous and volatile elements. 
The dose effects of less volatile elements, including actinides, should 
be smaller than these because of more difficult release and transport 
through graphite. 

In the above we ha"e neglected the continued production of the 
various nuclides; this will be significant only for rather short-lived 
nuclides (1/A < 1 hr). The continued production indicates that full 



22 

inventory will be present at the aoaent of release. The interaction of 
nuclide production by decay and the transport characteristics were not 
taken into account. The effects of daughter decay are understood to 
be included in dose values. 

The effects of slow release froa particle": and slow passage through 
graphite to the coolant were ignored by setting the transfer terms equal 
to unity. However, release resistances are sufficient in the cases 
noted in the GASSAR3 (Sect. 2A.9) to reduce the fractions of initial 
activity released in 2 hr to 2Z for noble gases, 0.1Z for iodine, and 
essentially zero for particulates. Although this indicates a real 
resistance to release, the aore rapid teaperature increase in our case 
indicates higher release rates; exact evaluation is not atteapted here. 
Instead, coaplete proapt release is assuaed. 

The loss of three associated core support posts could perait the 
slumping of seven coluans of eight fuel eleaents (plus reflector eleaents); 
a total of 56 fuel eleaents thus could be involved. 

The whole-body dose at the exclusion area boundary due to the severe 
overheating of 56 eleaents under the ab^ve conditions would aacunt to 
about 10 area, largely due to subaersion dose in M K r . Further a thyroid 
dose of 11 area is indicated. Although such doses are significant with 
respect to annual releases regulated by 10 CFR Part 50, Appendix I, they 
are far below accident release liaits of 10 CFR Part 100. 

1.3.2.2 Coolant Activity Increase 
An increase > jolant activity might be utilized to detect overheated 

fuel eleaents if the effect were large enough and quick enough. Tn estima
ting this possibility, the criterion will be the ratio of added coolant 
activity to that circulating. 

Only the rare gases — krypton and xenon — will move readily enough 
and resist plateout enough to perait accumulation sufficiently rapidly 
to serve as sigiu»~<*. Thus we wish to consider the source quantities 
and rates of transport of these, from previously intact particles, as 
the temperature of cracking is exceeded. The source is the amount of 
these nuclides contained in particle kernels and buffer zones. 
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Essentially all particles will be cracked7 at a fuel temperature of 
2000*C. The release rate of krypton from the kernel of cracked particles 
at this temperature is indicated to be about 3Z/min, and that of xenon 
is abouf 0.8Z/min. based on charts presented in the SORS report* 
(GA-A-12462, Fig. 5.3). Such rates, though not trivial, are not the 
aajor part of the most prompt signal. 

The accumulation of radioactive rare gases in the "buffer zone" of 
intact particles will amount to the steady-state kernel release fraction 
plus the fraction released by recoil. The release fraction (FR = RfB) 

at 1100'C is 1Z for a 1-hr krypton or 10-hr xenon, and is proportional 
to the square root of half-life (ref. 3, GASSAR, Fig. 11.1.1). An 
average release fraction of about 1.5Z for the various krypton and 
xenon nuclides will be assumed. 

The recoil fraction is given by F r = (3/4)(r/a) where r is the 
average recoil range in kernel material and a the fuel kernel radius. 
For Triso particles with a UC 2 kernel diameter of 200 urn, values for 
P are about 6.1Z for light fragments and 3.7Z for heavy fragments. 
For Biso particles with a Th0 2 kernel diameter of 500 um, values for 
F are about 2.8Z for light fragments and 1.7Z for heavy fragments. 
An overall average recoil fraction of 3.5Z appears justifiable. 

Passage through graphite involves the following considerations: 
For the system krypton-helium,11 

log Di2 - 1-688 log T - 4.3844 . 

Neglecting Knudsen diffusion, 

Deff * < e ' W D » / p > 
where 

e' * free space available for diffusion/volume of solid, 
average path length through solid 

q - tortuosity or * thickness*of solid* • 
P * pressure in atmospheres. 

Thus at 2000*C and 50 atm, for a typical graphite (H-327, used in the 
Fort St. Vrain Reactor) where (c'/q) - 4 * 10~ 3, 

D . . * 1.5 x 10 - 3 . eff 



14 

The release fraction F of a liaitcd well-mixed source through a 
slab barrier is given 1 2' 1 3 by a function relating F and 6. 

P 0.01 0.10 0.50 0.90 
6 0.055 0.128 0.390 1.020 

where 
e - D^tft/t2c 

Assuae a porosity c = 0.20. For a graphite web of about 0.5 ca thickness 
(1), 

. fl l z e 0.39 x (0.5)* x 0.20 , -
*5<tt " 650 TZ 1.5 x 10-5 13 sec . 

eff 
About 10Z would emerge within about 4 sec after release, and 90Z would 
have eaerged in 35 sec. The rate for xenon would be soaewhat slower. 
Steadily increasing temperature and a aodest pressure gradient would 
speed up the process to soae extent. 

For a 3150-Mf(t) reactor the equilibrium inventories of particular 
nuclides are given in Table 1.1. 

Table 1.1. equilibrium Inventories of Noble-Gas Fission 
Products in a 3150-MW(t) Reactor 

Krypton 1 U L f _ u f 9 ****** T
X c n o n Half-Life * * £ " * Isotope (Ci) Isotope (Ci) 

83a 1.85 h 2.54 x 10 7 131a 11.96 d 5.42 x 10 s 

85a 4.4 h 2.81 x 10 7 133a 2.26 d 5.05 x 10' 
85 10.76 y 1.97 x 10' 133 5.27 d 1.81 x 10' 
87 76 a 8.27 x 10 7 135a 15.7 a 2.81 x io 7 

88 2.79 h 1.47 x 10 $ 135 9.16 h 2.09 x 10 7 

89 3.18 a 1.35 x 10" 137 3.82 a 1.59 x 10' 
90 32.3 8 

Total 
1.29 * 10* 138 

139 
14.2 m 
40 s 

1.67 x 10" 32.3 8 

Total 5.79 x I0 a 

138 
139 

14.2 m 
40 s 1.33 x 10* 

140 13.6 s 1.03 x 10' 
Total 6.36 x j.o' 
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The inventory activity of rare gases is about 1.22 x 10 s Ci. For half-
lives longer than 1 min, the inventory is about 8.5 * 10* Ci. 

The activity that aight be available could be estiaated as a 
function of time froa the above considerations. As a first approxiaation, 
possibly sufficient for present considerations, the following assumptions . 
will be used: 
1. all nuclides of half-life below 1 ain and decay of others are 

neglected; 
2. 56 out of 3944 fuel elements are affected; 
3. an average recoil fraction of 3.5Z and an additional release of 

1.5Z by prior kernel release are assuaed; subsequent kernel release 
(rate about 2Z/ain) is not used; 

4. krypton diffusion properties discussed above are used. 
The aaount of rare gas activity thus entering the coolant in 13 sec, 
half the total promptly available, is then estiaated to be 

8.5 x io a x -§J- x 0.05 x 0.5 • 3 x 10 5 CI . 3944 

For a 3150-MW(t) HTGR (GASSAR),3 the total activity in the coolant 
under "design conditions" is 2.1 x 10 s CI (about 1.5 x 10* Ci under 
"expected" conditions). Thus if all activity were equally detectable, 
in about 13 sec a aeasureaent of coolant activity should be at least 
double the "design" value. 

Within 1 ain after the fuel particle coatings reach 2000'C, the 
indicated coolant activity would at least have tripled its value if 
the reactor were operating under "design conditions." The above ratio 
change would be about 15-fold under "expected" conditions. Similar 
but generally smaller contributions would coae in somewhat more slowly, 
froa Te, I, Rb, Cs, and other elements; these also could be expected 
to plate out rapidly and thus accumulate less in the coolant. 

Coolant activity would thus more than double before an additional 
rine of 100*C occurred. Such a response would appear to be a useful 
signal of the accident under consideration. 
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1.4 STEAM GENERATOR REVIEW - Richard C. Gwaltney 
Reviewing the design and structural performance of the HTGR Steam 

Generator began in December 1974. General Atomic proprietary documents, 
along with open-literature reports, were reviewed for information on 
the design. However, during this period, the steam generator was being 
redesigned by GA, and an early effort was directed toward examining 
the materials and design philosophy used in the design of the steam 
generator. 

One of the most distinguising features of high-temperature design 
method:, is that inelastic material behavior must be taken in account 
in determining the design life of a component. Both time-independent 
elastic-plastic behavior and time-dependent creep behavior must be 
considered. These Individual behaviors, as well as the total combined 
inelastic response for a given material, are very complex, consisting 
of processes and interactions that are not completely understood and 
that currently defy exact description. To carry out rational design 
analyses and assessment, essential significant features of the behavior 
of a material must be identified and understood. This is usually done 
by developing constitutive equations, which are mathematic statements 
of the phenomenological model of the mechanical behavior of a material. 

For detailed inelastic analyses, constitutive equations for each 
material to be used must be availabe. Analyses by either detailed or 
simplified methods for a high-temperature environment require describing 
the response of the material to time-varying load and temperature 
histories. 

The major materials 1 4 - 1 7 used in the design of the steam generator 
are listed in Table 1.2 with projected maximum operating temperatures. 
The three materials being used in high-temperature environments are 
(1) austenitic type 304 stainless steel, (2) 2 1/4 Cr-1 Mo steel, and 
(3) Incoloy alloy 800H. The necessary material data, material 
correlations, and mathematical modeJs that are ideally required for 
inelastic analyses for these three materials are tabulated in Table 1.3 
with the data sources tlict we are aware of. The temperature range for 
which the data exist is also tabulated. 
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Table 1 .2 . Steam Generator Materials and Projected 
Operating Temperatures 

Coaponent Mat-^vl *1 
Maximm Temperature 

Coaponent nacer JLI CC) CF) 
Reheater 

Tube bundle Incoloy 800H 760 1400 
Lead-out tubes Carbon steel 371 700 
Lead-in tubes Incoloy 800H 649 1200 (mean) 
Tube support plate Incoloy 800H 816/704 1500/1350 
Reheater structure Incoloy 800H 816/704 1500/1350 
Tubesheet (hot) Incoloy 800H 627/538 1160/1000 
Tubesheet (cold) Carbon steel 338 640 
Shroud and crossover duct Incoloy 800H 854/732 1570/1350 

Superheater III 
Tube bundle Incoloy 800H 649 1200 (mean) 
Tubesheet Incoloy 800H 593/510 1100/950 
Shroud Type 304 stainless steel 760 1400 
Tube support plate Incoloy 800H 760 1400 

Superheater II 
Tube bundle Incoloy 800H 649 1200 (mean) 
Tube support ladder Incoloy 800H 724 1335 
Shroud (inner) Incoloy 800H 738 1360 
Shroud (outer) Incoloy 800H 

Economizer-Evaporator 
Superheater I 
Tube bundle 

Superheater I 2 1/4 Cr-1 Mo steel 538 1000 (aean) 
Evaporator II 2 1/4 Cr-1 Mo steel 482 900 (aean) 
Evaporator 1 2 1/4 Cr-1 Mo steel 454 850 (mean) 
Economizer 2 1/4 Cr-l Mo steel 371 700 (mean) 

Economizer lead-in 
cube support plate 

Tubesheet 
Steam generator support 

flange 

Incoloy 800H 

Carbon steel 
2 1/4 Cr-1 Mo steel 

704 

260 
371 

1300 

500 
700 



28 

Table 1.3. Material Property Data for High-Tenperature 
Appliciations in HTGR Steaa Generators 

Mater ia l 
Ptoeatty 

l a t a 

2 I / « Cr -1 Ms I a o l o y a * M Type 304 Scatolaaa : Steel 
Ma te r ia l 
Ptoeatty 

l a t a 
Tenaerature gang* 

Seercs 
Tenserati arc knagc 

Source 
Teneeracure *inga 

Saarca 

Mate r ia l 
Ptoeatty 

l a t a 
CO CO 

Seercs 
CC) CF) 

Source 
C C ) C F ) 

Saarca 

Creep data 371-530 700-1000 a 427-701 •00-1300 b 

Thereat eap—' lea 20-700 
21-44* 

(0-1292 
70-1200 

a 
c 

21-071 
21-902 

70-1*00 
70-1100 

c 
d 

2 * - 0 I * 
2 1 - 0 1 * 

73-1500 
70- lMO 

b 
c 

E las t ic endalua - 1 0 - 0 * 9 
21-049 

0-1200 
70-1200 

a 
c 

21-071 
21-902 

* 2 7 - 7 M 

70-4*00 
70-4000 

000-1*00 
d 
a 

2 4 - 0 1 * 
2 1 - 0 1 * 

754300 
7v4500 

b 
c 

M n n ' i rac la - i a - « * 9 0-1200 a 427-7*0 M 0 - ] * 0 0 a 2 4 - 0 1 * 75-1500 b 

T l a M atreaa 21-493 
21-0*9 

70-1100 
70-4200 

b 
c 

21-071 70-1*00 c 24-OJ* 
3 0 - 0 1 * 

73-1300 
100-1300 

b 
c 

C e a e t l t a i l v e enant loaa' 24-33* 75-1000 • 2* -«*9 73-1200 h 

Cycl ic a t reaa-ecra la 
carves 

21-$93 70-1100 l .J 427-0*9 
427-01* 

000-1200 
000-1300 

b.k 
a 

velanecrlc beat : * - 7 0 0 75-1292 b 2 4 - 0 1 * 7V-13O0 b 
capacity 

Tbereal conduct lv ' ty 300-700 $72-1292 b 24 -01 * 'J-ISOO b 

Craaa rupture 
(acraaa ca rapture) 

371-593 
37*-e49 

700-1100 
7)0-1200 

a 
c 

454-700 
7*0-1093 

•50-1400 
1400-2000 

c 
d 

427 -01* 000-1300 c 

f a t igue s t r a t a range 171-593 700-1100 a 427-700 
* 2 7 - 7 M 

000-1 WO 
•00-1*00 

c 
a 

30-70* 
427-01* 

100-1300 
000-1300 

c 
a 

Craaa fa t igue 427-049 •00-1200 c . l 427-0*9 
427-0*9 

•00-1200 
•00-1200 

c . l 
• 

Iaachraaaaa s t reee - 371-0*9 700-1200 c 454-7*0 •50-1400 c 427 -01* M 0 - I 3 0 0 c 
strain carves 
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As shown in Table 1.3, enough data for inelastic analyses are 
available for type 304 stainless steel and 1 1/4 Cr-1 Mo steel. Creep 
data and mechanical properties data for type 304 stainless steel are 
being coap'led and developed under the ORNL , *ogram on mechanical 
properties of LMFBR structural materials1' and for 2 1/4 Cr-1 Mo steel 
under the ORNL Steam Generator Materials Technology Program.19 The 
constitutive equations for type 304 stainless steel 2'> 2 1 and 2 1/4 Cr-
1 Mo steel 2 2 were developed under the ORNL High-Temperature Structural 
Design Program. Most of the data for these two steels are available in 
standard references. 2 I» 2 3 - 2 5 Under the ORNL High-Temperature Structural 
Design Program, the validation2' of the constitutive equations for 
type 304 stainless steel by high-temperature inelastic structural 
tests of simple structural models, such as simply supported beams and 
circular plates, is well under way, and future tests will be done on 
a model with a radial no/.zle attached to a spherical shell. The 
validation for 2 1/4 Cr-1 Mo steel has begun with tests on simply 
supported beams. 

General Atomic has developed its own cyclic hardening curves for 
Incoloy 800H. These curves are based on different assumptions than 
those recommended in refs. 20-22. General Atomic uses these hardening 
curves in the recommended procedures for stainless steel. 2 0* 2 1 The use 
of their own cyclic hardening curves in the recommended procedures 
constitutes General Atomic's constitutive equations for Incoloy 800H. 

As Table 1.3 shows, Incoloy alloy 800H data are not generally 
available in several key areas. This lack of creep data, cyclic stress-
strain curves, and validated constitutive equations is a very serious 
shortcoming. Incoloy 800H constitutive equations should be validated 
before any reliance is placed on their use in inelastic analysis 
calculations. This verification can best be carried out by inelastically 
analyzing simple structural models that have been experimentally tested 
at elevated temperatures. 

During this reporting period, a report on an interim assessment 
of the structural performance of the steam generator was begun. Because 
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of the redesign of the steam generator, this report will be a preliminary 
assessement of the structural design limited to a review of materials 
information and design philosophy. 
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2. FISSION PRODUCT TECHNOLOGY 

E. L. Compere 

2.1 ACCIDENT HAZARD POTENTIAL OF KEY NUCLIDES 
The key nuclides 3H, "Kr, '°Sr, 1 2 7 m T e , 1 3 1 I , and I 3 7 C s were 

taken by de Nordwall and Bell1 to represent chemically and radiologically 
all significant mobile fission products in HTGR systems. They suggested 
that the effects of routine and accidental releases could be examined 
in terms of these nuclides. 

The secondary containment is the last barrier between the plant 
and the public. Plant releases corresponding to unit dose that could 
be accumulated by members of the public at the exclusion area boundary 
have been derived from values of dose rate/air concentration and an 
assumed meteorological dispersion factor (x/Q) under worst-case 
atmospheric assumptions. The dose unit for a given key nuclide is 
taken as 1/25 of the 10 CFR Part 100 limit, thus is 1 rem, except for 
1 3 1 I , where the thyroid dose unit is taken as 12 rem. The derived 
plant release value limits corresponding to such unit dose are shown 
in Table 2.1. 

The amounts of the respective key nucl'^es in various locations 
possibly accessible to release will be examined, and the adequacy of 
the retention parameters of the various barriers for various accidents 
considered. Anorg the locations within the primary containment are 
the fuel, the fuel block and other graphite, the coolant gas itself, 
and system surfaces (including dust) on which volatile metal fission 
products may deposit as "plateout." The importance of the various 
locations varies from one nuclide to the other. 

Tritium - The derived plant release unit is 26,000 Ci for 1 rem 
whole-body dose by inhalation. Only the release of the entire reactor 
inventory of 23,000 Ci, largely contained within coated particles, 
would enable this value to be approached. Such release would require 
very severe core overheating and negligible transport resistance by 
both primary and secondary containments. Only maximum hypothetical 
accidents would include such conditions, and in such case the contribution 
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Table 2.1. Hazard Potential of Key Nuclides - Design Basis: 2000-MW(t) HTGR, 
80% Service, 2.7% Cracked Particles, 40% Plateout per Pass, 

X/Q - 1 x 10"- (Ci/m,)/(Ci/sec) 

Half-
Life 

Inventory Cl Derived Releaa* (or Given Doa* at Exclua ion Area Boundary 

Hue 1 id* Half-
Life Total 

Daalgn laala, Outalda fuel Plant 
Releaae 
(CO 

Done 
(rt«) Organ Node Factor* 

Half-
Life Total 

Graphlta riateout Can 
Plant 

Releaae 
(CO 

Done 
(rt«) Organ Node (rm/-vc)/(Cl/*)M 

'M 12.3 y 2.3 » 10* ICOO-M»O» 0 2.7 26,000 Whole body Inhalation 0.0JS 
"KV 2.79 h 9.1 * Id' 0 0 23 ,000 2,000 Whole body Subaeralon 0,40 
'"•*•* 109 d 1.73 * 10* , 7,500 0.2 1,700 Whole body tnhalatton 0.S7 

«>«, S.06 d 7.03 * 10' Significant ? 237,000 2( 1,100 
26 12 

Whole body 
Thyroid 

Inhalation 
inhalation 

0.91 M0 
'"c. 30.2 y J.22 « 10* Signtfleant 107,000 0,06 90 Whole body Inhalation 11 
»*Sr 2».9 y 4.39 » 10* Significant 110,000 0,001 2 

O.I* 
Whole body 
•one 

Inhalation 6 SO 
6400 

*Dose coaaltaent baled on Inhalation rate 10 • '/• hr or on aubMrston. 
bIV) Ct per part par billion ItthUM fro* 'u(i,a)'Hi iOT, of 1100 Cl/year at 'He abundance of 2 " 10"' (roe, *H»(»i,;•)*H! 100 Ci/yvar from 

"•(x.Za)'*-; balance ttom fuel. 
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of tritiua to accident effects would be completely overshadowed by 
those of other nuclides. Although release of tritiua during operation 
within technical specifications Bust be considerd carefully, it aay 
be ignored in considering the consequences of postulated aajor accidents. 

Krypton — A possible dose of 1 rea by subaersion at the exclusion 
area boundary could result froa plant release of 2000 Ci **Kr. The 
priaary coolant gas under "design" conditions could contain 23,000 Ci. 
However, the design secondary containment release rate of 0.2SZ/day 
(0.0002/2 hr) is aore than adequ ~.e even for an accident such as a 
DBDA (design basis depressurization accident), in which the aain part 
of the primary coolant is released into the secondary coolant. 

If severe overheating of the entire core were postulated, as in 
certain hypothetical accidents, so that the entire inventory 
(9.8 x 1C 7 Ci M K r ) cculd be at risk, then it would becoae necessary 
to consider various factors affecting retention and transport of 
fission gases, in order to deteraine whether adequate margins of 
safety can exist. 

Tellurium — A whole-body dose of 1 rea could occur by inhalation 
at the exlusion area boundary as a result of a plant release of 
1700 Ci l a 7»Te. However, little 1 2 7»Te is gasborne (0.2 Ci). Plate-
out inventory, estimated under design conditions to be 7300 Ci, is 
sufficiently low that a plant release of 1700 Ci would noc be antic
ipated unless secondary and priaary containments were largely 
ineffective, and further that additional events resulting in lift-off 
of most of the telluriua occurred. ! rating of surfaces and attack 
by air and steaa should be considered in this respect. 

The release of the entire inventory of 1.7 * 10 6 Ci I 2 7 m T e 
(possible only if all coated particles fail) into the secondary 
containment (designed to release only a fraction 0.0002/2 hr) should 
not result in exceeding the derived plant release liait. 

Iodine — The plant release of 24 Ci 1 3 1 I could result in a 
thyroid dose of 12 rem. Although the coolant gas could contain 
28 Ci under design conditions, ir is doubtful that a sufficient 
fraction of this couli be transported to result in a significant 
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plant release relative to the derived limit. However, the plateout 
of 237,000 Ci is large enough so that other transport resistance 
factors in addition to retention by secondary containaent would be 
needed. Isothermal partition factors between gas and primary systea 
surfaces are low enough to provide useful retention. However, the 
effects of heating of the surfaces or the attack of surfaces by 
moisture or air should be accounted for, since these could result 
in increased release of iodine from surfaces. 

The amount of iodine held by graphite at the beginning of an 
accident could contribute significantly to the source term and should 
be taken into account. 

Evidently iny accidents in which major fractions of the coated 
fuel particles could fail could place the entire inventory of 
6 * io 7 Ci 1 3 1 I at risk, and transport resistance and retention 
factors in addition to leakage rates from secondary containment will 
require careful consideration. In particular the effects of core 
overheating and of steam or air ingress coupled with violation of 
primary containment should not be neglected. 

Cesium — A whole-body dose of 1 rem to an individual at the 
exclusion area boundary could result from plant release of 90 Ci 1 3 7 C s . 
Effective secondary containment is approximately sufficient for adequate 
retention of all cesium plattout, even though cesium adsorption in some 
regicns might have approached saturation, with consequently reduced 
retention. The appreciable amount of cesium held in fuel and reflector 
graphite is poorly known but would likely be released during core heatup 
before temperatures leading to failure of particle coatings are reached. 
Release of the full reactor inventory into the secondary circuit 
requires particle failure and breach of primary containment, and 
consideration should be included in scenarios in which this might occur. 

Strontium — A whole-body dose of 1 rem (or bone dose of "15 rem) 
could result from a plant release of 2.0 CI , 0Sr. Thus like for 
cesium, plateout, graphite content, and full core inventories are 
important. The lower volatility and reduced transport (relative to 
cesium) are Insufficient to offset the low release limit, so that the 
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hazard potential of strontium would appear to be 3 to 4 times that of 
cesiua. In the case of strontiua as with other isotopes, loss of 
retention in priaary containment, coupled with other loss of retention 
at the source location as a result of severe heating or chemical 
attack, appears required for serious hazards to develop. 

Si—irjf — Iodine, cesiua, and strontiua require careful consid
eration in scenarios where priaary containment is breached and factors 
causing loss of retention at the source location are present. Other
wise the secondary containment, performing as designed, can be 
expected to be sufficient to keep releases low enough that doses 
will not exceed the regulatory liait. 

2.2 IODINE ADSORPTIONS AND DESORPTION 
Data for the cheaisorption of iodine on FeaO* surfaces were 

reported previously.2 The data may be summarized as isotherms of 
the Teakin form: 

In p » -C + ln[6/(l - 6)] + B8 , 

where p is the equivalent iodine atoa pressure in ataospheres, 6 is 
the occupied fraction of 2 x 10 1* sites/cm2 and the constants B and C 

have the values at given teaperatures as follows: 

m B C 

200-300 6.26 23.71 
350 5.90 22.12 
400 7.81 22.06 
450 9.36 22.49 

This expression will assist in defining any calculated source 
term for the priaary coolant systea and the equilibrium partition 
factor for desorption under appropriate circumstances. 

To estimate the limits on the release of cheaisorbed iodine 
during a DBDA (design-basis depressurization accident), we shall assume 
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a siaple aodel in i»hich the gas and a single surface reaain isotheraal 
and in equilibriua as the coolant gas is released. For 3S0"C and 20Z 
coverage, an iodine partial pressure of 2 " 10~ l a ata (20 pPa) is 
obtained froa the above expression. 

A partition ratio, Z, (atoas/liter)/(atoas/ca2) is obtained: 

7 6.02 x I Q " -c 
0.08206TS* * * 1 - 9 * 

At 350*C, 6 « 0.2; also, S* - 2 x I O 1 * sites/ca2, whereby Z « 0.059. 
2>>r an isotheraal release of gas froa pressure P* to P with 

equilibriua aaintained at all tiaes between gas and surface. 

(1+4)lnT-7T-
where A is the systea surface area, V is the effective gas voluae, and 
H* and H are the coabined gas and surface content of the given substance 
(here iodine) initially and finally. 

The effective voluae would be that occupied by the coolant 
(4227 kg He) at 47.6 ata (4.82 MPa) and 350"C, which is 1.14 * 10* liters. 
If we assuae a surface of 2 x io* cm 2 available for iodine adsorption, 
we find 

i 2 x IQ» £• 47.6 
1 1.14 x 10« x 0.59 l n H * l n 1 ' 

whereby If/K * 1.0013 and the fraction of release is 0.0013. 
For a 2000-MW(t) HTGR3 the "design" plateout of l , 1 I is 

2.37 x io s Ci and the "design" gas content is 80.3 Ci, whereby the 
aaxiaua desorption release to the secondary containaent would be about 
308 Ci. 

Hazard analysis indicates release froa primary containaent would 
result in a dose estiaated as follows: 

Dose, rea » /? x T „ x X x conv. x d o , c **** , ' *ec 0 air cone 
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where 
R * release from priaary, Ci; 

T s e c * fraction of aaount released entering secondary; 
X/Q * ataospheric dispersion; use 1 * 1C~' (Ci/aJ)/(Ci/sec). 

Breath rate per sec „ 30 •'/86400 sec 
conv. * — . . . c : Use -.^—r# . 

intake per year 730C a3/year 
dose rate 
air cone. 1.07 x 10 1" r**ftf* r for thyroid dose, ! J I I inhalation. Ci/a 3 

Thus, for a DBDA release of 308 Ci, 

Dose « 308 x 0.002 x i x lO - 1 > g^pp 3^ x 1.07 x io l i = 0.31 rea. 

It is clear that provided the assuaed secondary containaent release 
fraction is correct, 'sotheraal desorption of iodine froa priaary circuit 
surfaces in a DBDA would not result in excessi'.e dose. 

2.3 ASSESSMENT OF CESIUM TRANSPORT PARAMETERS 
The hazard potential of individual fission product nuclides depends 

on the source inventories in relevant locations and on the possibility 
of transport during accident situations. The source inventories are 
derived froa aaterial transport and capacity properties chat exist 
during noraal operation. Consistent values of the needed paraaeters 
are not always available in the literature. 

Graphite — For , 5 7 C s , Sect. 2.1 showed chat a plant release of 
90 Ci in the course of an accident could result in a dose coaaitaent of 
1 rea to an individual at the exclusion area boundary. At least this 
auch activity aust enter or be in the priaary coolant of an HTGR if 
such a consequence is to be possible, since the only evident aode of 
transport froa the various source locations is by aoveaent of the gas. 

For the 2000-MW(t) Suavit (Delaarva) HTGR, values for " 7 C s were 
given in the PSAR* as follows: 

Gasborne 0.06 Ci "Design" Basis 
40-year plateout 1.07 * 10 s Ci "Design" Basis 
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The 1 1 7 C s inventory of the equilibrium reactor (four-year cycle) has 
been estimated to be about 5.2 * 10' Ci. Evidently the gasborne 
inventory of 1 , 7 C s of itself is not of aajor consequence, but possibil
ities of transporting either plateout material or other fractions of 
the reactor inventory into the primary coolant require serious 
consideration. 

In passing froa fuel particles to the primary coolant channels 
during operation, fission product atoas aust migrate through both 
the fuel rod aatrix carboa and the structural graphite of the fuel 
element. Both of these can adsorb cesiua to a considerable extent. 
Migration rates, noraally expressed in terms of the diffusion 
coefficient as in a homogeneous substance, are low, resulting in 
considerable retention of cesiua in ttase solids. The release was 
calculated by use of an appropriate version of the FIPER5*' code. 
In addition to dimensional characteristics and teaperature distribution, 
the diffusion coefficients and aatrix aa£ graphite sorption properties 
are required. For the cesium-graphite systea, the Suamit PSAR gave: 

In D « -1.0 - 39,000/fiS* , 

where D is the Fickian diffusion coefficient (caVsec) of cesiua in 
graphite, T the absolute temperature (K), and R the gas constant 
(1.987 cal/aol K). (Editor's note: 1 cal « 4.1S& J.) 

The vapor pressure of cesiua adsorbed on graphite was given by 
a Freundlich isothera. 

In PM - 28.4 - 56,000/7 + (-19.0 + 31,700/D In CM , 

where P# is the equilibriua pressure of cesiua (ata, 1 ata • 0.10132 MPa), 
and Cff the cesiua concentration on graphite internal surfaces, (yaol/a2). 

Matrix (filler) aaterial was indicated to sorb about 500 tiaes •% 

auch cesiua, on a weight basis, as fuel eleaent graphite. The diffusion 
coefficient in the fuel rod was assumed to be at least an order of 
aagnitude larger than the diffusion coefficient in the structural 
graphite. 
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Use of the above indicates that the diffusion resistance of the 
graphite can cause the 1 , 7 C s released from fuel particles over a period 
of about a year or more to be retained on the matrix carbon and in the 
graphite. This effect was included in the cited estimate of the quantity 
of plateout and indicates an appreciable source of 1 3 7 C s to be adsorbed 
on matrix carbon and graphite, subject to transport by increase in 
temperature. 

The SORSG code7 considers the release of metallic fission products 
*s a result of major temperature changes in accident situations. Bow-
ever, entirely different values for diffusion and sorption parameters 
are given. The diffusion coefficient of cesium in graphite is given, 
in terms of variables defined above, by 

In D - -0.48 - 18,760/flT . 

This results in values of D several orders of magnitude greater than 
that cited in the Summit PSAR. 

The adsorption of cesium on graphite was given, in terms of 
variables defined earlier, as: 

In PM « 7.8 - 29,840/f • (0.2351 + 1873/7) In CM . 

This expression is notably different from that cited earlier. 
The use of these latter expressions for diffusion and sorption 

result in much shorter time factors, of the order of days, with the 
indicated of higher plateout, less retention by graphite, and more 
rapid release from graphite though with diminished temperature 
sensitivity. 

P^ateout — The safety margin for cesium and possibly other fission 
product elements may be lower than indicated by calculations summarized 
in PSARs. The "design plateout" is understood to be obtained from the 
RAD code,' with "design" parameters, and a source term that is presumed 
to be based on FIPERS>* calculation. A "design" plateout rate of IX 
per pass is assumed, in conjunction with a purification plant removal 
rate of Che order of 4 to 6 per day. Adsorption is treated *» an 
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irreversible sink. The 40 year plateout value for a 3000-Mf(t) HTGR 
Is thus estimated to average about ISO monolayers of cesiun over all 
possible plateout surface. 

The assumptions stated above are not conservative in ell aspects. 
Only a few sets of adsorption isotherms for cesium on steels have been 
reported.9*1* These generally she*' that adsorption on essentially 
unoxidized metal ceases after only a few monolayers are present and 
is fairly independent of temperature or pressure. Oxidation of stain
less steel surfaces considerably increases the amount adsorbed, with 
limiting values up to about 80 to 90 monolayers observed, fairly 
independently of temperature. However, at higher temperatures 
Freundlich pressure isotherms are obtained for adsorption on oxidized 
stainless steel. Thus the extent of surface oxidation appears to be 
an essential but ill-defined parameter. 

treatment of adsorption by mass transfer codes, such as PAD, 
Indicates that initially mess transfer will limit the deposition rate 
on all surfaces. In the course of time surface saturation will 
develop in some region — frequently upstream — and deposition becomes 
isotherm-limited there. The isotherm-limited region will increase, 
aad nuclide partial pressures rise, until ultimately the entire surface 
could be isotherm controlled, and deposition would cease, although 
exchange processes, important for short-lived nuclides, could continue. 
At thi.« point the gas pressure would Le controlled by the inlet flux 
and by the removal rate of the purification plant (and by decay processes). 
In tfce case of 1 I 7 C « in particular, the partial pressure could Increase 
by about 50-fold or more over that for 1Z per pass. 

Under such saturation conditions, the increased cesium partial 
pressures in the gas phase will increase the activity available for 
immediate transport in case of accident. Saturation will also imply 
that the surfaces can readily release adsorbed material to maintain 
partial pressures as total pressure is decreased (as in a DBDA). Such 
partial pressure maintenance indicates that increased hazard associated 
with the increased content of cesium isotope in the circulating gas is 
augmented appreciably by release from surfaces during a postulated 
blowdown. 
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Consequently the following points are indicated: 
1. Isotherm control of fission product plateout under design 

conditions Bust be taken into account in the estimate of inventories 
for plateout and gas. 

2. The release froa saturated surfaces during the course of any 
postulated accident Bust be taken into account. 

3. Evidently an increase in surface temperature in the course 
of a postulated accident nay becoae highly significant, as reported 
isctherms vary appreciably with teaperature. 

4. Design-basis assumptions as to oxidation of various surfaces 
must be established. 

5. Isotherms must be established for such oxidized surfaces. 
6. Increased partial pressures under conditions of isotherm 

control will also increase adsorption by any dust, and thus augment 
the associated hazard potential. 
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3. PRIMARY COOLANT TECHNOLOGY 
EFFECT OF STEAM CORROSION ON CORE POST STRENGTH LOSS: 

CASE OF LOW-LEVEL LONG-TERM INLEAKACE 

R. P. Wichner 

3.1 OBJECTIVE AND METHOD 
We assessed tlie effect of chronic l~w levels of steam ingress 

into the primary system of an HTGR on the corrosion and consequent 
strength loss of the core support posts. To arrive at a judgment, 
the following three questions had to be addressed in -equence: (1) 
The impurity coaposition in primary coolant, which depends primarily 
on the core graphite reactivity to steam corrosion, had to be estimated 
for a range of assumed steam ingress rates. The composition of 
impurities determines the oxidizing environment experienced by the 
core post. (2) Burnoffs that result frou 40-year exposure to these 
determined impurity levels were then determined by employment of an 
estimated corrosion susceptibility of core post graphite. (3) The 
final step in the assessment involves estimation of the degree of 
strength loss resulting from these estimated burnoffs. An empirical 
equation was developed for this purpose and compares reasonably well 
with strength loss data for a number of different graphites. 

3.2 PREDICTED COOLANT IMPURITY COMPOSITIONS 
A series of impurity addition experiments was performed1 at the 

Dragon Reactor, It. included a sequence of four H2O additions, at 
rates of 2 to 3 g/hr, extending over approximately 30 hr. Table 3.1 
summarizes the results of these Dragon tests. These data may be 
interpreted to yield an effective reactivity to steam oxidation of 
the Dragon core graphite defined by the simple relation, 

Rate (S2£) - Kc.[H20) , (1) 

where [H2O] represents the average concentration of steam in the primary 
coolant (mole/cm3) and Ka (cmVsec) is the defined core reactivity. 
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Table 3.1. Steady-State Impurity Levels Established During 
Dragon Steaa Ingress Experiments, and Normal 

Impurity Levels with Zero Ingress3 

H*0 
Injection 

•ate 
(•ol«/hr) 

Purification 
now 

<*/»«o 

Equilibria Coocencratl b BOS, vpa H*0 
Injection 

•ate 
(•ol«/hr) 

Purification 
now 

<*/»«o RiO * i CO COi C8» I(H] I[0] 

1 0.153 9.0 6.0 2.37 0.91 0.3» 26.1 10.2 

2 0.172 11.0 J.2 3 .5 1.3 0.21 22.4 9 .3 

3 0.172 7.5 4.2 13.1 7.0 2 .1 0.45 36.4 15.4 

4 0.122 7.0 3.6 5.7 1.5 0.35 23.2 12.3 

- 0 (ooalnal) -0.075 -1.4 -0.75 -0.02 -0.15 

"Baaed on M. Carljrl* and D. V. 
b Parts par ailllon by voluac. 

Klnscy. D.P. Rep. 544 (1969). 

A more complex assumed relationshio involving more than one empirical 
constant is not warranted in this case because only four data points 
are involved. 

The results of the Dragon ingress experiments were analyzed to 
determine a value for the effective reactivity to steam corrosion 
appropriate for the Dragon reactor. A value for Kc of 8610 ± 2100 en 3/ 
sec is obtained, subject to certain uncertainties. The principal 
uncertainty relates to the lack of a proper material balance in these 
experiments; about 40% of the added moisture was unaccounted for in 
the gaseous samples. The value for core reactivity quoted above is 
based on the assumption that this amount of "lost" moisture became 
permanently adsorbed somewhere in the primary system, and thus played 
no role i.i graphite corrosion. 

This estimated value of the Dragon core reactivity to steam 
corrosion may be used to obtain a corresponding value for an HTGR core 
by noting that approximately 

K a A a e*P W /p • 
(2) 

where A is the exposed surface area of the core, Aff is the activation 
energy Ta represents the average graphite temperature effective in the 
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corrosion reaction, and P is the total coolant pressure. By comparing 
Dragon and HTGR derign conditions and core configurations a value of 
Kc = 50,600 ± 12,300 cm'/sec is obtained for a 2000-HW(t) reference 
HTGR. This leads to the projected coolant impurity compositions as 
a function of steam ingress rate shown in Fig. 3.1, which shows that 
from 60 to 70Z of the moisture leaking into the primary system of an 
IITGR is anticipated to exist as H 20 when initial transients have 
leveled out. 
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Fig. 3.1. Impurity Levels vs H2O Ingress Rate Based on Dragon Experioents. 

An alternative estimate of the impurity composition in the coolant, 
which results from an assumed rate of steam ingress, was obtained by 
taking a range of values for the core graphite's reactivity given by 
three published kinetics equations. (The specific rate equation for 
the reference HTGR moderator graphite is not available at this time.) 
A computer program, termed TIMOX, was used to calculate the impurity 



68 

levels in primary coolant employing these estiaates of core reactivity. 
Soae results are shown in Fig. 3.2. Note that TIMDX predicts that a 
saaller fraction of inleaked HjO reaains as H 20 at the lover assuaed 
steaa ingress rates than for higher ingress rates, as opposed to a 
constant fraction illustrated in Fig. 3.1. The reason for this 
behavior Is that analysis of the Dragon data required the assuaption 
that the corrosion reaction was first order with respect to H2O, 
whereas TIMDX can incorporate the nonlinearities of the corrosion 
kinetics equation. A coaparison with Dragon data projections shows 
that TIMDX predicts froa 30 to 60* of the total oxygen to reaain as 

H2O at the lowest assuaed ingress rate of 0.001 g/sec. The range 
raises to froa 50 to 80Z for an ingress rate of 0.01 g/sec. At higher 
ingress rates, the iapurity composition tends to become predominantly 
H 20. 

STEAM MLEAKA8C BATE ( f /wc> 

Fig. 3.2. Equilibrium H2O Concentration vs Steam Inleakage Rate 
Calculated from Kinetics Equations. 
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3.3 GRAPHITE STRENGTH LOSS DUE TO STEAM CORROSION 
There is presently no fundamentally based theory to relate 

graphite loss of strength to degree of corrosion. In the absence of 
any theoretical guidelines, we adopted an eapirical correlation 
suggested by strength loss data presented by Helsby and Everett2 of 
the font 

FSL = p(7> • -Or- - h , (3) 

where FSL stands for fractional strength loss as a consequence of 
burnoff BO (g/c»2) (degree of corrosion). The term p» is the original 
graphite density less the density of material that remains after 
complete burnoff, and W is the specimen width. The multiplier P(T) 

is an empirical factor, which decreases with increasing temperature. 
The factors, BO/p^J/, signify the fractional depth of corrison assuming 
it to be entirely drawn from the surface of the member. The factor 
P(T) amplifies this hypothetical "onionskin" corrosion depth to 
account for the fact that the corrosive effect runs significantly 
deeper into the graphite. Data show' that the effective corrosion 
depth, and hence the factor P(T), increases with decreasing temperature 
for a given total degree of corrosion. 

Calculated penetration factors range from 1.8 at 1140°C to 
4.4 at 950°C employing the data of ref. 2. Extrapolating down to the 
core post temperature range involves considerable uncertainty. However, 
values of P(T) in the range 6.0 to 14 are obtained by extrapolation, 
where the range reflects the uncertainty of the extrapolation. A 
summary of estimated penetration factors, P(T), to be used in conjunction 
with Eq. (3) are listed in Table 3.2. 

Figure 3.3 compares the strength loss correlation with data on 
the accelerated corrosion of H327 graphite at 900*C. The comparison 
between the data and the correlation is deemed reasonably good since 
sample geometry, graphite type, and temperature all differed from the 
experimental conditions2 on which the correlation is based. 
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Table 3.2. Burnoff Penetratioa Factors as 
a Function of Teaperature 

Teaperature CO Penetration Factor 

1140 1.8 
1030 2.3 
950 4.4 
900 4.5-6.0* 
874 4.8-7.1* 
786 6.0-14* 

2 
Estiaated range by extrapolation. 
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Fig. 3.3. Changes in Strength of 13-aa-dlam (0.5-in.) Sanples of 
H327 Graphite After Accelerated Steam Oxidation at 900°C. 
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3.4 PREDICTED CORE POST BURHOFFS AND STRENGTH LOSS AT E.JD OF REACTOR LIFE 
The predicted core post burnoffs froa 40 years of continuous steaa 

ingress are shown in Fig. 3.4 for the core post at the assuaed noainal 
coolant exit temperature vith noainal purification flow assuaed. The 
burnoffs, expressed in ag/ca2, were coaputed froa 

8 5 . 1 * 1 0 « . p H 2 O e x p ( ^ ) 
1 + 3560 (P„ 2 + P c o ) + 6950 ?„,<, » (4) 

where the rste R is given in teras of aole/ca2*hr, the partial pressures 
are in ataospheres and teaperatures in R. The calculation used published3 

accelerated steaa corrosion data2 for ATJ graphite, the present leading 
candidate for the core support post aaterial. Because of soae uncertain 
features wi;h respect to these published data, Eq. (4) aust be taken 
as an approximation only. 

0001 001 01 
STEAM M0KSS MATE ( « / « c ) 

Fig. 3.4. Core Post Burnoffs at End of 40-year life - For Nominal 
Core Post Temperature and Nominal Purification Flow. 
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The four curves shown in Fig. 3.4 pertain to four different 
estimates of the iapurity ataosphere at the stated ingress rate. The 
curve labeled "Dragon" refers tc burnoffs calculated from HTGR iapurity 
levels predicted froa Dragon steaa ingress data as basis for predicting 
core reactivity to H 20. The iapurity levels used to obtain this curve 
are fclven in Fig. 3.1. The remaining three curves were obtained froa 
iapurity levels predicted with TDUX for three assumed corrosion rate 
expressions for the core graphite. 

Figure 3.4 shows that at low steaa ingress rates predicted 
burnoffs range through about a factor of S, depending on the 
assumed core reactivity, which eteraines the environment that the 
core post experiences. The range begins to narrow for assumed ingress 
rates of about 4 mg/sec and reaches only about 501 for ingresses of 
40 mg/sec and above. The reason for this is that the ATJ corrosion 
expression tends to become zero order (i.e., independent of H2O 
concentration) for the higher concentrations resulting froa the higher 
ingress rates. Therefore, core reactivity is a less sensitive paraaeter 
at the higher values of steaa ingress. 

A aaxiatf! allowable core post strength loss of 50Z due to corrosive 
effects was estimated on the basis of aaxiaua allowable stresses given* 
in GASSAR-6, estimated post loads, and aaterial properties. The core 
post safety factor is approximately 10 at start of life and must never 
diainlsh below a safety factor of 5.* 

The degree of burnoff estimated to cause the maximum allowable 
strength loss of 50Z is indicated by the horizontal band in Fig. 3.4. 
This range was determined by setting the fractional strength loss 
(FSL) to a value of 0.5 in Eq. (3) and using the core post diameter, 
D, of 15 cm (6 in.). Solving Eq. (3) for the burnoff for 50% strength 
loss yields 

*Review consents, however, have called attention to the fact 
that these values pertain to normal operating conditions. Maximum 
allowable strength loss during upset conditions is presently set 
below 502, at approximately 22Z. Therefore, continued reactor 
operation would require aore stringent requirements on allowable 
core post strength loss than assumed in this study. 
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where P(2") are temperature dependent factors given in Table 3.2. For 
an assumed noainal core post temperature of 786*C, ?(!*) is estimated 
to range between 5.95 and 14.0, which yields the indicated uncertainty 
band fox 307 strength loss. 

Figure 3.4 shows that for continuous ingress rates below 24 mg/sec 
there is a zero probability of 502 strength loss at the end of the 
40-year life, fcr this case assuming nominal core post temperature. 

Continuous ingress rates above 24 mg begin to show some overlap 
in the range of predicted burnoffs with the range, which could result 
in 50Z strength loss. Hence, ingress rates above 24 mg/sec yield 
some nonzero probability of 50Z strength loss. A general method for 
predicting the probability that an estimated range of burnoffs would 
cause 50% strength loss may be developed if one knows or assumes the 
probability density function within each uncertainty band. We have 
prepared a method based on an assumed constant probability density 
function for each case, equivalent to assuming that the actual burnoff 
may be with equal likelihood anywhere in the stated range, and the 
actual buri.off causing 50% strength loss could with equal likelihood 
be ->ny value within the stated range (620 to 260 mg/cm2 in Fig. 3.4). 
The probability for 50% core post strength loss is given by 

(i/2 - T l ) 2 

P(50) = ^7 r-7 r- , (6) 
2(x 2 - Xi)Q/: - yi) 

where 
P(50) * probability for 50% core post strength loss, 

yit i/i * upper and lower limit to predicted burnoff range, 
X2, xi = i.poer and lower limit to burnoff range for 50% 

strength loss. 
Equation (6) applied to the case shown in Fig. 3.4 where the error 

band for predicted burnoffs intrudes partially into the lower portion of 
the error band for 50% strength loss. 
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Applying values from Fig. 3.4 to £q. (6) indicates that the 
probability of 502 core post strength loss at 1.0 g/sec continuous 
ingress rate equivalent to a total c-xygen level of 850 vol ppm is 82. 
For an assumed ingress rate of 0.1 g/sec corresponding to a total 
oxygen level of 85 vol ppm, Eq. (6) predicts a 22 probability of 502 
core post strength loss. Ingress rates below 25 mg/sec, equivalent 
to 21 vol ppm total oxygen in the coolant, yield no overlapping region 
of estimated core post burnoff and .range for 502 strength loss, hence 
show zero probability for 502 strength loss. 

These results apply to the core support posts at the nominal 
coolant exit temperature from the core. Since the corrosion rate 
dcibles approximately for each 30*C temperature rise under these 
conditions, the temperature variability in the core post regions 
assumes great importance. At this time -he maxir.um sustained tempera
ture experienced by the core support posts is not known; however a 
reasonable judgment may be made that is in the neighborhood of 102 
above the average. Our analysis shows that the probability of 502 
strength loss due to corrosion effects on the core posts is signif
icantly higher for these hotter ports. 

It should be emphasized that the assessment here summarized 
pertains to a support post design outlined* in GASSAR-6, available 
during the time of the study. Design changes contemplated at this 
times include a change in core post material and an increase in 
diameter from the value of 0,15 m (6 in.) stated in GASSAR-6. The 
latter change will likely greatly affect the conclusions, and hence 
the assessment should be reviewed when the newer design becomes fixed. 
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4. SEISMIC AND VIBRATION TECHNOLOGY 
PRELT.4INARY ASSESSMENT OF THE GENERAL ATOMIC COMPANY CORE 

SEISMIC PROGRAM 

H. A. Nelas and J. P. Callahan 

4.1 SCOPE 
The ultimate objective of Task Area 4 of the ORNL HTGR Safety Program 

is to identify the HTGR components that have a safety-related function 
that might be subjected to potentially damaging viuration or seismic 
loadings and to assess the design criteria and activities directed 
toward mitigating the detrimental consequences of these loadings. In 
this chapter the GA core seismic program will be reviewed. 

Many cowolex and especially unique engineering problems can be 
resolved by solving a set of simple problems that either bound the 
significant variables or provide the basis for a simplified mode1, that 
includes the significant parameters. General Atomic expects to resol-.v 
the HTGR core seismic design problem using such an approach. The ongoing 
seismic program is oriented toward developing an analytical model, or 
models, that can be used to ensure '..hat both safety and functional design 
criteria are fulfilled. Portions of the GA analytical and experimental 
programs have been completed, but a number of significant experiments 
and analytical developments have yet to be completed and/or documented. 

The various aspects of the GA analytical and experimental program 
will be outlined in this report. Immediately following the scoping 
statement, a general description of the seismic design problem and the 
design criteria is given. That discussion is followed by a description 
of the GA experimental program by task area and a description of each 
computer program being developed. Finally, a summary and recommendations 
are given. 

4.2 PROBLEM DESCRIPTION 
The components of an HTGR core are routinely subjected to pressure, 

thermal, and gravitational loadings. These loadings induce strains and 
displacements, which, for the most part, can be evaluated by conventional 
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techniques to determine whether or not material or functional limits 
have been exceeded. Haterial limits are normally stated in terms 
of allowable stress, or number of cycles at a given stress intensity; 
and functional limits may be stated in a number of ways depending 
on the particular case ~ such as minimum elegance between mating 
parts or their alignment. 

In addition to the consequences of ordinary loadings such as 
pressure, weight, etc., the effects of transient loadings occurring 
as a result of seismic events and flow-induced vibration must be 
evaluated. The central problem is to formulate for the core an 
evaluation procedure that can predict ~ for the various conditions 
of the core in the course of its life — forces, force repetition, 
strains, and displacements that can be combined with similar effects 
produced by the steady-state loadings and judged on a rational basis. 

Once these fundamental quantities are determined, the combination 
of effects from the various loadings to which the core components 
will be subjected can be evaluated. It is these quantities that 
one will expect to see as a final product of the core seismic program. 

Along the way toward final quantification of the effects of a 
seismic event, a great deal of information will necessarily be produced, 
especially by the experimental program. Impact characteristics, modal 
characteristics, and damping parameters will be output from the 
various experiments. Hopefully, both quantitative and qualitative 
information will be forthcoming that will increase confidence in 
the models used and permit further simplification of the models. 

4.3 DESIGN CRITERIA 
There are three general groupings of components within the 

PCRV central core cavity. They are (1) the core assembly, which 
consists of the fuel columns, the control fuel columns, and the 
removable -i de reflector columns; (2) the reactor vessel internals 
(as defined in the Summit PSAR), which consist of the core support 
structure, permanent side reflectors and borated shield, and the 
cora lateral restraint structure; an^ (3) the reactivity control 
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systems, which consist of the control rods, the control rod drive, 
and che reserve shutdown system. The sensitivity of each of these 
groupings to a seismic event is different, as is the relative 
sensitivity within a grouping. Thus, the seismic design criteria 
of each grouping must be considered separately. 

Seismic criteria for the components mentioned above are stated 
in both quantitative and qualitative terms. Generally, and 
especially for structural components such as core support posts 
and lateral suppc. c exponents, the seismic design criteria are 
stated initially in terms of a set of load combinations that include 
various combinations of normal and emergency loadings, including 
seismic loadings. Even qualitetive criteria such as "no core element 
disarray" or "maintenance of sufficient coolant flow," which have 
been specified, will most likely be evaluated on the basis of load 
resistance. 

At this time, a complete, detailed statement of the seismic 
design criteria for each component located inside the PCRV central 
core cavity is not in hand. The existing detailed core design 
criteria are expected to continue to evclve as additional data 
become available from the experimental -program, because it is 
from the experimental program that characterizations of loading 
intensities and frequencies and kinematic relations will evolve. 
The analytical studies may lead to minor alterations in the core 
design criteria, but the likelihood ct major changes in basic 
design criteria evolving from analytical efforts, as opposed to 
experimental studies, appear small at this stage in th<> CA program. 

Some general observations will be ir.-ij. withou' oenefit of a 
detailed statement of the seismic design criteria. A general 
discussion of the three major component groupings defined above 
'.s given in subsequent paragraphs. 
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4.4 CORE ASSEMBLY 
The major coaponents of the core assembly are the fuel columns, 

control fuel columns, and the removable side reflector columns. 
Each of the columns is topped vith a keyed reflector element fabricated 
from steel stock and designed to meet the requirements of Subsect. NG 
Sect. Ill of the ASHE Boiler and Pressure Vessel Code. The fuel 
and control fuel columns consist of eight active fuel blocks with 
two reflector blocks at the bottom and top of the fuel region. The 
removable reflector blocks are solid graphite. There are blocks 
of different length in each type of column. 

Aside from the purely nuclear functions of these columns, they 
serve two fundamental engineering functions. A portion of the 
coolant flow channel network is pr vided by the columns, and the 
control fuel columns provide the channels into which control rods 
and reserve shutdown material can be inserted. 

A general statement of criteria for the fueled columns, as 
stated in the Siamtit Power Station Preliminary Safety Analysis Report 
(PSAR) is as follows. 

1. One-half safe shutdown earthquake: No core element 
disarray or damage shall occur such that normal full 
power operation cannot be maintained or resumed, 
(upset condition) 

2. Safe shutdown earthquake: The core elements shall 
retain their structural configuration to allow 
sufficient control poison to be inserted into the 
core to ensure safe shutdown and allow sufficient 
coolant to be maintained through the coolant 
channels to remove the reactor core decay heat, 
(faulted condition) 

The two items of snismic criteria enumerated above are stated 
to be for "fueled colutrns" in the Sunmit PSAR but use the terminology 
"core element," which is defined elsewhere in the PSAR to Include 
removable side reflector columns. The enumerated items appear 
reasonable as general criteria statements for the fueled columns. 
It does not seem necessary, although we see no objection, to 
apply the same seismic criteria to the removable side reflector 
columns. 
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The "disarray" mentioned in the first PSAR statement, in 
reference to the core components, could in principle be produced by 
(1) shearing of the dowel pins between adjacent blocks in a column, 
(2) excessive rotation between adjacent blocks in a column such 
that the dowel pins are disengaged, or (3) a through-crack in a 
block. This last mechanism would appear to be unlikely unless a 
very large crack were already present at the time of the seismic 
event. The number of occurrences of any one of these events, or a 
combination of the three, that could be sustained without significantly 
affecting either the maintenance or resumption of full power should 
be one facet of the detailed criteria. Chipping or cracking short 
of through-cracks might occur without disarray, but this sort of 
damage does not appear to pose a threat to the structural integrity 
of the core. 

For the safe shutdown earthquake (SSE) condition, the principal 
concerns are that (1) the control fuel columns remain sufficiently 
aligned to permit the insertion of the control rods and the reserve 
shutdown spheres and (2) that the core elements retain their 
structural configuration to the extent that adequate cooling is 
possible. Here again, shearing or disengagement of the dowel pins 
is a concern. Rotation (in a vertical plane) leading to insertion 
of the reserve shutdown spheres into the coolant stream is a 
possibility although apparently not a highly probable event. 

If gross disarray does not occur, the major question appears 
to be whether or not the seismically induced motion will be sufficient 
to significantly impede thr> insertion of control rods. Since control 
rod insertion times of 25 to 35 sec are permissible and since this 
length of time is as long or longer than the duration of the 
probable earthquake, the answer to this question appears to be 
that an appreciable impediment to control rod insertion is permissible 
so long as insertion is not prevented. 
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4.5 REACTOR VESSEL INTERHALS 
The principal reactor vessel internals are the core support 

structure, which consists of the core support blocks and the core 
support post, the permanent side reflector, and the core lateral 
support structure. The Summit PSAR states that the seismic loadings 
on these components are to be determined by the CA experimental 
program, with the results being supplemented by analyses. 

The basic mechanical requirement of the core support structure 
is to provide vertical support during all conditions of loading 
and, in conjunction with the lateral restraint structure, provide 
the horizontal support for the lower end of the core. The Summit 
PSAR defines the design loadings as follows: 
1. dead weight + weight of core + normal pressure drop + normal 

thermal loads + maximum predicted PCRV movements (normal 
conditions); 

2. as under 1. + one-half safe shutdown seismic loads (upset 
conditions); 

3. dead weight + weight of core + design basis accident 
pressure drop; and 

4. as under 3. -I- safe shutdown seismic loads (faulted condition). 
The safety factors incorporated into th.? design of the core 

support blocks and posts for normal operating conditions are stated 
by GA to be approximately 5 and 11, respectively. It is expected 
that the loadings produced by the SSE will significantly increase 
the peak stresses in these components, but that there will still 
be a safety factor of approximately 3 for the support blocks and 
approximately 7 for the posts. The safety factors stated for 
the posts relate to Hertzian stresses at the ends of the posts. 
The length-to-diameter ratio of the post, approximately 13, is 
such that buckling is highly improbable. Tliese safety margins, 
if attained, are substantial but are justifiable on the basis of 
the important functions of these parts. 
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The core support columns are very simple structural members 
with respect to both loading and geometry and are apparently designed 
very conservatively. The peak stresses are Hertzian at the 
extreme ends. Consequently, localized failure at the extreme ends 
of the columns is the most likely stress-related failure. Unless 
environmental factors cause deterioration of mechanical properties, 
a mechanical failure of a core support post as a result of normal 
or emergency loadings appears unlikely. 

One can postulate that, as a result of seismically induced 
motion, a core support post might become disengaged from the post 
sockets. Should one or more of the support posts in a localized 
region become disengaged, the consequences could be^serious. 
This is not to suggest that such an event is probable or that there 
is even a significant probability of its occurring. Disengagement 
of a support post from its socket appears to be highly unlikely. 
However, the possible serious consequence suggests that specific 
criteria addressing this point should be developed and experimental 
evaluation should be considered. 

The core support blocks serve two basic structural purposes: 
(1) to transfer the core and permanent side reflector loads to 
the support posts and (2) to provide horizontal support for the 
lower end of the core. The support blocks also serve as collectors 
for c >lant flow from the core. /,s noted previously, preliminary 
results indicate fairly comfortable safety margins for both normal 
and SSE conditions. Here again, as for the core support posts, 
the potentially serious consequences of a failure dictate the need 
for specific design criteria and strongly suggest experimental 
verification. 

The basic criterion for the permanent side reflector and borated 
shield is that they remain structurally sound during a seismic 
event. Presumably, some damage in the form of cracking, chippii:?, 
and even slight misalignment is permissible. So long as damage of 
that type is slight, the ability of the side reflector to restrain 
core motion would appear to be preserved and cooling passages would 



64 

not be significantly altered. Although normal operating conditions 
produce modest loads on both the side .*flector and borated shield, 
seismic loads could be significant. Th -» loadf <rill be a matter 
of study in the GA experimental program. 

During a seismic event, the core lateral restraints serve 
their basic restraint function and diminish the loading transmitted 
between the core and the PCRV. The magnitudes of the seismic 
forces transmitted by the lateral restraints are to be evaluated 
during the planned GA experimental program. The lateral restraint 
components are to be designed to meet the requirements of Section III 
of the ASHE Boiler and Pressure Vessel Code. 

4.6 REACTIVITY CONTROL SYSTEMS 
The reactivity control system consists of the control rods, the 

control rod drive assembly, and the reserve shutdown system. For 
these systems to function, not only must their own seismic design 
criteria be met, but that of the core, and particularly that of 
the control fuel elements, must be met. The direct effects of 
seismic forces on the reactivity control systems do not appear to 
constitute a serious problem. Thus, if the core seismic design 
is adequate, the probability of successful insertion of both the 
control rods and the reserve shutdown spheres is high. 

The design criteria for the control rods and drives that relate 
to seismic events may be summarized as follows: 
1. The control rods and drives shall be designed to provide the 

normal mode of reactivity control during upset conditions. 
2. There shall he no loss in reactor trip capability during 

emergency and faulted conditions. 
3. Structural integrity shall be maintained during upset, emergency, 

and faulted conditions. 
4. The control rods shall be capable of traversing the full length 

of the cor.trol rod channels by gravity fall under upset, emergency, 
and faulted conditions. 



65 

The criteria for the control rods and control rod assemblies 
may be sorted into functional and mechanical categories. The 
functional criterion relates to the kinematics of individual 
components and their interaction. The mechanical criterion that 
refers to load carrying capability appears to be the less worrisome 
of the two types of criteria. Both types of criteria are to be 
tested in the planned experimental program. 

The reserve shutdown system is an elegantly simple system 
insofar as seismic events are concerned. The redundant actuation 
system minimizes the chance of a loss of actuation capability due 
to a seismic event. Inadvertent actuation due to seismic loading 
does not pose a safety question. The principal concerns, insofar 
as a seismic event is concerned, will be adequate design of the 
guide tubes and sizing of the shutdown material balls so that the 
likelihood of their escaping from their assigned channel in the 
control fuel elements is suall. The guide tubes are simple, albeit 
important, components, which should present no design problem. 
Currently the plan is for the reserve shutdown material to be in 
the form of 14-mrn-diara (9/16 in.) spheres. During a seismic event, 
each column element will rotate relative to its neighbors. This 
rotation j>"ĉ a the possibility of the spheres escaping their assigned 
channel into the space between adjacent columns. Thus, for any 
given size of sphere, a limit on the maximum rotation permissible 
between any pair of column elements will be imposed if loss of 
reserve shutdown material from its assigned channel is to be guaranteed 
by purely geometrical considerations. 

The capability of maintaining the shutdown material in its 
assigned position should be addressed in the design criteria for 
the core. To some degree, the question of loss cf reserve shutdown 
material will be answered by the proposed experimental program. 
Whether or not the geometry of the system provides sufficient control 
on the disposition of the spheres can easily be observed. It does 
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not appear possible, as a part of the planned experimental program, 
to investigate the effects of coolant flow on the disposition of 
the reserve shutdown balls. 

4.7 EXPERIMENTAL PROGRAM 
The usual course of an experimental program is to (1) state the 

objectives, (2) design the model, (3) perform the experiment, and 
(4) reduce the data to a usable form. At this point the data may 
be used to support analytical results, or the data may be combined 
with the results of other experimental and/or analytical studies to 
produce a single parameter of merit. One may decouple mathematically 
various aspects of a problem, but, in a practical sense, the problem 
remains coupled. Titus, the overall plan for an experimental program 
must be formulated with the end use in mind. 

The main objective of the CA experimental program appears to be 
support and verification of the analytical tools that will be used 
in the design of actual components. However, some facets of the 
experimental program, such as the control rod and reserve shutdown 
material insertion tests, are directed toward specific proofs of 
functional capabilities, and the Summit PSAR suggests that the 
specific determination of loadings for some core support components 
is the aim. 

The nature of the information desired from the various experimental 
tasks will be a major point of consideration for this assessment 
activity. For some of the proposed tasks, the nature of the information 
desired is clear. For cases wheri experimental models can, for 
practical purposes, be characterized as exact representations of the 
prototype, direct correlations can be mad*.. Where it is necessary 
to deviate significantly from exact modeling, careful attention will 
have to be given to interpreting the resulting test data. 

Both experimental and analytical engineering evaluations are 
to some degree exercises in modeling. Frequently, sophisticated 
analytical characterizations can be formulated, and, almost as 
frequently, one finds thet for want of time, specific data, or 
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computer capability the sophisticated analytical formulation 
must be compromised. Thus, one resorts to using simple models 
coupled with greater safety factors. Extremely complex problems, 
such as the seismic analysis of an HTGR core, may require several 
simplified models to bound the significant variables. It is not 
necessary that each model be exact if it can be shown that the 
characteristic of interest is loosely coupled to parameters not 
modeled exactly. 

The four general groupings of experiments being conducted by 
GA are (1) tests on specific components, (2) tests to determine 
basic characteristics such as contact time during impact and 
coefficient of restitution, (3) tests with subassemblies such as 
the column tests, and (4) tests on complete assemblies. Each 
grouping and the specific tasks within etch grouping can be visualized 
as elements of the matrix that characterizes the HTGR core seismic 
problem. The object is not necessarily to identify all elements of 
the matrix but to ensure that the significant elements are defined. 

We have not received specfic docnQc-ntation relating to tests 
of specific components. It is our understanding that, as a part 
of the GA-CEA joint effort, testing of graphite core support posts 
as a function of length-to-diameter ratio has been essentially 
completed and that tests to evaluate the performance of the core 
spring boundary design have also been completed. As documentation 
relating to tests of specific components becomes available, it will 
be included in this assessment program. 

The remainder of the general groupings, consisting of items 
(2), (3), and (4), make up the subject of a ten-task experimental 
program. The following discussion of the tasks is based on presentations 
by GA personnel and the Summit PSAR. 

Task 1. Collision Dynamics 
The core of an HTGR consists of several hundred tightly packed, 

hexagonal columns of graphite. These columns are composed of fuel, 
reflector, and control fuel elements, which vary in length from 
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0.38 to 0.79 m (15—31 in.). The elements are stacked end-to-end to 
form the columns. Seismically induced motion of the columns will 
probably cause them to impact with each other and with the permanert 
side reflectors. To evaluate the consequences of the impact, it 
is necessary to develop an understanding of the impact parameters 
such as contact time, forces, and coefficient of restitution. The 
collision dynamics tests are for that purpose. 

In these tests one pendulum-mounted graphite element is 
displaced from its equilibrium position and released so that it 
impacts with a second similarly mounted element. Impact velocity 
is varied by changing the position o f the initially displaced element. 
Full, one-half, and one-fifth scale models of unirradiated graphite 
have been used. The hole pattern of the prototype is used in the 
full-scale model. In the one-half and one-fifth scale models the 
hole pattern is varied to obtain the correctly scaled mass and 
coefficient of restitution but the across-the-flat stiffness of 
the element is not scaled. 

Impact velocity is varied and contact time and coefficient of 
restitution are studied. The coefficient of restitution has been 
found to vary from about 0.15 for an impact velocity of 1.5 m/sec 
(5 fps) to 0.35 for an impact velocity of 9.1 m/sec (30 fps). Contact 
time as a function of impact velocity was found to be highly 
nonlinear over the range of 1.5 to 3 m/sec (5—10 fps) but fairly 
constant beyond 3 m/sec (10 fps) to about 9 m/sec (30 fps). 

Tests such as these provide data essential to the formulation 
of more complex experiments. Flat-face impact was the initial 
subject of study, but tests using other impact orientations were 
scheduled to be completed In early 1975. Since impact at many 
orientations may occur during an actual seismic event, additional 
tests of this type may be useful. Also, since characteristics 
such as coefficient of restitution are functions of the materials 
being evaluated, one must define such characteristics in terms of 
temperature, radiation dose, etc. or show by other means that the 
data taken can be conservatively used. 
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Task 2. Multiblock Collision Test 
The tests conducted in this task area had the same general 

objectives as Task 1 tests. Here again, the across-the-flat 
stiffness of the blocks was not scaled, and the pendulum mounting 
arrangement used in the Task 1 tests was employed. These tests were 
scheduled to be completed in early 1975. 

Task 3. Basic Rocking Test 
The purpose of these tests, as for the tests in Tasks 1 and 2, 

is to provide fundamental information needed to formulate more 
complex experiments and to provide data required in the development 
of computer codes. In these tests various numbers of one-fifth 
and full-scale blocks are stacked vertically. The column is 
displaced, released, and allowed to "rock" until equilibrium is 
attained. Dowel forces and vertical forces acting on the blocks 
are to be monitored. It is not clear at this time whether or not 
coefficient of restitution, contact time, or damping will be 
studied. These tests were scheduled to be completed in late 1974. 

Task 4. Single Column Test 
This is one of a group of tests that may be classified as 

subassembly tests. In this effort a single, one-fifth scale column 
is subjected to vertical excitation, .simultaneous excitation along 
the vertical and one horizontal axis, and simultaneous excitation 
along two horizontal axes. The extent to which impact with adjacent 
columns will be accounted for in the model or whether or not the 
core support structure is modeled very precisely is not clear. 

Late in the fall of 1974 these tests were targeted for completion 
in early 1975. The studies in this task area will be closely 
aligned with the development of the COCO and SECA computer program 
series. 

The tests planned for the Task 4 activity are an excension 
of a series of scaled-column tests in which sinusoidal excit.itions 
were imposed on the ends of scaled single columns of 14 fuel and 
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reflector elements. A one-fourth scale graphite column, one using 
an acrylic material, and a one-eighth scale graphite column were 
tested. The axial forces due to pressure drop across the core 
were simulated. The input frequency, displacement, and acceleration 
were varied during the test. These tests were directed toward 
developing an understanding of "column effects" on a planar array. 

Tasks 5 and 6. Two-Dimensional (horizontal Core Slice) Tests 
These tasks are, respectively, one-fifth and one-half scale 

models of a horizontal slice of the core. The one-fifth scale 
models are one block deep and have 73 elements in the two-dimensional 
array. These are additional examples of subassembly tests. Here 
again, these tests will provide another stepping stone to three-
dimensional experiments and will provide input for the development 
of the CRUNCH and COSAM computer program series. These tests were 
scheduled for completion in mid-1974. 

The model used in the one-half scale tests can be visualized 
as a section of the core lying between two horizontal planes. 
Actually, there t-ould be several hundred columns cut by this set 
of horizontal planes, but, to simplify the experiment, only 91 
elements are used in this model. Uniaxial excitation was employed. 

The objectives of these tests, as stated in the Summit PSAR, 
are as follows: (1) "obtain the effect of change in core gap on 
core resonance, fuel block impact response, and boundary response; 
(2} correlate results from two-dimensional analytical models with 
test results; (3) obtain further data in aid of verifying the model 
scaling factors for fuel block impact time, stiffness, and force 
as well as boundary support force and verifying block motion 
characteristics." 

Task 7. Two-Dimensional, Two-Axis Test 
This task is an extension of Tasks 5 and 6. The one-half 

scale, 91-element model is to be subjected to excitation (1) along 
an axis perpendicular to a flat of an HTGR core element, (2) along 
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an axis aligned "across corners" of an HTGR element, and (3) then 
simultaneously along two axes. Test (3), with properly chosen 
axes and loading, shoulu give the same result as test (2). Again, 
this is a subassembly test, another stepping stone to three-
dimensional tests, and the data obtained will provide input to 
the development of computer program CRUNCH 2D. These tests are 
scheduled for completion in early 1975. 

Task 8. One-Fifth Scale Full Array Dowel Force Test 
This is the first in a series of tasks that may be described 

as full assembly tests. The test model included a simulation of 
the PCRV, the lateral restraint components, permanent reflector, 
and core columns. The support columns were not included as part of 
the physical model. A wide range of data including boundary forces, 
displacements, and vibration characteristics was taken. These 
tests were conducted at Wyle Laboratories. 

In this test program the model was excited along a single 
horizontal axis during any one specific test. The directions of 
excitation input were "across flats" and "across corners". The 
response of the model in a direction perpendicular to the axis of 
excitation was sported to be weak. Real time histories of 
earthquakes, synthesized time histories, and sinusoidal inputs 
were used as excitation inputs. 

Task 9. One-Fifth Multiaxial Test 
This is an extension of Task 8. For this task the mod^l will 

be modified and multiaxial excitation will be employed. Changes 
in the model that are being considered include modifications of 
the spring packs and the core barrel and physical modeling of the 
support structure. Completion of this task is not expected until 
late 1975. 
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Task 10. One-Fifth Pull Array, Control tod Test 
This is a farther extension of Tasks 8 and 9. The objectives 

are to (1) determine the effects of the control rod and guide tube 
assemblies on the dynamic response of the HTGR core, (2) demonstrate 
control rod insertion during and after a seismic event, add (3) 
demonstrate reserve shutdown system operation during a seismic event. 
The model used in Tasks 8 and 9, with modifications and additions, 
will be utilized. 

4.8 ANALYTICAL PROGRAM 
The 2000-Mf(t) HTGR core consists of 343 columns surrounded 

by an additional 72 columns of replaceable reflector graphite. Each 
column consists of 12 graphite blocks, so there will be approximately 
5000 graphite blocks within the bounds of the core supports and 
the permanent reflector. A first reaction might be to seJ.ct for 
analysis a model that represents each block as a lumped mass. 
If each of these masses were able to move vertically, cove in each 
of two perpendicular horizontal direction'", and rotate about all 
three axes, it would have 6 degrees of freedom. This would mean 
that the model would require approximately 25,000 degrees of 
freedom for the core and removable side reflector blocks alone. 
Additional degrees of freedom would be required for the permanent 
side reflector, plenum elements* and core supports. A model of 
this size would require a prodigious amount of computer storage 
and computation time and appears to be prohibitive from the 
standpoint of both time and cost. 

Given this limitation, it seems that less extensive, approximate 
models that can reduce the number of degrees of freedom to a more 

* 
manageable size must be used. Two approaches si.e possible. First, 
if certain aspects of the dynamic behavior of the core or parts 
of the core can be isolated, these effects can be investigated 
independently to determine their consequences and Importance to 
the general core behavior. As an example, the response of one 
Isolated column to a seisnic excitation might yield data that would 
explain the dynamic behavior of such a column and suggest ways 
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of Modeling the columns of the core structure with fever degrees 
of freedom. Secondly, assumptions concerning the antion that might 
exist for certain elements of the core would allow groups of 
elements to be combined into fewer elements of larger size, 
thereby reducing the number of degrees of freedom in the dynamic 
mathematical model. 

Seven analyses with associated computer codes are being 
developed by GA. These analyses fall into two groups. The first 
group attempts to model the reactor core as a number of adjacent 
rigid masses, eac\ representing a group of columns, connected 
by a linear spring and viscous damping element to the PCRV. In 
this model, provision is made for collision between adjacent 
blocks characterized by either an effective coefficient of resti
tution or nonlinear springs and spatial e"?»-

The second group of analyses is directed at predicting the 
dynamic behavior of a single column of blocks or a group of closely 
positioned columns of blocks. The blocks in any particular column 
are connected either by vertical-displacement-limited compression 
impact springs and rigid shear connectors, or by massless hinges, 
which allow blocks to rock one on the other. In the latter case 
the vertical impact is modeled again by an effective coefficient 
of restitution. 

Acronyms have been given to the computer codes associated 
with the analysis of each of the seven mathematical models. A 
brief description of each of these follows 

Group I Codes 
PIC. In this code, which is not currently being used, each 

column of blocks 1? assumed ro deflect as a beam supported at its 
ends and bending in its first normal mode of vibration in each of 
two transverse directions. If such an assumption is made, the 
deflected configuration of the column can be specified by the midspan 
deflection in each of the two horizontal directions. This is 
equivalent to a vibrating mass with two horizontal degrees of 



74 

freedoa supported froa the boundary by springs that siaulate the 
stiffness of the column at nidspan. Viscous damping elements 
connecting each mass with the boundary represent the energy 
dissipating mechanisms present in the vibrating coluan. 

The possible collision of each aass with adjacent masses 
representing other coluans aust be taken into account. In this 
aodel this is done by letting each aass have a horizontal circular 
cross section (i.e., puck-shaped masses). The collision process 
is assumed to take place over very short periods of tine, and 
consequently the aoaentua of the pucks involved in any particular 
collision is conserved. The energy lost during the collision 
is represented by an effective coefficient of restitution for the 
pucks. The excitation is applied by imposing on the boundary (PCRV) 
the appropriate acceleration versus tiae. The equations of 
action are integrated numerically while interaittently considering 
the puck collisions as they occur. The results of such an analysis 
will be puck displacements, spring forces (stresses), relative 
velocities of adjacent pucks at Impact, and the frequency of 
occurrence of the iapacts. 

COS AM. Each coluan is allowed to deflect in only one horizontal 
direction, and a nuaber of coluans are coabined to form each block 
aass in the one-dimensional array. Again each aass in the array 
is connected to the boundary (PCRV) by a nonlinear spring and a 

- viscous daaping eleaent simulating the coluan lateral stiffness 
and daaping. The collision resilience is modeled by interblock 
springs that act in compression only and are loaded only after 
the relative position between the adjacent blocks decreases by an 
amount greater than a predetermined gap, which approximates the 
space between the HTGR core coluans. No provision is aade for 
energy loss due to impacting. The seismic excitation is again 
introduced by an appropriate one-dimensional acceleration-time 
history at the boundary. The result of this analysis gives eleaent 
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displacements and velocities, interelement collision forces, and 
boundary forces that represent the forces between the reflector 
blocks and the PCRV. 

CRUNCH. The mathematical aodel for this analysis is, similar 
to COSAM, a one-dimensional array of aass elements each connected 
to the boundary by a nonlinear spring and viscous daaping eleaent. 
The aass collisions are assumed to take place instantaneously, 
and thereby momentum of the elements involved in the iapact is 
conserved. In addition, an effective coefficient of restitution 
is used to account for the energy lost during the iapact. The 
one-dlaensional accelerogram excitation is applied at the boundary, 
and t'ie equations of notion are Integrated, giving predictions of 
the saae quantities as COSAM. 

CPUHCH 2D. In this analysis the collision dynamics is tested 
the same *s it is in CRUNCH. The masses are arranged in a two-
dimensional horizontal array, each connected to the boundary in 
the same way as in CRUNCH. The excitation consists of the 
simultaneous application of an acceleration versus time in each 
of the two horizontal directions at the boundary. This analysis 
will be used to obtain more information on the distribution of 
collisions among columns and the effects of simultaneous boundary 
accelerations in the two horizontal directions. 

Croup II Codes 
COCO. A single column of blocks is analyzed. The blocks can 

rotate and move vertically and in one horizontal direction. Th* 
boundary acceleration excitation is either vertical or in one 
horizontal direction or vertical and horizontal simultaneously. 
As the blocks move they are allowed to rotate relative to each other 
to account for the possibility of one block rocking on top of 
another. As the block rocks about one edge and then rocks back, 
a vertical impact takes place when the horizontal faces meet. 
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The vertical Impact is Modeled by vertical iapact springs 
and viscous dan). *•*. Each block is connected to the blocks 
just above and below by Jewels that allow relative rotation of 
the blocks but no horizontal differential novenent of corresponding 
points on the faces of adjacent blocks at an interface. In 
addition, collision with the boundary is also modeled by the 
inclusion of impact springs and dampers between each block and 
the boundary. The results of this analysis will be vertical, 
horizontal, and rotational displacements of each block together 
with dowel shear forces and vertical and horizontal collision forces. 

SECA. The SEC* model consists of a stacked column in wiich 
the vertical impact between blocks due to rocking is modeled by 
using conservation of momentum and an effective coefficient of 
restitution. In the horizontal direction th..- collision of the 
column with the boundary is also modeled by using an effective 
coefficient of restitution. No momentum consideration is made 
for this impact because of the indetemlnant mass associated with 
the boundary during the collision with a block. 

Ifctlti-COCO. The model used in this analysis is an extension 
of that for COCO. The model consists of a series of closely 
spaced columns arranged side by side. These columns represent 
the core columns and support structure in addition to the core 
lateral restraint structure. The block-to-block vertical impact 
and the impact between columns and between the outermost columns 
and the lateral restraint are represented by springs and damping 
elements. The results of this analysis will give more information 
about the dynamic forces in the interblock dowels and about 
the block displacements and the horizontal and vertical impact 
forces between blocks. In addition the analysis will give the 
dynamic forces that will be experienced by the core support 
blocks and core support posts. 

Also, the predicted displacements will give information with 
which the possible disarray of the blocks may be Investigated. 
Both vertical and horizontal excitation is applied. 
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Multi-SECA. The model used is a series of stacked columns 
as used in Multi-COCO. In this analysis the vertical and 
horizontal impact process is taken into account by the use of 
momentum conservation and an effective coefficient of restitution. 
The results of this analysis will be predictions of the same 
quantities as given by Multi-COCO. The cost of using this code 
is estimated to be much less than that of Multi-COCO. 

4.9 SUMMARY AMD RECOMMEHDATIOHS 
This assessment is a sketch of the GA core seismic program. 

For the most part, its contents represent what could be drawn from 
several oral presentations, data given in the Summit rSAR, and 
several published papers. The general iapression drawn is that GA 
has a vigorous and thoughtful program. The problem in hand is 
very complex and one for which there is no practical closed-form 
solution. Therefore, some uncertainty will be associated with 
whatever "practical" solution approach is pursued -

As noted previously, a thorough assessment of a problem 
solution can came only after all the pieces of the puzzle have been 
studied. The pieces of the puzzle in this case are documentation 
of experimental model development and analytical models, design 
criteria, and documentation of other analyses, the results of 
which will be combined with those of the seismic analysis. Since 
the GA program is now well along toward completion, it appears 
that much of the needed documentation should be available soon. 

We are not presently in a position to recommend additions 
or modifications to the GA seismic program. As noted, the program 
appears, from the Summit PSAR and oral descriptlcns that we have 
received, to be fairly broad in scope. Prudent recommendations 
for additional tasks that might be added to the GA experimental 
and analytical programs cannot be formulated without a more 
comprehensive and detailed description of the existing program 
than can be gleaned from currently available documents. Similarly, 
timely recommendations for modifications to ongoit.g efforts are 
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difficult under the best of circumstances. When the dissemination 
of documentation lags significantly, the best that one can hope for 
is to Influence the interpretation of experimentally derived 
data and of analytical determinations. 

To advance beyond the impression stage, the assessment 
activity will need additional information in the form of docu
mentation. It would be helpful to have a document that describes, 
in some detail, how all the pieces of the GA seismic program 
interact. A lag in documentation in an evolving program and, 
perhaps, a reluctance to disseminate preliminary documentation 
are understandable. However, if the assessment activity is to 
play a contributory role in the establishment of goals, an increased 
access to documentation is needed. 



5. COMPINEMENT COMPONENTS - PCRV TECHNOLOGY ASSESSMENT STUDY 

J. P. Callahan, D. N. Fanning, Z. P. Bazant,* E. G. Burdette,t 
D. W. f x>dpasture,t and D. J. Naus 

We are assessing the state of the art of prestressed concrete 
reactor vessel (PCRV) development. The study is divided into the 
following areas: 
1. concrete properties and construecion practices, 
2. analysis methods, 

-3. model testing, 
4. new materials development, 
5. instrumentation, 
6. prestressing, 
7. liners, 
8. penetrations, 
9. thermal barriers 2nd cooling systems, 
10. foundation and support systems. 

Published material is being collected and reviewed, and we are 
preparing assessments of the various special areas. The following are 
summaries of the reviews that have been completed thus far. 

5.1 STATE-OF-ART INFORMATION REVIEW 

5.1.1 Materials Characterization 
Available information concerning concrete behavior was reviewed 

to assess the constitutive relations incorporated in large-scale computer 
codes. Particular attention was given to time-dependent or creep 
behavior. Presently creep behavior is represented analytically by 
using an effective modulus of elasticity or using the principle of 
superposition of time histories together with a simplified account of 
aging and temperature variations. A rate-type creep law, which is 

*Cor.sulant from Northwestern University. 
tConsultant from the University of Tennessee. 
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applicable to mass concrete as veil as concrete with moisture exchange, 
is available for implementation into finite element codes. Advantages 
of the rate-type as opposed to an integral-type creep law include more 
accurate modeling of behavior for variable temperature and tumidity and 
reduced computer storage. 

5.1.2 General Design Philosophy 
The PCRV should respond elastically to short-term loads, whereas 

longer term stresses and strains are affected by creep and shrinkage' 
of the concrete, relaxation of tendons, and possibly fatigue. Inelastic 
response should occur only under severe overpressure. Although 
permanent localized damage may result, the structure remains stable. 

The analysis for service load conditions should include the 
temperature- and time-dependent characteristics of concr*>'°. Het 
compression in the concrete should be maintained under service load 
conditions. Limited cracking may be acceptable provided that passive 
reinforcement is used and the integrity of the liner is not impaired. 

Limit states wist also be considered in design. Five identified 
limit states are: 
1. limit of instantaneous linear elastic response, 
2. limit of instantaneous reversible overall response, 
3. limit of permissible deformation, 
4. limit of liner defect stability, 
5. limit (ultimate) strength. 

5.1.3 Model Testing 
The ASMS Code for Concrete Reactor Vessels and Contaimente specifies 

that models must be used in the design process whenever accurate analytical 
procedures for the ultimate strength have not been established or whenever 
models of a prototype of similar characteristics have not been tested. 
The type of behavior being Investigated determines the model size as 
shown below. 
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Model Purpose 

Elastic response 
Ultimate failure snde 
Long-ten loading 
Teaperature response (long ten) 
Teaperature response (short ten) 

Table 5.1 shows the models tested during the past 20 years, the 
type of tests, and research agency that c nducted the test. Host of 
the tests listed were performed on single -cavity Models with individual 
tendons oriented longitudinally and clrcumferentially. Six models of 
aulticavity PCRVs have been tested; only one of thea satisfied the 
size requirements of the ASHE Code for Concrete Reactor Vessels and 
Containments. 

There are four general categories of PCRV models. Saall-scale 
aodels aade of epoxy resin are used for determining elastic response, 
and saall-scale aodels aade of aicroconcrete are used to determine 
failure mode. Large-scale aoJels aade with essentially the concrete 
of the prototype vessel are used to study time-dependent response and 
behavior under thermal gradients. Models are also made of limited 
portions of the vessel to study in more detail localized conditions, 
such as head failure or stress concentrations in the vicinity of a 
penetration or cluster of penetrations. The practice in Europe has 
been to use 1/7 to 1/10 scale models for all PCRV structural response 
testing. It should be pointed out that thus far none of the aulticavity 
PCRV aodels have been subjected to thermal testing. This appears to 
be a serious deficiency even though single-cavity model test data is 
relevant to a considerable extent. 

5.1.4 Hew Materials Development 
Alternatives to conventional reinforced concrete were reviewed to 

determine their applicability to the fabrication of reactor containment 
structures. Fiber reinforced concretes, hydrothermal and refractory 

Minimum Dimensional 
Scale and/or Size 

1/14 
1/14 
1/7 
1/4 

0.6 a (2 ft) thickness 
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Table 5.1. PCK? Scale Models 
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cements, and concrete with pozzolans appear to be potentially cost and 
performance effective. Fiber-reinforced concrete aay have application 
in reducing the present congestion of conventional reinforcing in 
regions around penetrations and in duiaizin^ the possibility of 
developing an undesirable shear failure in the head region. 

5.1.5 Instrumentation 
The various types of coaaercial instrumentation used to monitor 

the behavior of concrete structures were reviewed to determine their 
applicability to PCRVs. The conclusions of this study were: (1) 
techniques for aeasuring temperature, aeasuring prestressing forces, 
and detecting cracks are well established; (2) the effects of tempera
ture and radiation and the long-term stability of concrete embedment 
.tages used for strain evaluation need investigation; (3) the concrete 
embedment gages available for stress deterainations are not completely 
citisfactory because of their large size, inability to measure tensile 
stresses, and relatively high cost; (4) the techniques used for concrete 
moisture measurements often measured a relatively unimportant type of 
moisture and were accurate only to within approximately ±201; and (5) 
acoustic emission is a promising technique for monitoring structural 
integrity; however it requires considerable study to determine whether 
tne various types of events occurring in a PCRV can be separated and 
identified. 

In general test data appear to be insufficient to evaluate 
performance of concrete eabedaent instrumentation over the projected 
20 to 30 year lifetime of a PCRV. And a gage for monitoring the 
stresses in the concrete must be developed. 

5.1.6 Liners 
Liner design criteria have been reviewed on the basis of 

published information on liners and liner anchorage systems for both 
PCRVs and reactor containment structures. Although some aspects of 
liner behavior require further study, it was generally concluded that 
the present design criteria adequately reflect the published test data 
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and general state of knowledge. Because of the high cost of present 
cold liner systems there is need for developing a less costly not liner 
system. 

5.2 REVIEW OF WORK IN PROGRESS 
Material has also been obtained directly through discussions with 

experts in the fiexd and attendance at technical meetings. The following 
are summaries of the information obtained. 

5.2.1 PCRV Development in Germany, France, and England 
We visited a key group of establishments in France and England that 

have been closely involved in PCRV development from the very beginning 
of the technology, and others in these two countries and in Germany 
that appear to be at the forefront of new developments in confinement 
components technology. The information obtained thereby should form 
the basis for a reasonable assessment of. the present state of the art 
of confinement components in Europe. 

Operating PCRVs have experienced problems, the most serious of 
which appear to have been caused by oversight in the basic design and/or 
operation procedures; for example, the tendon failures at Marcoule, 
which resulted from indefinite deferral of implementing the planned 
corrosion protection system; corrosion of exposed tendons at Wylfa; 
problems in constructing the first multicavity PCRV at Hartlepool 
caused in part by a very late change in the design of the steam generator 
cavity closures; and the problems at Dungeness resulting from designing 
and constructing a vessel of inadequate size to contain the enclosed 
reactor system. The French appeared to be quite satisfied with their 
PCRVs Including the Marcoule G-2 and G-3 vessels, vhich were the first 
two PCRVs constructed. The English have had considerably more problems, 
but they appear mostly optimistic that the multicavity PCRVs will be 
successful. The most serious criticism of PCRVs appeared to be that 
they are expensive; however, it was generally agreed that as larger 
reactors are developed, they should become competitive both for gas-
cooled reactors and as replacements for conventional steel vessels, 
both in nuclear and nonnuclear applications. 
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With respect to PCRV innovations, the greatest interest appears 
to be in developing hot liner systems for use with either gas-cooled 
or light-water reactors; however, Innovations are needed to produce 
a aore practical and economical liner system. 

Germany has a most comprehensive program for PCRV research and 
and development. The research program consists of experimental 
investigations of concrete multiaxial strength, creep, moisture 
migration, and irradiation effects and an extensive analysis methods 
development effort. Also included are developmental studies of 
steel-fiber-reinforc%d concrete, hot liners, and instr —•ntation. 
Germany is studying many new vessel concepts for proct * ••»*•. ' ~s»l 
gasification, steam and gas storage, LWRs, and gas-turbine n'.« 
In addition, attention is being given to special vessels de 
to provide protection from catastrophic failure such as might < r 
with a conventional steel vessel. One of the most interest«-
promising innovations is the prestressed cast-iron vessel mao 
precast segmented components and being developed by Siempelkamp in 
Germany. 

5.2.2 PCRV Concrete Materials Evaluation Studies 
Concrete materials evaluation studies have been conducted at the 

University of California for the proposed Delmarva and Fulton HTGR 
power stations. These studies are intended to provide complete 
material characterizations. However, once a range of values has been 
established for the thermal characteristics, concrete testing for 
future plants would be reduced to evaluations of mechanical properties 
and creep behavior, providing the compositions of prospective concrete 
aggregates do not differ appreciably from those of the present studies. 
The more routine concrete testing for future plants could be done by 
existing commercial construction materials testing laboratories. 

Although the University of California studies do not include 
triaxial creep tests, reasonable justification for excluding these 
nore complicated tests is based on findings of the ORNL concrete creep 
testing program. Short-term triaxial strength tests were also not 
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included in the present studies. Unfortunately the relationship 
between uniaxial and multiaxlai strength is not as clearly understood 
as in the case of creep behavior; however, it is recognized that the 
use of uniaxial strength data provides a degree of conservatism in 
the design of a PCRV. There is need for reliable wiltiaxial strength 
data to quantify this conservatisa. 

The studies being conducted by the University of California for 
GA consist of the following activities: 

1. Development of three concrete nix designs 
2. Evaluation of Material properties 

(a) Two aggregates 
(b) Two cements 
(c) Admixtures 
(d) Three concrete mixtures 

(1) Compressive strengths (7-t 28-, 60-day moist cure) 
(2) Moduli of elasticity, Poisson's ratios (28-, 60-day 

moist cure) 
(3) Drying shrinkage (to 60 days) 
(4) Thermal expansion [aggregate evaluation, three cjcles 

23-71-23'C (73-160-73'F)] 
(5) Heat of hydration (calorimeter) 

(e) Properties of fresh concrete 
3. Study of concrete properties 

(a) Compressive strength (7-, 28-, 60- f 90-, 120- 180-, 270-, 
365-, 730-day moist cuied and sealed) 

(b) Modulus of elasticity (28-, 60-, 90-, 270-, 730-day moist 
cured and sealed) 

(c) Tensile strength (28-, 60- 730-day moist cured and sealed) 
(d) Effect of water-to-cement ratio en strength [50-, 130-, 

200-ma (2-, 5-, 8-in.) slump; 28- and 60-day cure] 
(e) Effect of thermal cycling on compressive strength, modulu3 

of elasticity, Poisson's ratio, and thermal expansion 
(f) Thermal expansion 
(g) Creep behavior [23, 43, 71#C (73, 110, 160 -F); 60-, 365-, 

1000-day loading, and concretes of different ages] 
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(h) Autogeneous length change 
(i) Adiabatic teaperature rise 
(j) Specific heat (at 28 and 90 days) 
(k) Thermal diffusivity (at 28 and 90 days) 

5.2.3 Discussions at General Atomic Company 
Meetings were attended at General Atoaic Coapany twice during the 

reporting period. The principal discussion topics were PCRV liner 
design and analysis aethcds. 

The basic philosophy of liner design was described as using the 
prestressing loading to put the liner in coapression. The liner is 
designed to withstand strains greater than yield without buckling. 
The liner corners are rounded at aost places but squared at penetrations. 
The haunch and penetration regions of the liner are analyzed by three-
dimensional finite element analysis aethods. Subsequent vessel 
pressurization reduces the coapression in the liner. A thermal 
barrier consisting of insulation and cooling tubes is used to liait 
the teaperature of the liner to 82*C (180*F) to prevent excessive 
heating of the concrete. 

Cooling tubes are used on 0.1 to 0.2-m (4-8 in.) centers with 
Nelson stud anchors embedded in 0.23 and 0.38 a (9 and 15 in.) lengths. 
The design calls for ore stud for each 0.035 a 2 (55 in. 2) of liner in 
order to resist a pressure of 0.86 MPa (125 psi) caused by leakage 
of cooling water between the concrete and liner. Two independent 
cooling water loops are used, with each being capable of handling the 
cooling load alone. 

The anticipated worst loading for the liner is after both pre
stressing of the vessel and heat-up, but before pressurization. The 
liner teaperature is permitted to rise to 121°C (250*F) at localized 
hot spots resulting froa cooling tube failure, which actually means 
chat the temperatures would be 132°C (270*F) between tubes, 93*C 
(200°F) at the tube, and a local hot spot of 191*C (375*F). The last 
temperature is termed the "extreme environmental teaperature limit/' 
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A minimum operating temperature of 38*C (100*F) is also imposed to 
keep the liner at 33*C (60*F) above the nil-ductility temperature. 

Tests are being conducted by CEA at Saclay, France, to further 
characterize the buckling strength of the anchored liner under biaxial 
loadings. Some of the tests include simulation of the effects of a 
0.20-a (8-in.) void between the concrete and liner, and pressurization 
of both sides of the liner to simulate loadings produced by pressurized 
heliua on the inside and pressurized water on the outside. 

The following GA coaputer codes are used in the design of PCRVs: 
SAFE/2D is a two-diaensional elastic code for analyzing axisya-

aetric or plane sections. This code is similar to the ORHL version 
but has been improved by adding (1) a Choleski-aethod solution routine, 
(2) a shear deflection bar and a gap friction element for modeling 
liner-vessel interactions. This code is the primary tool for conducting 
two-diaensional analyses of PCRVs. 

SAFE/CRACK is a linear viscoelastic analysis with cracking. This 
is a two-dimensional stress code for analyzing axlsymmetric and plane 
sections. Although similar to the current ORNL version, it has been v 
improved by adding (1) an improved iteration procedure for plasticity 
and (2) bilinear plasticity representation, which is restricted to 
isotropic hardening. 

SAFE/3D is an elastic three-dimensional code based upon the 
constant strain tetrahedra. This code has been upgraded to the SAFE/ 
SOLIDS code and is no longer supported at GA. 

SAFE/SOLIDS is an elastic three-dimensional code based upon 
tetrahedral elements with either three degrees of freedom (displacement) 
or 12 degrees of freedom (displaceaent and displaceaent gradients) at 
each node. Triangular plate and rebar elements are included, which 
also have either 3 or 3.2 degrees of freedcs at each node. Curved 
boundaries are available for the solid elements by specifying a center 
of curvature and radius of curvature for the element face. 

Although these codes have the capability of computing results 
within the accuracy limitations Inherent in the implemented constitutive 
relations, they have the following undesirable features. 
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1. Their liaited eleaent libraries do not offer the flexibility 
in eleaent selection necessary to achieve an efficient aesh. This is 
reflected in increased coaputing cost. 

2. The use of explicit rather than nuaerical integration in 
eleaent stiffness foraulation aakes the introduction of new eleaents 
and Modification of existing eleaent formulations difficult. This 
hinders Modernization of the codes and tends to freeze technological 
development. 

3. The general logic structure of these codes is poor by aoderr 
star lards; consequently it tends to hinder Modernization efforts. 

General Atomic Company has recognized these shortcomings and has 
undertaken the development of a modern code. 

3D CREEP-CRACK is a modern three-dimensional code based upon 
isoparametric element formulations. The code actually consists of 
a package of codes. The ultimate load analysis capability is based 
on an incremental nonlinear approach with equilibrium checks, which 
permit the approximate element stiffness to be used. Periodic stiffness 
updates are accomplished by a direct modification of the factored 
stiffness so as to avoid reassembling and factoring of new equations. 
The cracking criteria are based primarily on ad hoc logic. It is 
assumed that the failure surface is a function of the first two principal 
invarients of the stress tensor. 

In designing a PCRV, an elastic analysis is used in sizing for 
operating conditions. The code SAFE/2D is used for the initial analysis 
by employing a modified stiffness (smearing technique) in the axisym-
rnetric sections containing penetrations. Critical sections are checked 

0 

and modifications are suggested to eliminate high stress concentrations. 
The final elastic analysis is aade with SAFE/SOLIDS. 

Limit analysis of the barrel is performed by use of SAFE/CRACK, 
and empirical analysis techniques such as the University of Illinois' 
crypotodoae method are used for the head region. Creep effects are 
bracketed by use of the effective modulus approach. Minimizing the 
amount of time-dependent analysis performed is probably preferred 
because of the high cost of performing such analysis using the memory 
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integral procedure contained in SAFE/CRACK. As the recently developed 
aodern 3D CREEP-CRACK is brought into use the present tine-dependent 
analysis practices of GA will change. 

5.2.4 Meeting of the ACRS Hifth-Teaperature Gas-Cooled Reactor 
Subco—Ittee, Denver. Colorado. January 30-31, 1975 

Topics discussed at this aeetlng having specific relevance to the 
PCRV technology assessaent study are (1) vessel overpressurization, 
(2) PCRV aodel studies, (3) prestressing systeas, and (4) closure 
design and testing. 

1. Vessel Overpressurization. The block valves for isolating 
the vessel pressure relief valves and possible consequences of water 
ingress were discussed as potential causes of vessel overpressurization. 
Since the block valves are open during noraal operating conditions 
and are closed only to permit testing of one relief valve at a tiae, 
it would appear that both valves could not be closed simultaneously 
as long as the interlock systea functions satisfactorily. There still 
appear to be questions concerning whether the interlock systea can 
be aade fail-safe. 

The six events considered by GA as causing possible water ingress 
into the PCRV are (1) offset rupture of a superheater tube, (2) saall 
tube leak, (3) failure of tubesheet extension cylinder, (4) offset 
rupture of a feedwater tube, (5) aultlple-tube rupture of less than 
four tubes, and (6) rupture of four or aore feedwater tubes. The 
quantity of steaa required to reach 1 MCP (aaxlaua cavity pressure) 
was given by GA as 140 kg/sec (310 lb/sec); to reach 2 MCP would 
require a flow of 280 kg/sec (620 lb/sec). Therefore, an enoraous 
quantity of steaa appears necessary to reach 2 MCP, the specified 
ainiaua PCRV ultiaate strength. 

With respect to design of the steaa generators, GA feels that its 
present developaent prograa is adequate, and that a steaa line outside 
the PCRV would aost likely fail as a result of any catastrophic event 
that could produce wholesale failure of a steaa generator. The ACRS 
subcoaaittee expressed concern that the regulatory staff appears to 
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be using only the appropriate ASHE code design criteria to judge 
adequacy of the design, and indicated that the water ingress problem 
will be given further study. 

2. PCRV Model Studies. Three multicavity models have been 
tested thus far in conjunction vith the GA work. The largest was the 
1/10-scale Hartlepool model, with the GA and Ohbayashi-Gumi models 
both being 1/20 scale. Although the latter two more closely represent 
the Summit and Fulton plant designs, all three are reasonably represent
ative of the basic aulticavity PCRV configuration, as shown in Table 5.2. 
The Japanese model study was summarized at the Federation Internationale 
de la Precontrainte (FIP) Congress in Mew York on May 29, 1974; however, 
GA has obtained the detailed test data for all three models. The 1/20-
scale GA model was fabricated with a slip plane between the barrel and 
heads. The models were made to conform as closely as possible to the 
PCRV geometry and materials representation. Although the models serve 
to demonstrate short-term pressure response of specific vessel config
urations, GA indicated that the primary purpose is to provide reliable 
test data for verifying analysis methods, which are then used in the 
design analysis of prototypical PCRVs. Good agreement was reported 
between two-dimensional and three-dimensional elastic finite element 
analyses; however, the three-dimensional crack analysis code is not 
yet in good shape. The analytical work supported by Regulatory at 
the Naval Ordnance Laboratory and using NASTRAN was mentioned; however, 
thus far, only single-cavity PCRV configurations have been analyzed. 
The ACRS subcommittee expressed concern that no groups outside GA 
presently have the capability for analyzing multicavity PCRVs. 

In discussing response of a PCRV to pressure loadings, GA indicated 
that the maximum cavity pressure or MCP value will exceed design pressure 
by the 2 to 3X tolerances of the relief valve train and back pressure 
of the gas line. General Atomic expects the PCRV to survive pressures 
well in excess of 2 MCP and indicated that vessel behavior could be 
predicted to 2 MCP providing the PCRV does not differ greatly from the 
model used to verify the analysis. However, GA felt that the actual 
point of failure could not be predicted on a representative pressure 



Tabla 5.2. Comparison of Modal Representations of PCRV Gaoaatry 

Parameter 
Hartlapool* 
l/10th Scale 

Modal 

GA l/20tha 

Scale 
Modal 

Ohbayaahl-* 
Gual l/20th 
Scala Modal 

Summit 
PCRV 

Dimensions, • (in.) 
Overall height 
External diameter 
Cora cavity height 
Cora diameter 
Steam generator diameter 
Hall thickness 
Head thickness 
Head depth/epan ratio 

Pulton 
PCRV 

29.26 (1. 52) 24.99 (984) 27.00 (1063) 27.79 (1094) 27.79 (1094) 
2S.91 (1020) 27.43 (1080) 30.00 (1181) 29.26 (1132) 30.63 (1206) 
18.29 (720) 13.61 (336) 13.79 (543) 14.43 (568) 14.43 (568) 
13.11 (516) 10.80 (425) 12.27 (483) 7.67 (302) 11.28 (444) 

2.74 (108) 3.89 (153) 3.99 (157) 4.34 (171) 4.34 (171) 
6.40 (252) 8.15 (321) 8.79 (346) 9.63 (380) 9.68 (381) 
5.49 (216) 3.69 (224) 5.59 (220) 5.64 (222) 5.64 (222) 

0.42 0.53 0.45 0.57 0 .30 

*For comparison, the model dimensions were multiplied by the appropriate scale factor. 
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versus deflection curve. It was pointed out that failure could aean 
either leakage or nore disruptive structural failure. With respect 
to the aodel tests, the liners eventually ruptured and the rubber bags 
punctured until the rate of leakage exceeded pump capacicy. This 
type of failure is in agreement with the PCRV design criteria, which 
call for gradual observable behavior as the ultimate strength is 
approached. It was pointed out that vessel leakage cannot be predicted 
from aodels, although it would be desirable to be able to predict 
both vessel leakage and liner stresses. The existing design criteria 
call for a maximum allowable rupture area, such as would be caused 
by failure of a closure priaary hold-down, to be United to 0.0645 a z 

(100 in. 2). 
Although the ultiaate capacity of the cylindrical vessel wall 

cannot be accurately predicted, a reasonable lower bound was given 
as 2.5 MCP. Prediction of head failure is even nore difficult; however, 
GA indicated that a reasonable lower bound could be determined. One 
possible area of concern is whether the lower bound value of the head 
can be less than the upper bound JI the side walls, and thus result 
in an undesirable failure in the PCRV head. 

3. Prestressing Systems. The stated difference between behavior 
of axial prestressing tendons passing through the PCRV support structure 
and those passing only through the vessel was indicated as negligible 
by GA. Th*» circumferential prestressing is wound on precast concrete 
panels lined with steel, using a maximum of 18 layers of prestressing. 
The circumferential tendons are restrained by tapered anchor units 
consisting of a wedge and sleeve. The accuracy of the hydraulic load 
control system of the tendon lay-down machine was indicated by GA as 
-OX to +6Z. Certified load cells are used to monitor the tendons 
during lay-down, and other load cells are placed beneath the strand 
to monitor in-place stress. The axial tendons will be monitored with 
the type of load cells developed for Fort St. Vrain. 

Corrosion protection consists of coating the tendons with a commercial 
protective agent as the tendons are laid down, with each layer being 
inspected visually afterward. The wound segments are scaled by cover 
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plates having caulked joints. Uhtensioned corrosion test specimens are 
included under the cover plates and in the axial tendon ducts. The 
prestressing system is designed to permit retensioning of both axial 
and circumferential tendons. Additional prestressing can be wound on 
top of existing circumferential layers if this appears desirable. In 
general, the prestressing system described by GA appears to be acceptable; 
however, the inclusion of stressed corrosion test specimens for both 
the wound segments and linear tendons is most desirable. 

4. PCEV Closure Design and Testing. The steam generator cavity 
plug for the Summit plant PCRV is 4.3 m (14 ft) in diameter, is 3.4 m 
(11 ft) thick, aod has a 1.68-m-dlam (5.5 ft) penetration in the plug. 
The concrete and liner are designed according to Section III, Division 2 
of the ASMS Boiler and Pressure Vessel Code, while the bolted flange 
primary hold-down and other steel portions not backed by concrete ar-
designed according to Section III, Division 1. The loading path for 
the secondary hold-down system is through the bayonet blocks, to the 
shear anchors, and eventually to the prestressing tendons. The 
ultimate strength of the plug was stated to be approximately 2.5 WCP. 
Helium flow area in the event of primary bold-down system failure is 
limited to 0.0645 m 2 (100 in.') by a ring-type flow restrlctor. The 
concrete bearing stresses produced at the tendons was limited to the 
Section III, Division 2 allowable limits for bearing and break-outs; 
GA has also conducted edge loading tests of concrete to determine a 
satisfactory design value. The ACRS subcommittee questioned whether 
model tests of the plug restraint system would be required in addition 
to the planned plug tests. The plug and its restraint system appear 
to be one of the critical components of the PCRV. Although GA had 
not done any rigorous analyses to determine the failure mechanism of 
the closure, it was estimated that initial failure would probably 
occur in the helium circulator penetration. In the event of a primary 
hold-down system failure, GA indicated that the resulting controlled 
leakage of helium should have no adverse consequences for vessel 
pressures up to 1.5 times the design value. 
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The planned 1/14-scale aodel tests of both primary and secondary 
hold-down systeas are scheduled to be conducted by CEA in France starting 
in the spring of 1976. Although larger scale tests have been aentioned 
in other discussions with GA, they were not included in the tiae schedule 
for the Suaait Power Plant closure development; however, proof tests 
of the prototype plugs were indicated. The ACRS subcoaaittee indicated 
that it will require aore inforr lion on the design of plug shear anchors. 

5.3 PCRV SAFETY ANALYSIS STUDIES 
The initial goal of the planned analytical studies is to conduct 

elastic analyses of the Delaarva aulticavity PCRV design to deteraine 
potential failure aodes and to identify any portions of the vessel 
that are overstressed when subjected to anticipated design and off-
design loadings. The three-dimensional finite eleaent analysis computer 
prograa N0NSAP has been selected for conducting the initial elastic 
study as well as follow-on studies of nonlinear behavior. 

5.3.1 Analysis Kethod Selection and Refinement 
During the present reporting period we have studied N0NSAP in 

depth and have aodified portions of the code to provide capability for 
aore accurate analyses of tie PCRV. The following describes the code 
and the changes that we have implemented. 

Prograa N0NSAP is a general-purpose finite element program for 
conducting both linear and nonlinear static and dynamic analyses. It 
was designed to effectively solve a variety of practical nonlinear 
problems using current nonlinear analysis procedures and computer 
equipment and to develop improved nonlinear analysis techniques. The 
modular structure of N0NSAP aakes it particularly useful for both 
purposes. 

The N0MSAP eleme%t library includes the following three-dimensional 
elements: 
1. truss (used for modeling skew boundary conditions anc* >rcing 

bars), 
2. three-dimensional solid, and 
3. three-dimensional tnick shell. 
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An in-core routine is used for solving the system of equations. 
This restricts the number of degrees of freedom in the system and 
eventually may cause difficulty in modeling the PT&V. The following 
describes the code and explains the changes that have been implemented. 

' The three-dimensional solid or thick-shell element in WfNSAP is 
a variable-node isoparametric element. In Its simplest form it is an 
eight-node linear displacement field element. The isoparametric 
element formulation employs a normalized basis coordinate system to 
express the functional representation of the shape functions, which 
are the interpolating functions for the displacement field: 

i-1 

where n is the number of nodal points associated with the element, 
a(r,8,t) is the displacement vector, o^ is the value of the displacement 
field at the ith node point, h^(rt8,t) is the ith shape function for 
the element, and r,8,t are variables with range —1 to +1 (Fig. 5.1). 
These shape functions are also used to describe the element geometry 
in the global coordinate system in terms of the coordinates of the 
node points of the element: 

£<r,«,t) - £ {*£&•,*,*)>* (P^ , 
i-1 

where P is the position vector of a point in the global system and P^ 
is the position vector of the ith node of the element. 

The use of the high-order isoparametric element provides a means 
of representing the geometrical outline of the PCRV and simultaneously 
modeling the strain gradients with relatively few elements; however, 
because of the high cost of formulating the element stiffness and the 
large number of degrees of freedom associated with these elements it is 
desirable to utilize them efficiently. Thus, it is necessary to have 
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available the special eleaents required to sake transitions in the 
element mesh. These elements are of two types: hierarchical and 
degenerate. The hierarchical elements are ones for which the number 
of nodes and associated order of the shape functions may be different 
along different sides of the element (Fig. 5.2). By using these 
elements, additional degrees of freedom may be introduced where 
higher order strain gradients are expected. The degenerace elements 
are those for which two adjacent corner nodes are coalesced as shown 
in Fig. 5.2. These elements are required at the centerline apex of 
three-dimensional cylindrical models and at certain region* of mesh 
transition. 

In formulating the stiffness matrix of a degenerate element 
special modifications to the shape functions are necessary to preserve 
interchangeability of the vertices and, therefore, prevent biasing of 
the stiffness matrix. Interchangeability of the vertices is charac
terized by specifying the same form for all corner node shape functions 
having all mid-size node shape functions, respectively. For example, 
the shape functions of the two-dimensional triangle degenerated from an 
eight-node isoparametric, shown in Fig. 5.3, clearly do not satisfy 
the condition of interchangeability of the vertices. To alleviate this 
problem the shape functions must be modified in a special way to form 
the required degenerate of the element. Appropriate changes have been 
made in N0NSAP to permit the use of degenerate elements. 
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Fig. 5.3. Shape Functions for Degenerate Triangle;. 
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5.3.2 Analysis of Ohbayashi-Cumi Test Vessel 
To provide a measure for verification of N0NSAP as our PCRV 

analytical tool, we analyzed a vessel for which experimental data 
exist. The Ohbayashi-Guai aulticavity test vessel was chosen for 
this purpose since a coaplete set of test data for this aodel appeared 
to be available. Presently, the experimental data we are using are 
froa a paper presented at the Seventh Congress of The Federation 
Internationale de la Precontrainte.l 

5.3.2.1 Description of Analytical Models 
The test vessel was analyzed at Ohbayashi-Guai with a three-

diaensional finite eleaent aodel representing a 30* segment extending 
the full height of the vessel and including the support structure. 
This aodel incorporated 166 elements and 1168 nodes. 

We have analyzed the tost vessel using two different analytical 
aodels. Both aodels represent a 30° segment of the vessel assuaing 
symmetry at the aidplane of the reactor cavity. It should be noted 
that the aid-height symmetry assumed for this aodel represents 
only an approximation of the actual vessel geoaetry. The bottoa 
head of the vessel is one-third thicker than the top head and is 
further stiffened by the support structure. In addition, the 
penetrations in the top head of the vessel were not included in th. 
analytical aodels; this also tends to increase the stiffness of 
top head. Both analytical models differed in geoaetric detail and 
ability to represent high strain gradients. Model 1 has greater 
geometric detail than aodel 2 (Fig. 5.4). The bearing pads for 
the vertical prestreasing and the steel closure plates above the 
steam generator cavities were included in model 1 but omitted from 
modal 2. However, aodel 2 can accommodate higher strain gradients 
than model 1 since 20-node quadratic displacement elements were 
used in this aodel, whereas, aodel 1 generally employed eight-node 
linear displacement elements. As much detail as possible was 
included in both models while still allowing the resulting system 
of stiffness equations to fit in the computer core, which is the 
restriction imposed by the solution routine of N0NSAP. 
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Fig. 5.4. Finite Element Analytical Models of Ohbayashi-Guai 
PCRV Model, (a) ORHL aodel 1, (b) ORHL aodel 2. 

The results of the analysis of aodel 1 are presented in Fig. 5.5 
together with the results of both the Ohbayashi-Guai analysis 
(indicated as 06 on the figures) and the experimental data. The 
deflections and strains are plotted at their relative locationa on 
the vessel cross sectioi., which includes the top head and a portion 
of the adjacent wall. Figure 5.5(a) shows a vertical plane 
passing through a steaa generator cavity while the reaaining 
parts of Fig. 5.5 show a vertical plane that does not intersect 
a steaa generator cavity. Differences between the ORNL analysis, 
the experlaental values, and the 06 analysis can be explained 
in part by the assumption of aid-height symmetry in the ORNL aodel. 

Conparison of the two sets of analytical results in Fig. 5.5(a) 
shows that the ORNL analysis yields larger radial displacements 
of the outer wall at aid-height and greater vertical displacements 
in the outer region of the head than those given either by the 06 
analysis or the experimental data. The overly large radial displace
ments at mid-height can be attributed to tine reduction in the 
stiffness of the bottom head that is implied by the assumption of 
mid-height symmetry. The deflection of the top head Indicates 
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Fig. 5.5. Deflections and Stresses 
Calculated with ORNL Model 1 Compared 
with Ohbayashi-Gumi Analysis and 
Experimental Measurements, (a) shows 
a plane through a steam generator 
cavity; the other parts are for planes 
not intersecting a steam generator 
cavity. The pressure in (a), (d), and 
(e) is 4.9 HPa. The scales shown 
correspond to a deflection (strain) of 
0.1 mm (100 pm). 
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that the ORHL model was excessively stiff as expected since 
penetrations were neglected. Comparison between the ORKL analysis, 
the 06 analysis, and the experimental strain values indicates 
relatively good agreement with the exception of the axial strains 
due to vertical prestressing, Fig. 5.5(b), and the hoop strains 
along the bottom surface of the top head due to internal pressure, 
Fig. 5.5(e). In the former case the discrepancy is likely due to 
either the stated value of the elastic modulus being too small or 
the indicated values of the axial prestress loading being too large. 
For the latter discrepancy, the hoop strains along the bottom head 
are primarily due to the radial compor. it of displacement, that is 

e e - UIT , 

where e. is the hoop strain, u is the radial displacement, and r is 
the distance from the centerline of the vessel. Under internal 
pressure loading the radial displacement is outward and the resulting 
hoop strain must be tensile; hence, the 06 analysis appears to be 
in error. 

The two ORNL analyses are compared in Fig. 5.6. Fig. 5.6(a) 
shows that the outer wall of model 2 deflects more than model 1 
and the top head bends more. This result is to be expected since 
the 20-node elements used in model 2 can accommodate the liner 
strain gradients due to bending, while the eight-node elements used 
in model 1 are essentially constant-strain elements. 

Comparison of the strain results shown in Fig. 5.6(b) through 
(e) shows relatively good agreement with the exception of the hoop 
strains due to circumferential prestressing, Fig. 5.6(d). This 
discrepancy is probably due, almost completely, to the differences 
in flexibility between the two models. Larger radial displacements 
are produced in the more flexible model 2 under this loading, giving 
rise to larger values of the compressive hoop strain. 
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5.3.2.2 Conclusions 
Both the 0IVX analytical aodels are too coarse (i.e., they are 

incapable of accurately representing the behavior of the actual 
vessel). Model 1 represented the geoaetry well, but its eight-node 
eleaents could not accoaaodate the actual strain gradients. Although 
aodel 2 could accoaaodate higher strain gradients, it lacked 
geometric detail. Both aodels bad added error caused by the assumption 
of aid-height syaaetry. To achieve a aore accurate analysis of the 

• vessel will require a aore refined analytical aodel than is allowed 
within the current restrictions of the NPNSAP code. He are, 
therefore, proceeding to reanalyze the aodel with a acre refined 
aodel and the computer code STATIC-SAP. 

5.4 REFERENCE 
1. T. Takeda et al., "Pressure Tests of PCRV Models," paper 

presented at the Seventh Congress of the Federation Internationale 
de la Precontrainte, New York, May 26-June 1, 1974. 



6. PRIMARY SYSTEM MATERIALS TECHNOLOGY 

P. L. Rittenhouse 

This task provides a continuing assessment of the status of 
the technology of Materials used for specific HTGR primary system 
components with the aim of identifying potential safety problems 
and/or possibilities for. improved margins of safety. The subject 
assessment also supplies information useful as input to various 
systems and safety analyses. 

6.1 ASSESSMENT OF METALLIC MATERIALS TECHNOLOGY FOR HTGR PRIMARY 
SYSTEM AMD CORE SUPPORT STRUCTURES - P. L. Rittenhouse 
Our assessments of the technology of metallic materials of HTGR 

components are presented in a report1 published in December 1974 
and in a second report2 compiled fi draft form in June 1975. These 
reports were prepared with format as follows. First, the components 
and their materials of construction were described. This included 
discussion of conditions (temperature, stress, and environment) in 
normal operation and during postulated accidents. Materials 
properties and behavior were related to these conditions, and potential 
areas of concern or uncertainty were identified. 

The first report1 covered the following components and materials: 
1. class A and B thermal barriers (Grades A and B SA-285 low-

carbon steels, Nitralloy 135M, Inconel 600, Hastelloy X); 
2. main helium circulators (type 410 martensitic stainless steel, 

Inconel 718, type 422 stainless steel, 2 1/4 Cr-1 Mo steel); 
3. steao generator (Incoloy alloy 800H, Class 2 SA-508 carbon 

steel, Grade A-l SA-210 carbon steel, 2 1/4 Cr-1 Mo steel); 
4. auxiliary cooling system (2 1/4 Cr-1 Mo steel, type 410 stainless 

steel, Incoloy alloy 800H, 1/2 Cr-1/2 Mo steel); 
5. in-core components: 

(a) flow control orifices (grade I SA-105 and grade A SA-106 
carbon steels); 

105 
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(b) top plenum eleaencs (types 316, 321, and 347 stainless 
steels and 2 1/4 Cr- Mo steel); 

(c) control rods (Incoloy alloy 800H). 
In addition to discussion of these components and their aaterials of 
construction, separate sections vere devoted to (1) the potential 
effects of the HTGR priaary coolant environment (i.e., heliun 
containing low levels of H 2, CO, CH*, C0 2, and B2O) on aaterials 
properties and behavior and (2) a description of ongoing prograas 
relevant to HTGR aaterials technology and safety related areas. The 
inforaation needs (i.e., potential areas of concern or uncertainty) 
identified earlier in the report were cross-referenced to existing 
prograas to assess the coverage of Inforaation needs. Further, 
priorities were assigned to each of the needs by taking into account 
the importance of the component, the potential consequences of its 
failure, and the relative degree' of deficiency of knowledge of 
relevant aaterials behavior. This procedure resulted in the selection 
of the five "highest priority" iteas listed below: 
1. confirmation of the tiae-teaperature conditions postulated to 

result in "daaage" (a condition that requires repair b'fore the 
resumption of operation and is defined as 2Z total strain in 
the thermal barrier cover plates) and "failure" (a condition 
that could result in interference with core cooling, 4Z total 
strain) strains in the Class A thermal barrier low-carbon 
steel cover plates; 

2. as above for the Class B thermal barrier Hastelloy X cover plates; 
3. evaluation of steam generator aaterials behavior under transient 

conditions such as could result from a loss-of-forced-coolant 
accident in which the steam generator isolation valves fail 
to close [These evaluations and analyses must reflect the 
effects, if any, of prior history (i.e., aging time and 
temperature in service, gas-metal reactions, corrosion, etc.) 
on materials properties.]; 



107 

4. determination of the coabined effects of irradiation and 
environment on the aechanical behavior of Incoloy alloy 800H 
control rod parts;* and 

5. generation of materials design correlations (needed not only for 
design but for safety and performance evaluations) for low-carbon 
steels, Hastelloy X, Incoloy alloy 800H, and 1/2 Cr-1/2 Ho steel. 
Follow-on work covering HTGR metallic materials and components 

resulted in considerable new information relative to HTGR primary 
system components. Several additional alloys applicable to these 
components were identified, assessed, and reported in the second 
report.2 An assessment of the core lateral restraint structure 
and materials was also undertaken and reported in the same reference. 
A summary of these efforts — by HTGR components — is given below. 
Thermal Barrier 

Questions have arisen recently relative to the potential for 
corner-sag of the 1.07-m (42-in.) square low-carbon steel cover 
plates of the upper head Class A thermal barrier. Corner-sag is of 
concern because it could allow channeling of hot helium behind 
the thermal barrier. If a high probability of corner-sag is found 
under normal operation conditions or in over-temperature excursions, 
this could likely be compensated by redesign of the cover plate 
attachment fixtures or by selection of a stronger steel. A similar 
problem — with a possibly similar solution — may also exist with 
the Class B thermal barrier of the hot duct. 
Main Helium Circulators 

Two additional alloys, ASTM A 473 type 405 ferritic stainless 
steel and nickel-base alloy Inconel-X7S0, have been assessed 
relative to their use in the main helium circulators. We foresee 
no problems of safety significance associated with the use of these 
alloys. 

This item is discussed further in connection with work 
presented in Ref. 2. 
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Ste— Generators 
Considerable redesign effort on HTGR steam generators is in 

progress at GA. The major materials of construction (i.e., 
2 1/4 Cr-1 Mo steel and Incoloy alloy 800B) are, however, expected 
to remain unchanged. In one application, the outer shroud with 
no steam exposure, ASMS A 240 type 304 austenitic stainless steel 
is expected to replace Incoloy alloy 800H. Because of the high 
service temperature for this application [760*C (1400*F)], 
environmental effects (i.e., helium corrosion and possible consequent 
degradation of properties) should be considered in design and 
safety analyses. 
In-Core Components 

An update of information, relative to the first report,1 on the 
design and materials of the plenum elements and flow control orifices 
has been provided. 
Core Lateral Restraint Structure 

The core lateral restraint structure is designed to provide 
lateral support for and to restrain the core and permanent side 
reflectors. It is composed of 252 support assemblies welded to 
the PCRV liner. Each of these assemblies consists of a pack of 
Inconel 718 springs housed in a grade 1 Incoloy alloy 800 pipe 
(see Fig. 6.1). A segmented core barrel constructed of SA-285 
grade B steel plate is designed as part of the structure and 
functions as a gamma shield. Ho significant safety-related 
problems are evident in the use of the materials mentioned above, 
but further consideration should be given to possible changes in 
the properties of grade 1 Incoloy 800 and Iuconel 718 as a result 
of thermal aging. Relaxation in the Inconel 718 springs should 
alfe, be evaluated. 
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Fig. 6.1. Core Lateral Restraint Structure. 

6.2 ASSESSMENT OF MATERIALS IN HTGR REACTIVITY CONTROL AND SHIELDING 
COMPONENTS — C. S. Morgan, P. L. Rittenhouse, and R. G. Donnelly 
Boronated graphite (i.e., graphite impregnated with boron carbide) 

is used in a number of reactivity control and shielding applications 
in the HTGR. These include the control rods, burnable poison rods, 
boronated shields, reserve shutdown system, and the upper plenum 
(top-reflector) elements. Our evaluations have Included consideration 
of (1) degradation of boronated graphite by reaction with impurities 
in the primary coolant stream, (2) effects of radiation on the 
oxidation resistance and integrity of the boronated graphite, and 
(3) response of structural alloys (e.g., the Incoloy alloy 800H of 
the control rods) to radiation and to the boron plus carbon 
environment. The results of these assessments are summarized below. 
More detailed discussion is reported elsewhere.2 
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The B%C and graphite making up the boronated graphite absorber 
coapacts used in the various control components will oxidize in 
the presence of some of the impurities contained in the primary 
coolant helium. Since containers for the boronated graphite 
are vented, there will be access, but perhaps not unlimited, of the 
primary coolant to the absorber. Oxygen partial pressure will 
likely be so low as to preclude significant reaction and subsequent 
transport of boron by this mechanism. However, C0 2 and CO will be 
present in the helium coolant in measurable quantities [perhaps up 
to 45 Pa (450 \i atm) in the case of CO], and their effects on the 
stability of boronated graphite are unknown. Water vapor will 
oxidize boronated graphite to 8203 and volatile boric acid. Although 
a number of factors may interact to decrease the rate of this 
reaction, our calculations — based necessarily on a number of 
assumptions — indicate that the resultant transport of boron from 
vented control rods is potentially of concern to both safety and 
operation. 

Irradiation to a fluence of 2.5 to 5 x 10 2 1 n/cm2 is reported 
to result in dimensional changes of 1 to 2Z in boronated graphite. 3* < > 

Expansion volume is provided in the control rod absorber cans to 
accommodate such swelling.5 The thermal conductivity of boronated 
graphite is decreased by a factor of about 10 by neutron fluences 
on the order of above. * The eifects, if any, of the observed 
expansions on oxidation behavior or the thermal conductivity change 
on performance are unknown. 

The Incoloy alloy 800H (control rod absorber cans and boronated 
shield cladding) and the type 316 stainless steel and 2 1/4 Cr-1 Ho 
steel (plenum elements) used to contain boronated graphite will be 
exposed both to radiation and a boron-carbon environment. Times 
(especially for the plenum elements and boronated shield cladding) 
and temperatures (especially for the control rod components) are 
sufficient to justify au assumption that boron and carbon will 
contaminate these alloys. Irradiation levels are such that ve may 
expect damage only for the Incoloy alloy 800H of the control rrd 



Ill 

cans. The degree of contamination of the boronated graphite container 
•aterials and the quantitative effect of this contamination on properties 
cannot be stated at present. However, small quantities of boron in steel 
can reduce ductility.7—' 

6.3 ASSESSMENT OF CORE SUPPORT POST GRAPHITE - P. L. Ritteahouse 
Ue have completed a preliminary assessment of core support post 

graphite. The posts are long columns of graphite, in groups of three, 
supporting the graphite core support block under each refueling region of 
the HTGR core. The rounded ends of the posts are fitted into spherical 
seats to accommodate differential horizontal movement between the core 
support blocks and the PCRV bottom liner. The upper spherical seats are 
of ATJ graphite and are recessed into the core support blocks; the lower 
seats (either ceramic or a low-thermal-conductivity graphite) are on ceramic 
bases located on the bottom head liner. A metal sleeve (presumably Incoloy 
alloy 800H), welded to the liner, encloses the ceramic base. 

Our assessment was based on 0.15-m-diam (6-in.) posts of ATJ graphite 
as reported.5 More recent but informal information indicates a somewhat 
larger diameter [0.18-0.23 m (7-9 in.); for the posts and a possibility 
that the graphite used will be something other than ATJ. However, the more 
important conclusions of our assessment are not significantly affected by 
the present uncertainty in design and material. 

The design lifetime for the posts is 280,000 hr. Design temperatures5 

for normal (full rated power) operation and worst faulted (DRDA* 5-min 
delay before startup of one CACS*) conditions are 770/1048*C (1418/1918'F) 
(nominal/maximum short-term) and 1010/1204*C (1850/2200*F), respectively. 
The mixed-mean coolant temperature at the core exit is just under 760*C 
(1400*F). The environment to which the posts are exposed is the primary 
coolant (helium containing low levels of H2, CO, O U , H2O, etc.) at the 
core exit. Fast neutron dose to the posts should be no more than 10 2 0 n/cm2 

during their lifetime. 

DBDA: design basis depressurization accident; CACS: core auxiliary 
cooling system. 
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The core support posts are loaded essentially in pure compression. 
However, any horizontal displacement between the core support blocks and 
the bottom head liner will cause the spherical ends of the pests to roll 
in their spherical sockets and, thereby, will result in movement of the 
contact area from the center toward the edge. This subjects the posts to 
an eccentric load effect. It is believed that the compressive load capacity 
of the posts is governed by local failure of the post ends (or spherical 
seats). Compressive load tests of a post and seat combination with a 51-mm 
(2-in.) offset (the maximum expected in any off'normal event) confirm this 
expectation (i.e., failure occurred in the post seat as a result of local 
hoop tension).5 Design of the posts is conservative, and failures as a 
result of primary compressive lo-.ds under normal conditions are not antici
pated unless significant degradation of the graphite occurs during reactor 
lifetime. 

Four primary concerns were postulated relative to the in-service 
behavior and degradation of properties of the core support post graphite. 
These were: (1) compatibility with ceramic anb metallic components of the 
lower seat assembly, (2) irradiation damage, (3) fatigue and crack propa
gation behavior, and (4) oxidation by impurities in the primary coolant. 
The first concern relates to the possibility that reaction between the 
graphite and the lower spherical seat material (Si3N* has been proposed in 
some designs) might lead to premature local failure of the post ends and/or 
seats. Similar concerns are applicable when the metallic sleeve contacts 
the bottom seat and insulators. Since designs are not yet final it is 
difficult to more fully assess this point. However, this question should 
be recognized and used as a criterion in design. 

The fast neutron dose to che core support posts (10 2 0 n/cm2) is not 
expected to .result in significant dimensional or property changes to the 
graphite. However, irradiation might increase the graphite oxidation rate. 
No quantitative estimate of this potential effect is available at present. 

The third concern mentioned above involves the possibility of failure 
of the core support posts by initiation and growth of cracks under both 
static and cyclic loads. Limited data on fatigue and crack growth in 
graphite precludes a reliable evaluation of the potential for failure by 
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these mechanisms. This subject is further complicated by possible effects 
of environment (oxidation and irradiation) on fatigue and crack growth 
behavior and the basic properties of the graphite. As an example, oxida
tion often beneficially affects (decreases) the propagation rate of cracks 
in materials by blunting the crack tips. Although not possible at present, 
fatigue and crack growth information should t-e considered in design and 
end-of-life assessments of core support post graphite. 

Evaluation of the relationship between ling-term graphite oxidation 
and strength loss of the graphite core support posts has also been pursued. 
(Details of the subject evaluation are presented in Chapter 3.) Tn summary, -
it was determined that, for core support posts operating at approximately 
788*C (1450*F) under the technical specification limit of 10 vpa (ppm by 
volume) total oxygen, there is essentially zero probability that the 
end-of-life strength loss will exceed 50Z. (Such a loss would correspond 
to a reduction in safety factor of from 10 to 5, the latcer being the mini
mum specified at the end of life). In fact, even for total oxygen of 
850 vpm, the probability of 50Z strength loos is less than 0.1. However, 
if the maximum sustained temperature in any portion of the posts reaches 
about 871°C (1600*F), the probability of 50% strength loss at 10 vpm total 
oxygen is almost unity and the estimates ov possible strength loss range 
up to 100%. Even though this lattet result would be tempered by the larger 
diameter posts now being considered, it seems important that this whole 
area be studied in greater depth. Future assessments should involve defi
nition and/or consideration of a number of factors, including the maximum 
sustained graphite temperature, corrosion environment and rate, and corre
lations between strength loss and burnoff. 

6.4 REFERENCES 
1. P. L. Rittenhouse, Initial Assessment of the Status of HTGR Metallic 

Structural Materials Technology, ORNL/TM-4760 (December 1974). 
2. P. L. Rittenhousp, C. S. Morgan, and R. G. Donnelly, Status Report 

on Structural Materials of HTGR Primary System Components, 0RNL/TM-5136 
(January 1976). 

3. 0. M. Stansfield, Irradiation Induced Dimensional Change in HTGR 
Control Materials, GA-A-12035 (April 1972). 



114 

4. J. M. Davidson et al., "Radiation Damage Effects in Boronated Graphite," 
Kucl. Sci. Eng. 26: 90-98 (1966). 

5. General Atomic Standard Safety Analysis Report (GASSAR-6), GA-A-13200 
(1975). 

6. G. B. Engle and V. P. Eatherly, "Irradiation Behavior of Graphite at 
High Teaperature," High Temp, High Pressures 4: 119-58 (1972). 

7. S. Kawasaki et al., "Behavior of Boron in Stainless Steel Detected by 
Fission Track Etching Method and Effect of Radiation on Tensile 
Properties," J. Hucl. Hater. 39: 166-74 (1971). 

8. A. K. Chakraborty, C.K.H. DuBose, and V. R. Martin, Effect of Boron on 
the Ductility and Strength of Inconel 600 and Types 304 and 316 
Stainless Steel at Hot MetaUforking Tesperatures, ORML/TM-3316 
(May 1971). 

9. D. R. Harries et al., "Role of Boron in the High-Teaperature Irradiation 
Eabrittieaent of Austenitic Steel," pp. 357-81 in Radiation Damage in 
Reactor Materials, Vol. II, International Atonic Energy Agency, Vienna, 
1969. 



7. SAFETY INSTRUMENTATION 

J. L. Anderson, R. E. Battle, and M. J. Roberts 

An ongoing study was initiated during the reporting period to 
assess the adequacy of and identify development requirements for 
safety instrumentation for large RTGRs. The object of the review is 
to identify areas where further development and design efforts would 
result in improved safety, reliability, or availability and is not 
related to licensing. . / 

Thu base of information being used for the review comes 
from the General Atomic Standard Safety Analysis Report (GASSAR-6)* 
and frcm the Preliminary Safety Analysis Reports for the Summit2 and 
Fulton3 plants. More detailed information comes from topical reports 
and published articles when available; in addition, comments froa 
General Atoaic Coapany (GA) also have been considered. Information froa 
GA proprietary sources has not been included in this report. The 
study to date has been concentrated primarily on moisture monitoring 
instrumentation and the literature sources are noted as references. 

7.1 REACTOR TRIP SYSTEM 

7.1.1 Logic and Actuation 
The proposed reactor shutdown system for large HTGRs is described1 

in General Atomic Standard Safety Analysis Report (GASSAR-6). The 
shutdown system eaploys nine input parameters to each of three 
identical redundant channels. Four of these parameters are bypassed 
either automatically or manually during soae conditions of reactor 
operations. The inputs of the three channels are arranged in two-
out-of-three "general" coincidence. That is, a trip of one channel 
by any input parameter in coincidence with a trip of another channel 
by any input parameter in that channel will produce a trip. The 
coincident trip signals need not be measures of the same variables. 
This arrangement is quite acceptable, in fact preferred by many, 
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where the number of input para*iters is reasonably low so that the 
probability of spurious trips due to aultiple failures is acceptably 
low. The desirability of the general coincidence arrangement is 
attributed primarily to its simplicity and relative ease of testing. 
In the GASSAR-6 system,1 unfortunately, this advantage of simplicity 
has been lost by subsequent conversion of the logic from straight
forward two-out-of-three to a four-channel arrangement wherein 
pairs of channels ars combined with one-out-of-two logic and the 
combined pairs are then arranged in two-out-of-two for the final 
output. A name that has been used for this arrangement is "one-
out-of-two taken twice," v*iich tends to divert attention from the 
two-out-of-two-final logic. On a probabilistic basis it can be and 
has been argued that the reliability of the one-out-of-two plus 
two-out-of-two arrangement is satisfactory.* However, all such 
probabilistic arguments necessarily assume complete channel 
independence, which is never achieved in practice. In the GASSAR-6 
system all three of the input channels are brought together and 
connected to the inputs of the two-out-of-three logic elements in 
all four of the subsequent logic channels. Not only are the 
channels brought together by the logic circuitry, but the wiring 
is necessarily intricate in these locations. It is not difficult 
to postulate wiring faults or semiconductor failures within a single 
logic circuit module that could result in the common failure of 
the entii'« system. Because of the special treatment usually 
provided for physical protection of shutdown system wiring and 
components, the probability of such a failure may be low. Nonetheless, 
the needless interconnection of supposed independent channels should 
be regarded with suspicion. The use of "one-out-of-two-twice" 
logic is common in power reactors, but the intermixing of logic 
schemes is not. The history of operating reactors clearly indicates 
that random component failures are not, and never have been, 
significant factors in the unreliability of protection systems. The 
vast majority of failures and incipient failures of protection 
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systeas to perform cheir functions have been related to common-mode 
influences, interconnections and interactions between channels 
or systems that had been assumed independent. This experience 
suggests that more attention should be devoted to reducing common-
mode failure susceptibility, rather than concentrating on random 
failures. 

The output of the two-out-of-two logic system is a direct 
current, which supplies all the control rods in parallel. The 
current from each of the two parallel power supplies is normally 
switched both by an electronic switch and by a relay contact to 
reduce the probability of failure to scram; in addition, the 
control rod holding bus is shorted to ground. However, since all 
rods are fed in parallel, the potential for wiring faults at 
a strategic location still exists and could prevent all rods from 
scramming. The opportunity for wiring faults to power sources 
is considerable because of the way in which holding power and 
drive power are switched to the control rod drive motors. To move 
a control rod, two-phase ac power is applied to the windings. Uhen 
not in motion, the dc current from the shutdown system output 
is applied to the same windings to "lock" the motor. When both the 
ac and the dc are removed the rod inserts by gravity with dynamic 
braking from the motor as determined by resistors permanently 
connected to the windings. The application of ac to all the 
motors would prevent scram. Examination of the drawings reveals 
appropriate interlocking to avoid interactions in the absence of 
faults, but fairly simple faults may result in the inability to 
scram promptly. A broader look suggests several opportunities 
for common failures that could result in failure to scram, such 
as: all rods in parallel for holding current, use of the same 
motor for both driving and holding, availability of different power 
sources to the motors, complex switching required because of the 
dual motor functions, two-out-of-two holding pover source, multiple 
channel interconnections because of the mixture of logic schemes. 
In addition to these potential problems, the rod drives themselves 
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employ drua-and-cable mechanisms, which are prone to slack-cable 
entanglements and aabiguity of rod position information, and the 
rods are inserted by gravity alone with no mechanical assist for 
acceleration or to overcome friction. Drua-and-cable rod drives 
have a poor service history in reactor service at OftHL. They were 
used on a number of early pool-type research reactors and have 
mostly been replaced by gear or screw types with direct attachment 
to fuel assemblies to prevent inadvertent fuel movement, we 
believe other approaches should be developed for HTGXs. 

A further potential degradation of channel independence may be 
provided by the Data Acquisition and Processing (DAP) System. The 
DAP system examines the status of all channels of the shutdown 
.-ystem at many points. Signal buffering is indicated, which will 
hopefully prevent faults in the DAP system from affecting all the 
shutdown system. Even though buffered, th«» presence of the many 
additional wires necessary for the DAP system increases the 
propensity for channel interdependence through noise coupling 
and fault potential. The accumulation of status information from 
many points within all channels of the protection system must be 
weighed against the greatly increased opportunity for common 
interaction through wire, cable, and noise communications cmong 
the channels. The need or desire for such extensive monitoring 
of the shutdown system may be artificially created by the 
unnecessarily complies' mixed logic of the system and the testing 
complications that this .reates. An unfortunate trend is developing 
in all commercial reactor types to increase the role of the 
"plant computer" in protection system monitoring to the detriment 
of channel independence. A somewhat subtle influence is the use 
of a single, sophisticated plant computer to calibrate all the 
alleged independent protective channels. Such functional 
interdependence, with the inevitable degradation of protection 
system reliability, is apparently being abetted by the promiscuous 
use of electrical isolation devices. This trend toward diffusion 
of independence should be reversed. 
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Paragraph 4.7.2 of IEEE-279s permits the use of isolation 
devices to transait signals from protection system equipment for 
control system use. It is neither stated nor implied that such 
devices may be used to couple signals between alleged independent 
channels within the protection system. Paragraph 4.6 clearly 
states that channels shall be independent and physically separat'-d. 
In this sense :*independent" is intended to apply to functional 
performance and not just to potential failures through electrical 
interconnections. The use of electrical isolation devices does 
not give free license to functionally interconnect channels 
indiscriminately and thereby subvert the functional independence 
of the protection system. 

7.1.2 Reactor Trip Inputs 
A low-level neutron flux signal is used to protect against 

power excursions when the reactor is being operated at low levels 
for testing or refueling and is manually bypassed at high power 
with key switches on the control boards. Comments by GA on this 
state that: (1) the instrumentation used for this parameter is 
portable gear to be removed after initial core loading, and (2) the 
retractable in-core sensors and measurement channels are not used 
to provide an input to the reactor trip. This Information is 
contradictory to paragraph 7.2.1.1.a.(1) of GASSAR-6.J—We believe 
that the following comments are valid, whichever is correct. 

The signals are derived from start-up pulse-counting channels, 
which will characteristically have slow response because of the 
statistical smoothing required and may be subject to paralyzing 
overload (foldover) because of pulse resolution limitations 
inherent to counting instruments. These characteristics must be 
carefully checked for appropriate transients during equipment 
qualification or earlier, as prudent. The in-core detectors 
(fission chambers) for this parameter are retractable and during 
high-power operation are normally withdrawn from the core with their 
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polarizing voltage reaoved. The detectors aust be designed to 
operate at fairly high teaperatures characteristic of the reactor 
core under the intended operating conditions. These channels aay 
have to operate during fast restart conditions when the core 
teaperature will be auch higher than for low power testing. If 
detector cooling is required for soae aodes of operation, then 
the cooling status aust be a part of the protective function 
just as the polarizing voltage and retract status are as required 
by 1EEE-279,5 should these channels be used for protection. 

Generally, pulse counting instruments are undesirable for 
protective systea use because of their characteristic unreliability 
and response limitations.' This unreliability is due to the 
coaplez signal conditioning required, susceptibility to foldover 
or paralyzing overload conditions, and inherently slow response . 
necessitated by statistical smoothing. If analysis really shows 
that protection at very low flux levels is required, then aore 
reliable techniques for achieving this protection should be developed. 
In examining the protective requirements of reactors, it is usually 
found that the identification of a need for low-level flux 
protection is a direct consequence of insufficient speed of response 
of the shutdown mechanism. Equivalent or superior protection can 
usually be achieved with faster shutdown systems initiated at 
higher levels.6 Since gas-cooled reactors to date seem to be 
equipped with very slowly responding shutdown systems, we recommend 
that the entire subject of response requirements be thoroughly 
investigated and the needs and possible benefits of faster systems 
be explored. This same argument is applicable tc' light-water 
reactors. 

The flux signal used in a flux-to-flow ratio input is the 
direct current froa an ionization chamber, which is also used in 
pulse counting and variance aodes for wide-range power indication. 
While such multiple use of the detectors aay be acceptable, a 
couple of factors need to be considered in the evaluation. Firstly, 
the reliability of the protective signal aay be reduced because 



121 

of the additional complexity of the circuitry required for 
multiple use. Should the variance signal be used for control 
(apparently not the case1 for GASSAR-6), then a strong potential 
for undesirable safety and control interaction would exist. 
Secondly, and •ore significantly, in such a systea the chaaber 
location and characteristics will alaost surely be optiaized 
for the wide^range, nonsafety characteristics of the systea. The 
dc output current used for protection will then be an accidental 
result of this optimization and may or aay not be optiana or 
appropriate for protection. The locations of detectors for 
protective systea use are usually carefully studied to assure 
that the neutron-to-gaaaa ratios and radiation levels are suitable 
and that the chaaber sensitivities are adequate to provide proper 
response. This departure froa usual practice indicated by the 
GASSAR-6 systea will require careful scrutiny to assure that the 
protective systea performance and reliability are not degraded 
by the use of protective systea equipaent for other purposes. 
In discussions on this subject, GA contends that the proposed 
detector locations are optimal for the HTGR. The economic incentive 
to use sensors and/or penetrations for multiple uses is considerable, 
and such multiple use has become fairly common, though still suspect, 
in protection systeas. The developaent of the counting-Caapbelling 
technique to commercial acceptance represents a significant advance 
in reactor start-up instrumentation. Nonetheless, the combined 
use of a detector for dc current, counting and Caapbelling signals 
where the signals aay be used for both protective and nonprotective 
functions represents a subtle and potentially significant 
degradation of both independence and performance of the safety 
function. The flux input to the flux-to-flow ratio channel is 
the most important of the flux-related protective signals since 
it is the only one operative during normal operation at full 
power. Therefore, this signal in particular should not be 
compromised for the benefit of others, even if the others are 
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also safety-related. A comprehensive study of the neutronic, 
geometric, and thermal requirements of ionization chambers for 
HTGRs is recommended. 

A high-level neutron flux trip signal is effective during 
reactor start-up when helium flow is low. It is automatically 
bypassed by high helium flow. The signal is derived from the wide-
range logarithmic channel that shares its detector with the flux-flow 
input described above. 

Helium temperature is measured by thermocouples located in 
guide tubes at the steam generator inlet. The outputs of several 
thermocouples are combined to obtain the average gas temperature 
and to improve reliability. The adequacy of available thermocouples 
and other temperature sensors for HTGR applications is being 
reviewed by others (LASL HTGR Safety Research Program). 

Based on the mixed results of this assessment and knowledge 
of other thermometry work in progress, the complete suitability 
of available temperature sensors for HTGR applications is not 
fully established. A comprehensive qualification and development 
program in this area is recommended to substantiate and support the 
work being done by GA. Our review in this area has not yet been 
detailed enough to identify specific deficiencies and development 
requirements that are based on identified HTGR needs. Temperature 
measurements at the core exit would be in a more adverse environment 
than those at the steam generator principally because of the higher 
neutron and gamma flux present. 

Although it is not presently proposed to use the core outlet 
measurements in the shutdown system, such measurements are important 
to safety in detecting the presence of xenon oscillations, excessive 
fuel temperature, effectiveness of rod programming, power-flow 
mismatches, flux tilts and power imbalances, and adequacy of flow 
orificing. Because of a general lack of data on sensors under 
particular HTGR conditions, an accurate assessment would involve 
some substantial experimental investigation, which is beyond the 
scope of our current assessment. 
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The instrumentation for the regaining reactor trip inputs 
proposed is expected to be commercially available and adequate 
for HTGR applications except moisture monitoring, which is 
discussed at length later in this review. Qualification of 
commercial equipment to particular HTGR specifications will of 
course be necessary, but this is not expected to involve development. 

7.2 CORE AUXILIARY COOLING SYSTEM (CACS) 
During normal reactor shutdown, the main cooling loops remove 

the decay heat, but the CACS is required to remove reactor decay 
heat when the main cooling system cannot. The CACS may be initiated 
automatically or manually. The 1160-MW(e) HTGR as described1 in 
GASSAR-6 has three cooling loops in the CACS, two of which must 
function correctly to remove the decay heat of the reactor following 
full-power operation. After the CACS receives a signal to start, 
a large amount of equipment must function to provide adequate 
cooling to the core; and, in general, the larger the number of 
items that must function the higher the probability of failure of 
the system. The actual number of items that must function for 
the CACS to provide adequate cooling is variable depending upon 
the initiating event and the condition of the reactor. Some 
portions of the equipment that are needed for CACS operation are 
functioning at all times during normal reacto- operation, but 
certain pieces of equipment funrtion only when tested or after 
CACS initiation. A general description of the CACS operation will 
assist in explaining the view that the auxiliary cooling reliability 
is limited by the large amount of equipment that must function for 
the CACS to remove decay heat. Most of the Information described 
is taken from GASSAR-6, details of the Core Auxiliary Cooling Water 
System (CACWS) are taken from the Summit PSAR,2 and some information 
comes from other sources. 
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During normal reactor operation, there is a saall helium 
leakage through the auxiliary loop heliua shutof f valve into the 
auxiliary cooling loop. The helium leakage allows parts of the 
CACS to function during normal reactor operation. It also avoids 
thermal shock by keeping the cooling water temperature close to 
the temperature at which it will operate when removing decay heat. 
The plant service water is also circulated through the service 
water heat exchanger during normal reactor operation. Heat is 
removed from the plant service water and exchanged tc the 
atmosphere by an air-blast heat exchanger. The auxiliary Core 
Auxiliary Cooling Water (CACW) pump circulates cooling water 
during normal reactor operation, but it is not designed to remove 
decay heat from the reactor. Cooling water pressure is maintained 
within limits by a pressurizer with a helium cover gas. When the 
CACS is initiated, the main cooling loops must be shut down and 
blocked to prevent the helium flow from the auxiliary circulators 
from bypassing the reactor core. A six loop plant is designed to 
withstand the failure of one main helium shutoff valve. The 
1160-MW(e) HTGR has six main cooling loops, and each loop has a large 
number of valves, which must function to shut down the loop. Five 
pairs of series redundant shutoff valves in each loop isolate 
the secondary coolant, and one valve with redundant actuation 
circuits blocks helium circulation in the main coolant loop. If 
auxiliary cooling is determined to be necessary, the logic system 
provides simultaneous signals to start the auxiliary helium 
circulators and to shut down the main cooling loops. Head pressure 
from the auxiliary circulator opens the helium shutoff valve in the 
auxiliary cooling loop and begins circulating helium through the 
core auxiliary heat exchanger (CAHE-helium) transferring heat from 
the helium to the cooling water. The speed of the helium circulator 
is controlled by a variable-frequency Inverter, and the inverter 
frequency is controlled by the cooling water temperature out 
of the CAHE (helium). As the cooling water temperature increases, 
the frequency of the inverter is made to decrease, thereby decreasing 
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the speed of the drive motor with a resultant decrease in water 
teaperature. The cooling water temperature at the inlet to the 
auxiliary heat exchanger (helium) is maintained within limits by 
controlling the cooling water temperature out of the CAHE 
(service water). The CAHE (service water) transfers heat from 
the cooling water to the service water. The CAHE (helium) 
cooling water inlet temperature is controlled by a motor driven 
valve, which regulates the amount of cooling water flow through 
and around the CAHE (service water). The helium circulator drive 
motor is serviced by a lubrication system, a component cooling 
system, and a helium buffer system. The lubrication system and 
the component cooling systv* are necessary for drive motor 
operation; the helium buffer gas is not necessary for safety, but 
only to prevent lubrication vapors from contaminating the helium 
coolant. Operation of the auxiliary helium circulators increases 
the helium flow through the auxiliary heat exchangers and increases 
the cooling water temperature. When the CACS is initiated, the 
CACUS is switched from the standby cooling mode to the core cooling 
mode automatically. When the CACS goes into the core cooling mode, 
the main CACW pump is started, the auxiliary CACW is stopped and 
its bypass valve closed, and the water purification system is 
isolated. Cooling water flow back through the auxiliary CACW pump 
is prevented by a check valve. A detector in each of the main 
cooling loops and in each of the auxiliary cooling loops detects 
moisture so that action can be taken to avert a steam-graphite 
reaction. The main steam generator isolation and dump system 
must function upon demand of the main loop moisture monitoring 
system, and likewise, the auxiliary isolation system must 
function when required by the auxiliary moisture monitoring system. 
The loop isolation systems are designed to isolate a maximum of 
two nain loops or one auxiliary loop upon the detection of excessive 
moisture, so adequate cooling will remain. If the auxiliary cooling 
water lavel becomes too low or too high, the cooling water makeup 
system or the water vent may have to function. 
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The above paragraph states, in general, how chc core auxiliary 
cooling system works. The paragraph reveals that much equipment 
must function -roperly for removal of decay heat by the auxiliary 
cooling system. Major simplification of the system say uot be 
practical, but any possible reduction in complexity should result 
in higher reliability. 

Some equipment in the CACS appears particularly susceptible 
to a failure, which may result in hazardous conditions. Two specific 
items that we have recognized as possibly needing improvement are 
the primary helium shutoff valve and the auxiliary circulator drive 
motor lubrication system. 

The prin.iry coolant shutoff valve is necessary to prevent the 
helium flow produced by the auxiliary helium circulators from 
bypassing the reactor core am* decreasing che core cooling by 
flowing through the main helium circulators. Each of the six 
main loops lias one helium shutoff valve. The logic system that 
actuates the primary helium shutoff valve is divided into logic 
A and logic B. Logic A provides a signal to three drive motors, 
any one of which can close the valve. The motors do not have to 
be synchronized and will not jam each other since they are driven 
through slip clutches. Logic B signals a solenoid to let the 
valve close by gravity with a spring assist. Limit switches turn 
on a light to indicate that the valve is closed. Because of the 
two methods of closure, failure to actuate the valve is unlikely. 
However, since there is only one valve by some method the valve 
might not seat properly. For example, an obstruction or valve 
warpage may prevent the valve from closing but rtill allow helium 
to flow. Section 5.2.1.7(b) of GASSAR-6 indicates1 that the CACS 
can provide adequate cooling of the core even though one of the 
primary coolant shutoff valves has failed open. The reliability 
of the helium shutoff system might be -reproved by using redundant 
valves. Conversely, inadvertent blockage of helium flow through 
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the loop is more likely if two helium shutoff valves are used 
rather than one. Although the reliability of the helium shutoff 
system would be improved, the reliability of the main cooling loops 
to provide core cooling would be reduced if two helium shutoff 
valves were used. 

Lubricating oil is supplied to the auxiliary helium circulator 
motor by two oil tanks. One tank supplies oil to the upper 
bearing cavity, and the other to the lower bearing cavity. 
Initially, a predetermined quantity of oil is supplied to each 
cavity; then the oil supply valves are closed isolating the bearing 
cavities from the oil tanks. No instrumentation to indicate oil 
level in the motor is mentioned1 in GASSAR-6, although recent 
information from GA indicates that oil level monitoring will be 
provided. Loss of oil may go unnoticed and result in motor damage 
and loss of the auxiliary circulator. At a labyrinth seal between 
the helium coolant and the bearing cavity, buffer helium is injected 
to prevent oil vapors from getting into the primary coolant. A 
possible method of failure of the Jiotor lubrication system is 
summarized here. If the helium coolant suddenly changes pressure, 
the labyrinth seal may fail or oil may be drawn through the seal 
by the pressure change. If the chpnge in oil level is not observed 
by the operator, and if the oil loss is sufficient the motors 
could be damaged. Failure of the labyrinth seal by this method 
can result in common mode failure of the auxiliary cooling loops. 

7.3 STEAM GENERATOR ISOLATION AND DUMP SYSTEM 
The steam generator isolation and dump system consists of the 

main loop shutdown system and steam generator dump system. The 
primary helium shutoff valve, the superheater-evaporator-economizer 
isolation valves, and the rcheater isolation valves are the active 
components in the main loop shutdown system; and, except for the 
primary helium shutoff valve, all the other main loop shutdown 
valves are redundant. The steau generator dump system consists 
of a dump tank and parallel dump valves, which are operated by 
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two independent hydraulic systeas. One duap valve is actuated by a 
signal from logic A, and the other is actuated by a signal fron logic B. 
In series with the duap valves, however, are manually operated duap 
block valves, which are closed when the duap systea is being tested. 
By closing the duap-block valves, the systea can be tested without 
actually duaping the steaa generator. A coacon aode failure of the 
steaa generator duap valves is realized if the two duap-block valves are 
left closed when the duap test is coapleted; and if only one duap-block 
valve is left closed, then the duap systea is subject to subsequent 
coaplete failure by a single failure of the remaining functional valve. 
The dump-block valves are not instrumented to indicate whether they are 
closed. Indication should be provided to the operator whenever the 
duap-block valves are not completely open. It is important to observe 
that if one cr both of the duap-block valves are left closed they will 
prcbably remain closed until the next duap system test, eliminating the 
increased systea reliability gained froa redundant valves. Providing 
duap-block valve position indication to the operator will increase the 
duap system reliability. 

7.4 CAHE (HELIUM) ISOLATION SYSTEM 
GASSAR-6 delineates1 the general procedure to be followed if one 

of the auxiliary cooling loops is temporarily out of operation but 
is incomplete. With the reactor at full power and one of the core 
auxiliary cooling loops out of service, the reactor will have 
only 100X of its auxiliary cooling capacity instead of 150Z. In 
this aode of operation, a single failure in the auxiliary cooling 
loop will result in insufficient auxiliary cooling capacity. The 
status of the auxiliary heat exchanger isolation systea must be 
examined for reduced auxiliary cooling capacity. If the CACS loop 
isolation system is locked out when one auxiliary cooling loop 
is down, and the CACS is required to cool the core, a moisture 
leak in an auxiliary loop can cause a damaging graphite-water 
reaction. When the CACS is required to cool the core, and the 
isolation system is not locked out, a moisture leak will shut down 
one of the two remaining loops, leaving only 50% of the necessary 
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cooling capacity, and the core may overheat. For extended downtime 
of one of the core auxiliary cooling loops, the core auxiliary 
cooling loop isolation system should not be locked out, and the 
reactor will probably be required by technical specifications to 
operate at reduced power so the reactor decay heat does not exceed 
the decay heat removal capacity of a single auxiliary cooling loop. 
(Reference GASSAR-6, paragraph 16.4.3.3.) 

7.5 ORIFICE CONTROL SYSTEM 
The orifice control system is used to control the temperature 

profile of the reactor core by varying the helium flow through 
73 regions within the core. The orifice control system is not 
required for safety. Manually controlled, motor-driven valves 
regulate the helium flow within each region. The orifice valves 
can only be operated one at a time in incremental st«"?s with a 
time delay between successive steps. Redundant thermocouples 
measure the temperature of helium leaving each region, and the 
data acquisition and processing system (DAP) provides the operator 
with a cathode-ray tube (CRT) display of the helium temperature in 
each region. Each valve also has a pc ition transmitter, which 
provides a signal to the DAP for display on the CRT. High teaperature, 
low temperature, and temperature deviation between the two sensors 
are alarmed. When the reactor is down for refueling, the calibration 
of the thermocouples and the DAP is verified by use of precision 
thermocouple potentiometers. Since the Instrumentation is redundant, 
excessive temperature at the outlet of a region will likely be 
indicated to the operator. However, the control system is not 
redundant, and a single failure in the control system can result 
in loss of control of all the orifice valves. If loss of control 
of the valves results in excessive temperature in a region, the 
operator can reduce the temperature by inserting the control rod 
pair in that region. 
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Redundant thermocouples and an alarm system provide the 
operator with indication of excessive temperature within the core 
regions, and a stepping-motor valve-control systea and control 
rods provide control of the temperature profile of the core. Control 
of the temperature profile of the core depends strictly on correct 
operator response to the information provided by the temperature 
indicators. The effects of an incorrect response have yet to be 
determined. 

7.6 HOISTURE DETECTION IN RTGRs: PRESENT STATUS AND DEVELOPMENT NEEDS 

7.6.1 Requirements 
The HTGR employs helium at 5.00 MPa (725 psia) as the primary 

coolant to transfer heat from the reactor core to the steam 
generators.7 As pressures of up to 17.2 MPa gage (2500 psig) ave 
reached on the steam side of the steam generators, a leak in the 
steam-heHum boundary could allow moisture to enter the primary 
coolant. Excessive moisture in the hot graphite of the core could 
increase operating pressure, erode the graphite moderator, and 
liberate hydrogen and carbon monoxide. The possibility of these 
adverse effects of moisture on the graphite fuel elements requires 
instrumentation for the rapid detection of moisture in the helium 
coolant loops.' This system must provide a reliable means of 
detecting moisture at all normal and abnormal operating conditions. 
It should also identify the particular loop with the excessive 
moisture so that it can be isolated and the steaa generator dumped. 

7.6.2 Operating Experience in Detecting Steam Generator Leaks in 
HTGRs 

This section will summarize the experience with electrolytic 
hygrometers and infrared analyzers at Peach Bottom and in England 
and th«s experience with themal conductivity and variable-capacitance 
devices at Peach Bottom. It will also cover the experience to date 
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at Fort St. Vrain with optical dew-point devices. To complete the 
assessment of the state of moisture detection, operating experience 
in France, Germany, and the Soviet Union should be reviewed. 

During the period 1968 through 1972, electrolytic hygrometers 
made by Beckman were used at Peach Bottom* for moisture detection. 
Experience accumulated during their use indicated a mean usable 
life of about six weeks. The electrolytic hygrometer cell consists 
of two rhodium or platinum wires wound in parallel helices spaced 
a short distance apart on the inner urface of a plastic cylinder. 
The inner surface of the cylinder is wetted with phosphoric acid. 
A dc potential applied to the wires electrolyzes the water content 
of the acid leaving a desiccan. with a high affinity for water. 
As moist gas passes through the tube the dessiccant absorbs the 
moisture and a dc current flows to electrolyze it. The humidity 
of the gas is then proportional to this current. The failure 
of these cells in long exposure to moist gas is in the upscale 
direction, apparently due to the migration of metallic compounds 
formed during electrolysis from one electrode to the other, 
eventually bridging the gap and electrically shorting the cell. 
The failure mode in long exposure to very dry gas is in the 
slightly downscale mode, apparently due to cell dehydration.9 

The British experience with electrolytic hygrometers described 
by Bennett and Conibear10 has been similar to the Peach Bottom 
experience with a few minor differences. They also have had 
problems with cell degradation and failure. The life data are 
hard to compare since their coolant is carbon dioxide instead of 
helium and the typical moisture concentrations for which they 
specify life of cell are different from those reported by Peach 
Bottom. Bennett and Conibear do not mention degradation of the 
cells by exposure to very dry gas but dwell extensively on the 
problems associated with long exposure to high moisture concentrations. 
By using a low-frequency ac driving voltage and adding cadmium to 
the electrolyte, they have effectively anodically protected the 
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wires fro* the effects of exposure to moisture, thereby increasing 
cell life. Also they have developed techniques for regenerating 
failed cells with a success rate of about 60Z. They have also 
developed a differential measurement technique, which eliminates 
probleas associated with drifts in background current at zero 
moisture. 

The British have also used Infrared Gas Analyzers (IRCA) for 
moisture detection.1' The performance is reported as being 
affected by drafts, temperature, gas pressure, and reactor power, 
and drift may be 5 to lOZ/day. The equipment requires very 
frequent checking, and the maintenance costs are relatively high. 
The IRCA is operati (tally satisfactory as a trend indicator with an 
overall response time of about 5 min. The Peach Bottom test 
program7'11 with infrared analyzers showed an ran response time 
of 9.2 sec and limited sensitivity compared with other methods. 
The sensitivity could be increased, but only at the expense of 
response time. 

The thermal conductivity bridge designed by CA is a trip 
device only. The Peach Bottom test program 7' 1 1 showed it to 
have a response tiva (rms) of 1.3 sec. It is very sensitive to 
flow and pressure and cannot be used as a continuous Indicator. 
The aluminum oxide variable capacitance device was unacceptable 
because of najor shifts in calibration and lack of repeatability.7* 

The rugged ized optical dew-point device 7' 1 1' 1 2 used by GA at 
Fort St. Vrain can be used in the indicating or trip mode but not 
both simultaneously. It offers flexibility, a high accuracy, and 
rapid response in the trip mode. It is comparatively slow in the 
indicating mode. It is also very complex in that it requires 
support systems such as a liquid-nitrogen cooler or Freon 
refrigerator if measurements as low as 1 vol ppm are required. 
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7.6.3 Comparison Among Methods of Hygrometry 

7.6.3.1 Electrolytic Hygrometer7~1*»'3 

The principle of operation is described in Section 7.6.2. 
The accuracy of the electrolytic hygrometer is limited only by the 
regulation of the sample (mass) flow through the cell and the precision 
of cell output-circuit components. As previously stated, its 
operating success has been mixed with a too frequent failure rate. 
The references (British and American) paint somewhat different 
pictures of its usefulness, with the British seemingly the more 
optimistic about its ultimate success. It has the advantages of 
relatively low cell replacement cost, uncomplicated electronics 
and supporting hardware, and direct measurement of moisture with 
the sensitivity and response time required. Its disadvantage is 
its susceptibility to frequent failure in very moist or very dry 
helium. 

7.6.3.2 Optical Dew-point Hygrometer7'8'1 , - 1 3 

The optical dew-point hygrometer contains a cooled mirror, an 
optical bridge, a temperature sensor, and readout electronics. In 
the indicating mode the sample gas flows across the mirror. The 
mirror is cooled until -liquid or frost forms on it. The optical 
bridge then senses a change in reflectance and develops a feedback 
signal to control the mirror temperature at the dew or frost 
point. This temperature indicates the moisture concentration of the 
gas. In the trip mode, the mirror temperature is held constant 
at a dew or frost point corresponding to the moisture concentration 
of the gas at which a trip should occur. When the moisture 
concentration reaches that level, the mirror fogs and a trip signal 
is generated. Its speed of response and accuracy are sufficient 
to meet specifications as a trip instrument. Used in the indicating 
mode, its sensitivity and accuracy are also sufficient to meet 
specifications. 
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7.6.3.3 Infrared Detectors 7*'» I 1» I 9 _ 1 S 

Infrared detectors typically contain an infrared source, an 
infrared filter, a saaple cell, an infrared detector, and 
associated electronics. The infrared beam is filtered to select 
a wavelength that will be absorbed by moisture but not by heliua. 
This filtered beaa is passed through the saaple gas. Another 
filtered beaa whose wavelength is selected to pass unattenuated 
through both aoisture and heliua is passed through the saaple 
gas. Both beaas are aeasured after passage through the gas. Their 
ra«io is functionally related to the aoisture concentration. This 
type analyzer, if built to have adequately fast response, has 
inadequate sensitivity and vice-versa. It also suffers froa drift 
problems and complicated hardware, which limit its use to trend 
indication. 

7.6.3.4 Microwave Methods'»" 
Two aoisture detection methods use microwave methods. Water 

vapor absorbs microwave energy at 23 GHz during passage t' rough a 
saaple of coolant gas. This absorption due to water vapor is hard 
to measure. A more promising technique is to use the principle 
that water vapor changes the dielectric constant of the gas. The 
measurement technique is then to detect the change in resonant 
frequency in a gas-filled cavity as the gas changes from being 
dry to moist. This technique is sensitive to pressure and 
temperature. Therefore the sample gas cavity resonant frequency 
should be constantly compared with the resonant frequency of a 
similar cavity at the same pressure and temperature, which also 
samples the coolanr but at a much slower rate. Consequently, one 
frequency shift would occur more rapidly than the other, and the 
sudden change would be detected by a microwave biidge imbalance. 
Shifts in resonant frequency due to temperature a.td pressure changes 
would be essentially the same for both samples and would cancel 
in the bridge. According to Billeter and Schemnel,'s a microwave 
device could accurately detect over a long period of time moisture 
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changes as saall as 12 vol ppa. Typical response time is 
approximately 0.6 sec. The minimum discernable concentration 
change (short-term) is approximately 2 vol ppm. An instrument 
of this type could be placed directly in the boiler exit pipe, 
thereby eliminating sample transport lag. Two disadvantages of this 
method are the complicated hardware and electronics and the lack of 
development for HTGR application. 

7.6.3.5 Thermal Conductivity Sensor7'-' " • 1 3 

As designed by GA, this unit consists of a four-el«sment bridge, 
a delay line, and power supply and detector electronics. Four 
commercially available hot-wire elements form the electrical bridge. 
The sample gas passes over two opposite elements in the bridge, 
through a coiled-tube delay line, and later through the other two 
opposite elements in the bridge. The electrical resistances of the 
hot-vire elements change as the thermal conductivity of the sample 
gas, which is a function of moisture concentration, changes. Moist 
gas passing through the first set of elements creates an imbalance 
in the bridge. Passing through the second set restores the balance. 
This instrument can be used for trip only, not for indication of 
moisture concentration. It has a response time of 1.3 sec (rms). 
It is quite sensitive to flow and pressure. 

7.6.3.6 Nuclear Magnetic Resonance (NMR) 
Detection of water vapor depends upon measurement of the 

resonance absorption of protons in the water molecules when the 
water enters the helium stream. It is suggested that the nuclear 
induction method can be used in which a gas sample is continuously 
passed through a sample cell surrounded by a magnetic field. The 
main advantage of NMR is that it is a positive indication of water 
only; fluctuations of temperature or pressure would not produce 
an error signal. The main disadvantage is that it has not been 
developed for HTGR application. 
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7.6.3.7 Helium Afterglow Monitor 1 7 

This technique is based on the detection of the characteristic 
radiation resulting froa Pehning-type ionization reactions between 
metastable heliua atoas and iaporities, in this case water vapor. 
Under laboratory conditions this aethod is very sensitive; it can 
detect water vapor concentrations in the voluae parts per billion 
range. This sensitivity will be reduced somewhat by the contaainants 
in an HTGR, but it is still probably in the low voluae parts per 
•illion range. The disadvantages are the complex equipaent needed, 
the sensitivity to pressure and temperature, and the lack of 
operational experience in an HTGR environment. 

7.6.3.8 Other Methods 
Several other methods, hygrometric and otherwise, have been 

proposed for detecting boiler leaks. The variable capitance 
sensor 7 — ,» 1 1* 1 3 and the Brady array 1 1 have both been shown to 
have the problem of decalibration after long use. The speed of 
response of the variable capacitance sensor also decreases greatly 
with extended use. Measurement of carbon monoxide, a product of 
the water-graphite reaction, can detect leaks but only after the 
reaction has occurred, making the response time too long. Also, 
it cannot identify the leaking boiler. 

All the following are proven laboratory-hygrometric methods, 
but are untried in an HTGR environment to the best of our present 
knowledge: 
1. pneumatic bridge hygrometer19 (complex, temperature-sensitive); 
2. ionic salt-phase transition 1 3' 2 0 hygrometer (complex, requires 

careful filtering of particulates from the gas), 
3. piezoelectric sorption hygrometer 1 3' 1 7 (temperature and pressure 

sensitive, must filter the gas, no known hygroscopic coating 
material satisfied HTGR requirements), 

4. alpha-ray absorption13 (sensitive to radiation), 
5. 6.13-MeV-gaama-ray detection17 (insensitive to low-level humidity 

because of background radiation). 
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7.6.4 Su—ary and Reco—endations for Developmental Work 
Based on all the information gathered thus far, the authors' 

opinions are as follows: 
1. No complete moisture detection system has conclusively proven 

its acceptability in an HTGR environment. The optical dew-point 
hygrometers at Fort St. Vrain2' promise the best performance thus 
far and have undergone extensive developmental testing in service 
during the hot flow testing and start-up period. The performance 
of the GA moisture monitor detection system has met the design 
criteria, but problems have been experienced with the sample 
system. These problems have been primarily associated with drawing 
a continuous sample at all power levels since the sample is derived 
from circulator pressure drop. These problems should not occur in 
the GASSAR design since a sampling system consisting of heat 
exchangers, storage tanks, and compressors will be provided to 
ensure continuous sampling. According to GA, the lack of an alarm 
during moisture ingress at Fort St. Vrain was attributed to the 
monitors being set at a trip point above the dew point of the sample 
line coming through the PCRV. The setting was 10 times higher 
than the proper setting and the moisture condensed in the sample 
lines before the moisture level reached the set point of the monitor. 

2. The two most promising techniques, considering all factors, 
are optical dewpoint hygrometry and electrolytic hygrometry. 

3. There is an appearance of insufficient communication and 
crosschecking of results between United States investigators and 
foreign sources, especially France and Germany. 

4. For all practical purposes there is only one United States 
research and development effort, the one at General Atomic Company, 
into moisture monitors for HTGR application. There has been a 
small effort into radiation methods at Los Alamos and Into infrared 
detection at Battelle Northwest Laboratories. In the interest of 
objectivity, competitive Independent investigation should be made 
to cross-check GA's conclusions. 
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5. Development work is needed in the area of nuclear magnetic 
resonance and helium afterglow detection methods. These are 
promising laboratory techniques, untried in an HTGR environment. 

6. A response from 6A indicates that if other moisture 
monitoring methods are investigated, development should concentrate 
on the pneumatic bridge and thermal conductivity probes, with the 
belief that the pneumatic bridge is less complex than the laboratory 
techniques of nuclear magnetic resonance and helium afterglow 
detection. GA points out that when the pneumatic bridge is used 
at high pressure, such as would exist in the HTGR sample system, 
the differential pressure is much higher and falls in the range of 
standard process instrumentation differential pressure transmitters. 
Also, since sonic nozzles are used in the pneumatic bridge, the 
pressure and flow conditions would be stable and unaffected by 
upstream or downstream pressure and flow changes. This stable 
condition should be ideal for the thermal conductivity probes, 
which are fast and simple devices. GA points out that the temperature 
sensitivity of the pneumatic bridge is of concern only when the 
temperature of the gas in one side of the bridge is different from 
that of the opposite side. These two gas temperatures could be 
maintained the same by a simple, effective heat exchanger. 

7.7 BRIF7 SUM1ARY OF CONCLUSION.. AND RECOMMENDATIONS 

7.7.1 Reactor Trip System 
1. The mixed-logic arrangement of the protection system 

complicates testing and increases the opportunity for interaction 
between channels. At the point of logic mixing all channels are 
interconnected by the logic circuitry, and the wiring for the 
supposed independent channels is necessarily very close and 
susceptible to wiring faults. A straightforward logic scheme 
that would maintain better channel separation would be preferred. 



139 

2. The dc holding power source for the control rods uses 
tvo-out-of-two logic, and all rods are powered in parallel. The 
ac rod driving power is applied at the same point through a 
complicated switching arrangeaent. This arrangeaent appears to 
have a high susceptibility to common-mode failure through power 
or wiring faults and defeats the redundancy of multiple rods 
by powering all in parallel. It is recoaaended that the rod 
driving and the scraa release circuitry and aechanisas be aade 
independent of each other and that the scraa release circuitry be 
rearranged to provide true redundancy. 

3. It is recoaaended that development be initiated to pioduce 
a rod drive for HTGR service that is aore suitable and reliable 
than the drum and cable drives being used. 

4. It is recoaaended that the requireaents for aonitoring in 
the protection systea be reevaluated so that the intrusions into 
the systea by the data acquisition systea aight be ainiaized. The 
need for such extensive aonitoring could be greatly reduced by the 
use of a simplified logic arrangement and a aore effective on-line 
testing scheae. 

5. It is recoaaended that pulse counting instruments not be 
used in protection circuits because of their inherently poor time 
response, coaplexity, and paralytic overload characteristics. 

6. The need for low-level flux trips should be reevaluated 
and substantiated and the needs and benefits of a faster responding 
shutdown systea explored. 

7. It is recommended that detector characteristics and locations 
be optimized for protective features rather than for control and 
monitoring functions. The multiple use of detectors should not 
compromise their characteristics for protective system function 
nor degrade their reliability with complex interconnections with 
control and monitoring circuitry. 
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8. A comprehensive qualification and development program for 
core-outlet and other high-temperature sensors is recommended to 
substantiate and support the work being done by GA. 

7.7.2 Core Auxiliary Cooling System 
1. A large amount of equipment must function to provide 

emergencv core cooling when the main circulators are not operating. 
The possibility of reducing system complexity should be explored. 

2. The use of redundant helium shut-off valves in the main 
loops should be considered. 

3. Lubrication monitoring of the auxiliary helium circulator 
motors should be provided, and the potential for common failure of 
the labyrinth seals, which may lead to circulator failure, should 
be investigated. 

7.7.3 Steam Generator Isolation and Dump System 
Mi soperation of the steam generator dump-block valves (during 

testing, for example) may leave the system in an undetected 
vulnerable condition. Dump-block valve position indication and/or 
interlocking should be provided. 

7.7.4 Corp Auxiliary Heat Exchanger Isolation System 
Reactor operating limitations or contingency provisions with 

one auxiliary cooling loop out of service need to be completely 
specified. In tiiis situation the automatic provisions for loop 
isolation upon moisture ingress may result either in inadequate 
afterheat cooling c- in moisture damage if isolation is inhibited. 

7.7.5 Moisture Detection in HTGRs 
1. No complete moisture detection system has conclusively 

proven its acceptability in an HTGR environment, although an 
optical dew-point system has been qualified at Fort St. Vrain. 
The most prom'.sing techniques are optical dew-point hygrometry 
and electrolytic hygiometry. 
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2. Communication and cross-checking of results should be 
iaproved between U.S. and foreign investigators. 

3. Competitive independent investigation and development of 
Koisture monitoring techniques should be initiated to supplement 
and verify the work at GA. Development work is needed in promising 
laboratory techniques of nuclear magnetic resonance and helium 
afterflov detection. 
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PART II. HTGR SAFETY STUDIES FOR THE GAS-COOLED REACTORS 
BRANCH OF THE DIVISION OF REACTOR LICENSING, USNRC 

J. P. Sanders, Program Manager 

This was part of a continuing effort for the Gas-Cooled Reactor 
Branch (GCRB) of the Directorate of Licensing (DOL). At the 
beginning of the reporting period, efforts were directed toward the 
review of the licensing topical report1 (GA-LTR-1) on HTGR core 
cooling capability. Specific aspects of the Preliminary Safety 
Analysis Report2 (PSAR) for the Summit Power Station were evaluated. 
In particular, attention was given to the performance of the thermal 
barrier cover plates on the PCRV liner at the indicated limiting 
temperatures and to the heat removal capacity of the auxiliary heat 
exchangers. Calculations were also performed to determine the 
power requirements of the auxiliary helium circulators. Efforts 
were then directed to similar evaluations relative to the Fulton 
Generating Station3 of the Philadelphia Electric Company. 

Computational methods were developed to determine the thermal 
transient following a coincidental reactor trip and loss of both 
coolant flow and pressure. Ultimately, a three-dimensional R6Z 

model was used in which the transient fuel temperatures were determined 
for the various regions having specified fuel ages (total irradiations). 
This relationship was important since the fuel failure temperature was 
a function of exposure to irradiation. Parameter studies were made 
to relate the three-dimensional calculations with a two-dimensional 
model that could be executed with reduced computer requirements. 

*V. Joksimovic et al., An Analysis of HTGR Core Cooling 
Capability, Culf-GA-A12504 (GA-LTR-1) (March 30, 1973). 

2Delmarva Power and Light Company, Summit Power Station, 
Preliminary Safety Analysis Report, DOCKET 50-450. 

'Philadelphia Electric Company, Fulton Generating Station, 
Preliminary Safety Analysis Report, DOCKET 50-463. 
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The performance calculations for the auxiliary heat exchanger 
and circulator were combined, and the effect of air ingress into 
the primary loop following a depressurization accident was investigated. 
An independent computational method was also formulated to estimate 
the rate of air ingress from the containment building during this 
interval. 

In January 1975, the U.S. Nuclear Regulatory Commission (HRC) 
was created, and this work continued under the same branch, which 
was now a part of the Division of Reactor Licensing (DRL). At the 
request of the sponsoring branch, the fuel failure criteria 
presented graphically in Figs. C.3-4 and C.3-5 (Change 8) of the 
Fulton PSAR3 was reviewed. 

A task relating to the operation of the Fort St. Vrain reactor 
under emergency conditions was assigned. This was a result of a 
request for a variance in a previously issued technical specification; 
the variance requested a change in the speed of the auxiliary Peltou-
wheel drives for the helium circulator from 10,550 to 7000 rpm. The 
major points of interest were the maximum temperature in the core 
and on the surface of the thermal barrier cover plates during a 
particular depressurization accident. 



8. ANALYSIS OF LOSS OF FORCED COHVECTIVE COOLING 
ACCIDENT USING THE HEATUP CODE 

W. D. Turner 

ORNL is charged with providing technical assistance to the Gas-Cooled 
Reactors Branch (GCRB) of the Directorate of Licensing (DOL) in the safety 
evaluation of the transient response of active cores of HTGRs under abnor
mal operating conditions. It was of importance to obtain the transient 
temperature distribution following a loss of forced circulation (LOFC) 
accident, which was recognized as one that would lead to a maximum hypo
thetical fission product release (MflFPR). Thus, the HEATCP computer code 
was especially designed to study the transient accumulation of heat in 
the active core of an HTGR for the analysis of the MHFPR arising from a 
total LOFC accident and simultaneous reactor trip. It was specifically 
designed to calculate the maximum temperature as a function of time as 
well as the fractions of active core whose temperatures exceeded specified 
values as a function of the age of the fuel in the various refueling 
regions. It was used in the thermal analysis of LOFC accidents involving 
both the Summit Power Station and the Fulton Generating Station. 

8.1 DEVELOPMENT OF THE HEATUP COMPUTER CODE - I. I. Siman-Tov and 
W. D. Turner 
The HEATUP code, a modification of the general, multidimensional 

computer program1 HEATING3, was designed for the thermal analysis of a 
loss of forced circulation (LOFC) accident in a High-Temperature Gas-Cooled 
Reactor (HTGR). The code is designed to calculate the transient tempera
ture distribution for two-dimensional RZ and three-dimensional RBZ models 
of the active core of an HTGR after a LOFC accident. The calculations 
assume no coolant flow in the active core during the transient. The 
thermal properties may depend on temperature and position. The effective 
thermal conductivity may also be anisotropic in the active core, and this 
function is calculated from input data concerning the fuel, graphite, and 
coolant. 

145 



146 

The power in the reactor is a function of the radial and axial power 
peaking factors as well as time. The code HEATUP is designed to 
calculate the percentages of active core whose temperatures exceed 
three criteria, which are functions of the tine the fuel has been 
in the reactor (or fuel age). If the respective temperature 
criteria for each age group represent the same condition of the 
fuel, then the code can compute the total percentage of active 
core whose teaperature exceeds the criterion describing the saae 
condition of fuel in all age groups. 

A draft of a user's aenual for the HEATUP coaputer code has 
been completed.2 The user's manual will include a description of 
the basic problea; a review of results related to the choice of 
thermal properties, boundary conditions, and initial conditions; 
a full description of the three-dimensional J76Z model and a 
liaited one of the two-dimensional RZ model; the special computations 
that were added to HEATIM63 in the development of HEATUP; input 
preparation; and a saaple problem consisting of the three-dimensional 
model of the Fulton Generating Station LOFC accident. 

8.2 THERMAL ANALYSIS OF LOFC ACCIDENT INVOLVING SUMMIT POWER 
STATION - I. I. Siman-Tov and W. D. Turner 
The HEATUP Computer Code was used in the thermal analysis of 

an LOFC accident involving the Summit Power Station HTGR, The 
models used, the details of the calculation method, and the results 
are presented elsewhere.3 At 17.6 hr after an LOFC accident, the 
calculated maximum core teaperature was 3340*C (6050"F) for a 
model of the hottest fourth of the core and 3220"C (S830#F) for 
a aodel of a nominal third of the core. The time-dependent 
percentages of active core whose temperatures exceeded the specified 
temperatures of 1020, 1205, and 1390°C (1868, 2201, and 2534'F) are 
depicted in Figs. 8.1 and 8.2 for the two models. Again the 
fourth-of-core model produced a more rapid development of temperatures. 
Also, the radial power peaking factors in the outer refueling 
regions of the fourth-of-core aodel were greater than those for the 
third-of-core aodel. 
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Fig. 8.1. Percentage of Active Core Above Specified Temperatures 
for the Fourth-of-Core Model Following LOFC Accident, Summit Power 
Station. Temperatures are 1020, 1205, and 1390"C. 
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Fig. 8.2. Percentage of Active Core Above Specified Temperatures 
for the Third-of-Core Model Following LOFC Accident, Summit Power 
Station. Temperatures are 1020, 1205, and 1390°C. 
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The power distribution used in this calculation reflected values 
calculated at soae point between the middle and end of cycle for an 
equilibria core. At the beginning of cycle, peaking factors aay be 
slightly larger; however, the total fission product inventory will 
be less. The point in cycle that produces the greatest MHFPR has not 
been investigated since this would require a series of calculations 
involving the nuclear physics calculations and a detailed description 
of the operating history of the core. Variations due to perturbations 
in power density over core cycle tine are not anticipated to affect 
the results to a greater degree than some of the simplifying 
assumptions included in this calculation. 

8.3 THERMAL ANALYSIS OF LOFC ACCIDENT INVOLVING FULTON GENERATING 
STATION - I. I. Siman-Tov and W. D. Turner 
A three-dimensional MZ model similar to the fourth-of-core 

model developed for the Summit Pover Station (Sec. 8.2) was used 
for the thermal analysis of the LOFC accident for the Fulton 
Generating Station. In addition, a two-dimensional RZ model was 
used, and temperature transients calculated with these two models 
w»re compared. The models, assumptions, and detailed results are 
presented elsewhere.* 

8.3.1 Results of Computetions 
The two-dimensional model gave a maximum core temperature 

reaching 4150°C (7500"F) in 23.6 hr. It gave a steeper rise than 
the three-dimensional model for short times but then a slower rise. 
The rise curves for the two models crossed at about 0.8 hr and 
1270'C (2315*F>, reaching 2070'C (3750#F) in 4.7 hr for the 
three-dimensional model and 5.0 hr for the two-dimensional model. 
The portion of the core exceeding certain temperatures was more 
sensitive to the model than was the maximum temperature, particularly 
for the first 2 hr after the accident, as shown in Fig. 8.3. 
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Fig. 8.3. Comparison of Percentage of Active Core Above Specified 

Temperatures for Three- and Two-Dimensional Models Following LOFC 
Accident, Fulton Generating Station. Temperatures are 1020, 1205, 
and 1390'C. 

The report* also compares the maTimiim temperatures of the two-
dimensional model with results for the same accident conditions but 
a different model. 

T-«» analyses performed for the Fulton Generating Station indicated 
the dependence of the fraction of core exceeding a specified temperature 
on the power distribution in the active core. The two-dimensional 
RZ model produced conservative results for this calculation as long as 
no effort was made to associate region temperature and region age. It 
was not conservative for use in estimating the maximum fuel temperature; 
however, this temperature occurred in the higher power regions, which 
were those regions where the fuel had the lowest exposure. 

8.3.2 Thermal Analysis Involving Age Dependence in Fuel 
The specified temperatures for the previous analyses were based on 

values associated with fuel with the highest exposure to irradiation. 
These values were lower than those for fuel with a chorter exposure to 
irradiation. Thus, at any time the above analysis yieldec' greater 
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percentages of active core whose teaperatures exceeded the specified 
values ti.an would have been calculated if the values were a function 
of the fuel's age. 

It was desired to refine the analysis by calculating the percentages 
of active core whose teaperatures exceeded three specified values where 
the values were a function of the fuel's age. Thus, the three-diaensional 
aodel* for the Fulton Generating Station was revised to slaulate as 
accurately as possible the different t .wer levels and ages of the 
refueling regions in the active core in that aodel. 

The results froa these calculations yielded the percentages of active 
core whose teaperatures exceeded three specified values which were a 
function of the age of the fuel. Figure 8.4 presents only the totals 

• ."•w iirr, n t j « » 

• LOWEST TfMTfRATunE CHIT. ftlON | 
+ MEDIUM TfMPt*ATu*E C » i n « < 0 * i 
X HIGHIST t E M W M T U M f CHlT(»lON j 

- 0 - G * A F H S K I T H ACCOMPANIED TEMTENATuftE 
CRITERIA ARE FROM A PREVIOUS AMAlVSiS 
WHERE A'iE GROUP* WERE NOT IDENTIFIED 

TlMf IKrl 

Fig. 8.4. Coaparison of Percentage of Active Core Above Specified 
Teaperatures for Three-Diaensional Models With and Without Fuel Age 
Dependence Following LOFC Accident, Fulton Generating Station. Teaperatures 
are 1040, 1130, and 1280*C 
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froa the results of this analysis; that is, each curve describes the 
coabined voluaes of all age groups that exceed the respective criteria 
describing the saae condition of the fuel in all age groups. For 
coaparison, Fig. 8.4 *lso shows the percentages of core above three 
specified temperatures, based on fuel with the highest exposure, froa 
a siailar analysis independent of the age of the fuel. More detailed 
results concerning this analysis are presented elsewhere.5 
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9. DEVELOPMENT AMD USE OF THE COUPLED COKDUCTIOB-COHVECTIOH 
MODEL FOR CORE THERMAL ANALYSIS 

H. D. Turner 

ORNL is charged with providing technical assistance to the 
Gas-Cooled Reactors Branch (GCRB) of the Directorate of Licensing 
(DOL) in the safety evaluation of the transient response of active 
cores of HTGRs under abnormal operating conditions. The coupled 
conduction-convection aodel (CCCM) coaputer code had been developed 
to provide localized maximum temperatures in the fuel, graphite, 
and coolant channel of an HTGR during noraal operation as well as 
during accident conditions involving reduced flow and loss of forced 
circulation. The capabilities of this coaputer code were extended 
to allow a thermal analysis of a wider range of accident conditions 
involving reductions or blockages in the flow of coolant in core 
segments during noraal operation. At the specific request of DOL, 
we evaluated the thermal effects following certain accident conditions. 
In particular, the CCCM coaputer code was used in a thermal analysis 
involving a single blocked coolant channel in a fuel element. A 
parametric study analyzed the effects on fuel and coolant temperatures 
due to variations in the power level, coolant mass velocity, and 
coolant inlet temperature. We analyzed the effects on the maximum 
fuel temperature due to a totally closed orifice in the highest 
powered refueling region. An analysis began of the thermal response 
of the Fort St. Vrain HTGR following a design-basis depressurization 
accident with operation of two circulators at 7000 rpm. 

9.1 DEVELOPMENT OF THE COUPLED CONDUCTION-CONVECTION MODEL -
W. D. Turner and K. H. Chllds 
The coupled conduction-convection model (CCCM) computer code 

is a version of the general heat transfer code HEATING31 especially 
modified for thermal analysis of the HTGR active core during certain 
abnormal operating conditions.2-* Previously, the CCCM coaputer 
code was designed to calculate the steady-state and transient 
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teaperature distributions for two-diaensional RZ models coupled 
to a single one-dinensional axial coolant channel. Three-diaensional 
RQZ models were required for the calculation of temperatures that 
would develop near a single blocked coolant channel in a fuel 
eleaent and coolant temperatures that would develop in adjacent 
unblocked coolant channels. The CCCM coaputer code was modified to 
solve these three-diaensional RQZ models. The resulting computer 
code still allows a coolant channel involving fluid flow along the 
z axis, but now the code allows acre than one nodal point on the 
surface of the channel at each axial position. This aodification 
wa3 necessary to obtain the proper resolution in the 8 direction 
in the solid. These additional nodes are used to transfer heat 
between the surface of the coolant channel and the coolant itself. 
However, the calculations in the coolant channel are still restricted 
to a one-dinensional axial analysis. 

9.2 THERMAL ANALYSIS INVOLVING BLOCKED COOLANT CHANNEL AWAY FROM 
EDGE OF FUEL ELEMENT - W. D. Turner and K. W. Childs 
Steady-state and transient calculations were performed for 

the 2000-MW(t) core to obtain the maximum temperature in the fuel 
when a single coolant channel located near the center of a fuel 
element was suddenly completely blocked during normal full-power 
operation. The model that was used in this analysis is discussed 
elsewhere.5 

The ultimate maximum steady-state temperatxire in the fuel 
was 1649'C (3000°F), and it occurred just in the upper third of 
the core near the center of t>e fuel column. Stcady-3tate 
temperatures as a function of axial position in the 2000-MW(t) 
core are shown in Fig. 9.1. About 90% of the change from normal 
operating temperatures to these temperatures occurred in the first 
6 ri* following a sudden blockage of a cool ant channel. 

Figure 9.1 presents axial profiles of the fuel centerline 
temperature (the maximum fuel temperature was not at the center 
of the fuel under these conditions), the graphite temperatures at 
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Fig. 9.1. Axial Temperature Profiles During Normal Operating 
Conditions in the Vicinity of a Blocked Coolant Channel Away From the 
Edge of the Fuel Element, Suanit Power Station. Graphite temperatures 
are on a line connecting the center of the fuel rod with the center 
of the blocked coolant channel. Coolant temperatures are these in the 
adjacent unblocked channel. Temperature (°C) = (5/9) [temperature 
(°F) -32]. Distance in meters is 0.3048 times distance in feet. 

the surfaces of the fuel hole and the coolant hole, and the 
coolant temperature in the adjacent unblocked coolant channel. 
The graphite temperatures shown are on a line connecting the 
center of the fuel and the center ci the blocked coolant channel. 
The axial peak graphite temperature at the fuel hole drops off 
with direction from tie 1508.8°C (2747.8°/) shown in Fig. 9.1 to 
1188.6°C (2171.5°F) in the direction o; :. unblorV.^u coolant channel. 

The coolant exit temperature from the coolant channel adjacent 
to the blocked coolant channel increases from 831°C (1528°F) at 
time of blockage to 910°C (1670°F) in less than 6 min. The transient 
analysis of temperatures in the vicinity of the blocked cool.nt 
channel at the axial position where the highest temperatures are 
developed is shown in Fig. 9.2. The steady-state values for tach 
of the temperatures analyzed are presented in Table 9.1. 
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Fig. 9.2. Transient Analysis of Teaperatures in the Vicinity 
of a Blocked Coolant Channel Away Froa Edge of Fuel Eleaent at an 
Axial Position 3.237 a (10.62 ft) Froa Top of Upper Reflector Block, 
Smalt Power Station. Blockage occurs at tlae equal to zero. 
Graphite teaperatures are on surfaces of fuel and coolant holes on 
lines froa the center of the fuel rod to the center of the blocked 
or unblocked channels. Teaperature (°C) « (5/9) [teaperature 
(*F) -32J. 

Table 9.1. Steady-State Temperatures at Selected Points 
Involving Blocked Coolant Channel Away Froa Edge 

of Fuel Eleaent, Suamit Power Station 

Position 
Temperature 

(°C) (*F> 

1631 2968 
1509 2748 
1189 2172 
1487 2708 
949 1741 
913 1676 

Fuel centerllne 
Graphite at fuel toward blocked 
Graphite at fuel toward unblocked 
Graphite at coolant, blocked 
Graphite at coolant, unblocked 
Coolant exit 
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If the fuel begins to fail because of theraal stresses at 1500°C 
(2732"F), a United volume of the fuel reds adjacent to the blocked 
channel will have soae failed particles over an axial length of about 
1.2 a (4 ft, about 1.5 fuel eleaents) in the high-power region. Most 
of the transient to the higher teaperatures occurred in 6 ain following 
sudden and r.oaplete blockage of the coolant channel. 

9.3 THERMAL ANALYSIS INVOLVTHG BLOCKED COOLANT CHANNEL AT THE EDGE 
OF A FUEL ELEMENT - W. D. Turner and K. W. Chllds 
Steady-state transient calculations were perforaed for the 2000-MH(t) 

core to obtain the aaxlaua teaperature in the fuel when a single coolant 
channel located near the edge of a fuel eleaent was suddenly coapletely 
blocked during noraal full-power operation. The aodel and aethod used 
for this calculation are described elsewhere.5 

The results shown in Fig. 9.3 indicate the increase in centerline 
fuel teaperature. A teaperature of 2162*C (3924°F) was a conservative 
estiaate of the aaxiaua obtained in this case since all the heat 

0—,-wc rr-vn 

Fig. 9.3. Axial Temperature Profiles During Normal Operating 
Conditions in the Vicinity of a Blocked Coolant Channel Near the Edge 
of a Fuel Element, Summit Power Station. Temperature (°C) « (5/9) 
[temperature (°F) —32], 1 ft • 0.3048 m. 
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fron the fuel rod at the edge was transferred to an interior 
coolant channel; all conduction and radiation to the adjacent 
fuel element was neglected. 

9.4 RESULTS OF PARAMETRIC STUDIES IN THE HIGHEST POWERED REFUELING 
REGION - W. D. Turner and I. I. Siaan-Tov 
A parametric study was concerned with the development of fuel 

and coolant temperatures resulting from a normal reactor trip fro* 
100Z power for a 2000-MW(t) reactor. Variations within a tolerance 
of ±10Z were imposed on the three following parameters: 
1. the radial power peaking factor, 
2. the coolant mass velocity, 
3. the inlet coolant temperature. 

Table 9.2 presents the change in the maximum fuel temperature 

and the coolant ex i t temperature as functions of changing parameters 

at full-power operating conditions. The axial temperature pro f i l e s 

and temperature transients are reported elsewhere. 5 

Table 9 . 2 . Changes in Maximum Fuel Temperature and Coolant Exit 
Temperature for Variations in Power Density, Coolant Flow 

and Inlet Temperature From Normal Operating 
Conditions, Summit Power Station 

Parameter Factor Times 
Nominal* 

Maximum Fuel 
Temperature 

C O <"F) 

Coolant Exit 
Temperature Factor Times 

Nominal* 

Maximum Fuel 
Temperature 

C O <"F) CO CF) 

Power density 
1.0 
1.1 
0.9 

1046 
1116 
976 

1914 
2040 
1788 

837 
887 
787 

1538 
1628 
1449 

Coolant flow 
1.0 
1.1 
0.9 

1046 
845 
1087 

1914 
1853 
1988 

837 
792 
892 

1538 
1457 
1638 

Inlet temperature 
1.0 
1.1 
0.9 

1046 
1081 
844 

1914 
19/7 
1852 

837 
872 
801 

1538 
1602 
1474 

Nominal conditions In a hot refueling region: 
Power density: 6.37 MW/mJ (6.15 * 10* Btu hr"1 ft"') 
Flow: 167.86 kg/* 2 sec (1.2377 x 10 s lb hr"' f t - *) 
Inlet temperature: '39*C (642*F) 
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The results indicated that the temperature variations in the 
hottest refueling region due to uncertainties in the values of the 
inlet temperature, the coolant mass velocity, and the power in 
the region would fall within the acceptable values and would not 
approach the allowed damage limits of the core constituents. 

The computations in this study were based on a single channel 
unit cell2 using CCCN, and the assumptions incorporated in that 
model were applicable to these calculations. 

9.5 TEMPERATURE DISTRIBUTION IN THE HIGHEST-POWERED REFUELING REGION 
FOR A TOTALLY CLOSED ORIFICE CONDITION - W. D. Turner and 
I. I. Siman-Tov 
An analysis was performed to evaluate the effects on the 

maximum fuel temperature in the highest powered refueling region 
(radial power peaking factor = 1.6) due to a totally closed orifice 
for that region. When an orifice to a refueling region is totally 
closed, the opening is not sealed. Thus, some coolant is still 
supplied to cool the refueling region, but the mass velocity to 
that region is greatly reduced from that of normal operation. Two 
cases were run on CCCM to simulate the closed orifice condition. 
One assumed 15Z of the normal flow to the refueling region6, while 
the other case7 assumed 25%. 

Figures 9.4 and 9.5 present the maximum fuel temperature as 
a functir of time for the two cases. These results were conservative 
since the model assumed no conductance to the neighboring regions, 
which were adequately cooled. The temperatures in these two 
calculations reached 2200*C (4000*F) within 4 to 5 min. 

9.6 THERMAL CALCULATIONS INVOLVING A RAPID DEPRESSURIZATION ACCIDENT 
FOR THE FORT ST. VRAIN HTGR - W. D. Turner and I. I. Siman-Tov 
We started a thermal analysis using a single-channel unit 

cell and the CCCM computer code to evaluate the transient temperatures 
in the core and coolant for the Fort St. Vrain HTGR following a 
Design-Basis Depressurization Accident (DBDA) with operation of two 
circulators at 7000 rptn. 
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10. DEVELOPMENT OF THE MULTICHANNEL CONDUCTION-CONVECTION 
PROGRAM, HEXEREI 

G. E. Giles 

The HEXEREI code is a hexagonal and cylindrical aesh conduction 
heat transfer code with convection to axially flowing coolant. 
HEXEREI will consist of a aodel generator verged with Modified 
subroutines froa CCCM, new coolant and output routines, flow 
redistribution orifice sizing routines, and the ACHERONS series 
of subroutines to give total Core Auxiliary Cooling System (CACS) 
response. 

10.1 HEXEREI CODE — G. E. Giles 
The HEXEREI computer code, which has been under development 

since the latter part cf FY 1974, is being designed to analyze 
the transient response of an HTGR core during emergency cooling 
situations involving the CACS. More specifically, it will be able 
to calculate the average temperature profile in each refueling 
region column, the average temperature profile in the coolant channels 
in each refueling region, and the maximum and average temperatures 
of the coolant as it leaves the core. 

HPOINT, the mesh generator for HEXEREI, was designed to 
model a general cylindrical heat conduction problem where the 
interior portion of the cylinder was best described by a two-
dimensional hexagonal mesh in a plane perpendicular to the axis 
of the cylinder. The hexagonal mesh plane is repeated at each 
level along the axis where nodes are desired. Based en HPOINT's 
information, HTHRMP calculates the thermal properties, effective 
conductance and heat capacity, heat generation, initial temperature 
for the model, and boundary conditions. This information is built 
into arrays that merge with the calculating subroutines HCALQT and 
HTRANO. 

163 



* J»»-i«. WUU . ktf»5ST 

BLANK PAGE 



164 

Subroutine HCALQT is a modified version of CCCM's CALQLT 
and performs the steady-state and explicit transient analysis. 
It calls HTRANO, which is a modified version of CCCM's TRANO. 
Then HTRANO performs the implicit transient analysis. Both the 
above routines can handle temperature-dependent material properties, 
time- and/or temperature-dependent boundary conditions, and heat 
generation. However, at present only simple bcundaries are provided 
for in HTHRMP. 

Subroutines EXPAME and PROPHE build the arrays required to 
calculate the coolant temperature and heat transferred from the 
solid nodes to the coolant nodes. At present, each refueling 
region is modeled by one solid node, which is connected to one 
coolant node. The coolant node therefore represents all the 
coolant channels in one refueling region. 

EXPAM uses the steady-state method to calculate the coolant 
temperatures, which neglect the transient heat capacity of the 
coolant represented by the coolant node. 

Since the code will model the performance characteristics 
of the CACS, it will evaluate the performance of the Core Auxiliary 
Heat Exchanger (CAHE) and the auxiliary circulator. Thus, it 
will calculate the transient temperature, mass velocity, and 
pressure of the coolant as it enters the reactor core. Since 
the thermal hydraulics in the active core will include calculations 
of pressure drop due to the orificing, the entrance and exit 
losses, the friction loss, and the effects due to acceleration 
and buoyancy, the code will compute the distribution of coolant 
to each refueling region, as well as the pressure drop across 
the core. 

The code HEXEREI will require as initial conditions certain 
parameters based on the normal operation of the reactor. When 
feasible, features will be incorporated into HEXEREI to calculate 
these parameters to make the code as self-contained as possible. 

Although the code is being designed to model each refueling 
region, additional capabilities are being planned to allow for 
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detailed studies of portions of the core, such as models of 
individual fuel elements, portions of fuel elements and portions 
of the active core. 

To facilitate its usefulness, the code is being designed to 
require a minimum of effort for input data preparation on the 
part of the user. It will require some description of the basic 
design of the HTGR in question. From this, the code will generate 
the nodal description and the related data that are necessary to 
do the thermal hydraulic analysis. 

Code development work has been completed on the generation 
of the nodal description in the active core as well as the reflector 
elements and the calculation of effective conductances and other 
coefficients necessary for the thermal analysis. These algorithms 
were designed to produce data compatible with the numerical 
techniques form CCCM, which calculate the steady-state and 
transient temperature distribution in the core. Current development 
work involves the meshing of these subroutines containing the 
developed algorithms with those from HEATINGS that are necessary 
to calculate the temperature response and do not require major 
reprogramming. 

10.2 FLOW DISTRIBUTION ROUTINES - K. M. DeVault 
Development work is also continuing on the calculation of 

the flow distribuclon in the active core. This feature will 
include previous development work by D. D. Paul (Chap. 14). 

Subroutine FLODIS will distribute the coolant mass flow into 
the model's coolant channels on the basis of the latest solid 
node temperature, coolant inlet temperature pressure, total flow 
rate, and composition. It uses the orifice areas that are fixed 
by the reactor full-power steady state. To simplify use of the 
code, subroutine ORFICE calculates the orifice settings for a 
full-power steady state and stores or outputs them so that th^y 
can be used for an accident transient investigation. It adjusts 
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the orifice settings to drive the coolant exit temperatures to an 
average exit temperature for all channels. The steady-state 
technique is then reentered to produce a new solution. Subroutine 
0RF1CE then repeats these two steps until all exit temperatures 
are equal. 

Both HEXEREI and the flow distribution routines are in the 
debug stage, but we expect soon to be able to do calculations under 
the limitations outlined by Turner.1 The ACHERONS prograa will be 
merged into HEXEREI in early FT 1976, and the flow distribution 
calculations will be expanded to include reverse flow. Other 
refinements will be added as outlined.1 

10.3 REFERENCE 
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11. COOLING SYSTEM PERFORMANCE AFTER SHUTDOWN 

J. R. Tallackson 

All work during the period and discussed in this section was 
related to evaluating performance of core auxiliary heat exchangers 
(CAHEs) in HTGRs. Two operational modes were considered: (1) normal 
operation, in which pure pressurized helium is the core coolant and 
(2) operation under conditions following the design-basis 
depressurlzation accident (DBDA) and a loss of main loop coolant 
(LOMLC) when the core coolant is a tima-varying mixture 
of helium diluted with air and the carbon monoxide produced by 
air reacting with hot graphite. This activity may be subdivided 
into three categories: 
1. computer code development, 
2. establishing the thermal transport properties of the materials 

involved in CAHE heat transfer, 
3. producing and reporting heat transfer performance computation -

for conceptually designed CAHEs in the Summit Power Station 
and Fulton Generating Station HTGRs. 
The material in this chapter is reported in more detail 

in other documents.1'3 

11.1 COMPUTER PROGRAMS FOR CALCULATING CAHE PERFORMANCE 
Program development3 during this period consisted of upgrading 

and expanding the original CACHE series of programs Jesigned to 
compute heat transfer rates with pure helium on the gas side. 
Similar programs were written for use when the core coolant gas 
is a mixture of varying composition existing after a LSD A -l- LOMLC. 
Initially all the prograns required that the user specify boundary 
temperatures at the cold end of the CAHE. A further modiflr itior. 
enabled the user to specify the hot gas and cold water temperatures 
as boundary conditions. 

16? 
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Evolution continued with the result that the several versions 
of the code were consolidated into a single program,* renewed 
simply CACHE. This program enables the user to compute CAHE 
performance for cases when the cote coolant is pure hellai or a 
post-accident (DBDA + LOHLC) gas mixture; it also enables the user to 
specify either the cold-end CAHE temperatures or the gas and water 
inlet temperatures (hot gas and cold water). 

The dimensions and flow rates in the Summit and Fulton Station 
CAHEs were established by two programs, CONFIG and FULTH1, 
respectively. These were linked to the CACHE programs with a 
"chain" command. 

11.2 TRANSPORT PROPERTIES FOR CACHE 
Calculation of heat removal rates with the CACHE programs 

required equations for the thermal transport properties of the 
materials (gases, water, and steel) through which heat Is 
transferred in a CAHE. The principal effort centered on natisfactory 
methods of evaluating the thermal conductivity and viscosity of the 
gas mixtures after a DBDA + LOHLC. The atmosphere in the PCRV 
then consists of a mixture of He, N2, 0 2, and CO. The composition 
varies with the elapsed time after the accident; the variation, 
expressed as molecular weight of the mixture, was determined to 
be in the range of 4.00 to 20.0. 

A literature search indicated that theoretical calculations 
of conductivity and viscosity of mixtures of this type are 
algebraically complex and not extremely accurate. Therefore, the 
experimental data reported by Touloukian et al., 7 and Johnson* 
were used to develop the equations for gas mixture thermal 
conductivity and viscosity in the CACHE programs. In using these 
data, we assumed that helium-nitrogen, helium-oxygen, and helium-air 
mixtures and combinations thereof behave similarly. Mixture heat 
capacity presented no problem; the weight fraction averages of 
helium and air specific heats were used. 
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We reported1 that the first equation for gas Mixture conductivity 
gave lower than correct values when the molecular weight of the 
mixture was low. The lowered heat transfer rates resulting from 
the use of this equation in the CACHE* program were not seriously 
in error, and the error became negligible for conditions 1.3 hr 
after the DBDA, when the molecular weight of the mixture was greater 
than 11.0. 

During the fourth quarter of 1974 the mixture conductivity 
equation was revised,* and the difference between the measured 
and calculated mixture conductivities at the temperatures of 
xnterest [~300*C (600*F)] became negligible. The equation for 
mixture viscosity was also revised slightly improving accuracy. 

Figures 11.1 and 11.2 show curves of gas mixture conductivity 
and viscosity currently in use. All therejl transport properties 
developed to calculate CAHE heat transfer rates are being reported.9 

•».»-» 

Fig. 11.1. The Thermal Conduc
tivity of Helium-Nitrogen Gas Mixtures 
from Equations in the CACHE Program for 
Calculating CAHE Heat Transfer Rates 
and the Thermal Conductivities of Pure 
Helium and Pure Nitrogen. 
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Fig. 11.2. The Viscosity of Post-DBDA Gas Mixtures From the 
Equation in the CACHE program for Calculating CAHE Heat Transfer 
Rates. 

11.3 CAHE HEAT TRANSFER PERFORMANCE CALCULATIONS 
During normal postshutJown operation with pure pressurized 

helium on the gas side, Table 6.3.2-1 in the Summit Station PSAR 1 0 

specified, as of the first quarter in 1974, a CAHE duty of 68.2 MW 
(2.33 x 10* Btu/hr). ORNL calculations1 verified this heat transfer 
capability. Similar computations by ORNL for conditions assumed to 
exist after a DBDA + LOMLC were at variance (~20Z low) with 
tabulated performance data 1 0 provided by the designers. The 
performance tabulations were not entirely complete, and no final 
conclusions were possible. The lower performance rates calculated 
by ORNL were thought to be caused by differences in the methods used 
to calculate gas thermal conductivity. The gas thermal conductivity 
evaluation error noted in Sect. 11.2 was not considered responsible 
for the difference since the 20% performance difference Included 
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performance computations at high gas mixture molecular weights 
(>11.0). These and other calculations were reported to the 
regulatory agency of NBC. 

During the second quarter in 1974, a study2 indicated that 
errors of 201 or less in evaluating gas thermal conductivity 
are reflected by equal errors in the overall heat transfer rate 
by a CAHE. 

During the third quarter of 1974 calculations to determine 
Fulton Station CAHE performance were produced.3 We concluded 
that with normal postshutdown operating conditions the specified 
performance, 76 Ml (2.6 x 10* Btu/hr), would be met, providing 
the htlium inlet temperature to the CAHE was not less than 
860*C (1580*F). This conclusion contained the assumption that 
901 of the tubes are effective. The results of these calculations 
based on 190Z effective are* are on Fig. 11.3. The post-DBDA CAHE 
performance was also computed, but subsequent modifications in 
system design made these calculations obsolete. 

In response to Amendment 26 (draft) 1 0 a revised set of post-
DBDA calculations for the Summit Station CAHE was provided. The 
results of these revised heat transfer calculations are presented in 
Fig. 11.4. They showed that the specified duty, 29.3 MW 
(1.00 x io a Btu/hr), will be met if the inlet gas temperature is in 
the range 1016 to 1060*C (1860-1940"F), depending on whether the 
"effective area" is taken to be 1001 or 901 of the total tube surface. 
It was necessary to assume that these computations were applicable 
for a gas mixture molecular weight of 10.3 at 1.1 hr after initiation 
of the accident. 
Station CAHE performance computations were produced in an effort 
to keep abreast of a continually changing set of post-DBDA 
operating parameters. As reported,* these calculations were 
unreliable because of inconsistencies and errors in the specified 
operating conditions received piecemeal by 0RNL as ad hoc, Informal 
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' B»BtaB I t a j f T i M t , *» • l# 

Fig. 11.3. Calculated. Heat Transfer by the Core Auxiliary Heat 
Exchanger with Pressurized Helium in the 3000-Mf(t) Fulton HTGR. Basis: 
heliua flow rate, 28.5 kg/sec (226,000 lb/hr); H 20 flow rate, 144 kg/sec 
(1.14 x 10 s lb/hr); H 20 inlet temperature, 80.3*C (176.5*F). Temperature 
(*C) « (5/9)[temperature (*F) -32]. 1 Btu/hr > 0.293 W. 
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Fig. 11.4. Calculated Perforaance of a Core Auxiliary Heat Exchanger 
(CAHE) In the SunvLt Station HTGR after a DBDA with cooling by 1 CACS loop. 
Tcaperature (#C) - (5/9) I temperature (#F) -32J. 1 Btu/hr •* 0.293 W. 
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transmittals. This situation was corrected in early 1975, and the 
performance curves of Fig. 11.5 were computed. It was concluded that the 
conceptual design of the Fulton Station CAHE was adequate. 

ORNL DWG 75-11389 

Fig. 11.5. Expected Performance of Two Fulton Generating Station 
CAHEs as Calculated by GA and ORNL. Cooldown after a OBDA + LOHLC at 
105% power [3150 MW(t)]; containment backpressure - 24.4 psla - 168 Kpa. 
1 Btu/hr - 0.293V. 
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12. EVALUATION OF CIRCULATOR AND MOTOR FOR THE CACS 

R. L. Reid 

The objective of this study was to analyze the circulator 
and motor capabilities for the core auxiliary cooling system (CACS) 
during a design-basis depressurization accident (DBDA) plus loss 
of main loop cooling (LOMLC) from tabulated estimates by GA of 
coolant flow rates and molecular weights as functions of time. 

• The input information sources, calculations, and results are 
reported elsewhere.1 

Calculating the pressure losses through the cors and heat 
exchangers and estimating the outlet and inlet losses give a total 
of 3.8 kPa (0.55 psi) immediately on depressurisation and 5.5 to 
6.7 kPa (0.8-1.0 psi) after air inleakage. These agree well with 
the performance line, which relates pressure loss to flow rate. 
From the pressure losses and compressor characteristics were 
calculated the required motor power, speed, and torque. All 
combinations of torque and speed were within the performance limits 
of the motor. Thus, from the assumptions given, the compressor 
and motor specified by GA are adequately designed to provide the 
desired coolant flow rates during a DBDA plus LOMLC. 

The torque requirements of the CACS motor were reviewed2 

following a calculation of the air ingress rate after a DBDA 
(see Chap. 15 of this report). The computer program predicts 
higher molecular weights after a DBDA than those used in the 
circulator and motor evaluation. Since the circulator speed and 
motor torque requirements depend on molecular weight, we reexamined 
these requirements. The recalculated values are compared with the 
previous values in Table 12.1. The two larger torque values 
exceed the limits given by GA. 

Actually, the power will probably also increase since the 
head lour, will be higher, and a higher mass flow rate will be 
required because of the poorer heat removal ability of the 
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Table 12.1. leevaluatlon of Circulator and Motor Requir ts 

Tiae After Circulator Speed, rpa Torque Keevlrei m e s , M-«ilbf-ft) 
DS»Vl 
(hr) Asaaaptloas 

Caneuter 
rrcdictloes 

GA Coaputer 
Predictions 

0.OB33 3406 3334 1337 (986) 1375 (1014) 

L O O M 2922 2563 1724 (1271) 1965 (1449) 

2.1964 2*27 22M 161S (1193) 1859 (1372) 

higher aolecular weight gas. Therefore, it appears that the aotor 
it develop *c least 2 VH-m (1500 lbf-ft) at about 250v rpau 

12.1 REFERENCES 
1. R. L. Reid, "Evaluation of Circulator and Motor for the CACS," 

HTGR Safety Studies Quart. Prog. Rep. ivne 30, 1974 for -he 
Gaa-Cooled Reactors Branch, Directorate of Licensing, Office 
of Regulation, USAEC, G5S»,/TH-4737, pp. 39-45. 

2. R. L. Reid, "Torque Requirements for CACS Motor Based on 
Recent Molecular Height Results," HTGR Safety Studies Quart. 
Prog. Rev. Sept. 30, 1974 for the Gas-Cooled Reactors Branch, 
Directorate of Licensing, ORHL/TM-4806, pp. 40-̂ 41. 



13. DEVELOPMENT OF THE CORE AUXILIARY COOLING 
SYSTEM CALCULATION, ACHERORS 

G. E. Giles 

The subroutines detailed below were developed to provide an 
independent analysis capability of the Core Auxiliary Cooling System (CACS) 
and to le added to the HEXEREI computer code (Chap. 10). The subroutine 
HELIX was developed from work done by J. R. Tallackson (Chap. 11) and 
the subroutine AEOLUS was based on wo k done by R. L. Reid (Chap. 12). 
Several routines were designed to aak • the program as staple to use as 
possible and to merge saoothly with the HEXEREI code. Results of 
calculations for the Fort St. Vrain and Fulton reactors are also presented. 

Editor's Mote: This chapter reports an extensive series of 
calculations done before adoption of SI units by ORML. The extensive 
use of English units in eapirical equations and graphically presented 
results Bakes conversion to SI impractical. The following list is 
provided to enable the reader to convert the values given in the conditions 
and results. 
Area: 1 ft 2 - 0.09290 a 2 

Conductivity: 1 Btu/hr-ft-*F - 1.730 W/a K 
Density: 1 lb/ft3 - 16.02 kg/a3 

Flow rate: 1 lb/sec » 0.4536 kg/sec 
Length: 1 in. - 25.4 an 
Power: 1 Btu/hr - 0.2929 W 
Pressure: 1 lbf/ft2 - 47.88 Pa 

1 psi - 6895 Pa 
Specific heat: 1 Btu/lb-'F - 4187 J/kg K 
Teaperature: l'R - (5/9) K 

Temperature (°C) - (5/9)lTempevature (*F) -32] 
Torque: 1 lbf-ft - 1.356 N a 
Viscosity: 1 lb/hr-ft - 0.0004134 Pa sec 
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13.1 SUBWXTTUtE HELIX - K. W. Chi Ids, St. M. DeVault, and G. E. Giles 
Much of the developmental work commenced in the second quarter 

of 1974. The first step was to develop a group of subroutines to 
analyse the performance of the Core Auxiliary Heat Exchangers (CAHE) 
in HTGKs. Since the geometry of the heat exchanger is constant along 
its axis, it can be modeled, for the purpose of calculations, as a 
simple concentric shell and tube arrangement with the appropriate heat 
transfer coefficient applied tc each surface of the tube. This model 
is shown in Fig. 13.1. The heat transfer correlations and thermal 
properties used in the evaluation of this model are presented in the 
following paragraphs. 

I 

NOrWATW 

Fig. 13 .1 . Model for Analysis of Core Auxiliary Heat Exchanger in 
Subroutine HELIX of ACHFF "S. 

cou> 



79 

The convective heat transfer coefficient on the water side of the 
tube is determined by the Dittus-Boelter correlation: 

Hu. - 0.023 Re*.'* ***•" , (1) 

where 
Nu. * h.D./k « Nusselt nuaber (diaensionless), 
Re. » D.G/v « Reynolds nuaber (dimens:.onless), 

x t 
ft» - C u/k « Prandtl nuaber (diaensionless), 

P 
D. • inside diaaeter of tube, 
i 

G • aass flux of water, 
k - conductivity, 
u » viscosity, 

C * heat capacity. 
The properties of water are evaluated at the bulk water temperature. 

The convective heat transfer coefficient on the gas (heliua or 
heliua-air aixture) side of the tubes is deterained by a modified 
Griaison correlation assuaing that the tube bundle is a covbination 
of both in-line and staggered tube arrangements.' 

Nu « X1PlClRemPr0-33 + X2F2C2RenPr°-J3 , (2) 
o o o 

where 
X\, X2 " fraction of tubes that are staggered and in line, 

respectively, 
Cit C2 • leading constants for staggered and in-line tubes, 

respectively, which are functions of lateral and 
longitudinal spacing, 

m, n m exponents for staggered and in-line tubes, respectively, 
which are functions of lateral and longitudinal tube 
spacing, 
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Fi, P2 '•* "arrangement factors," functions of lateral and 
longitudinal tube spacing and Reynolds number, 

Re m D G/u * Reynolds number (dimensionless), o o 
Ihi " h D /* • Nusselt number (dimensionless). o o o 

The properties on the gas side are evaluated at the gas-side 
film temperature. In the computer program, the coefficients F and C 
are combined into a single factor. 

Th overall heat transfer coefficient, U, based on the outside area is 

1/U « 1/h + LD Ik ZL + D lh.D. , o o w cm o x x 

where 
h <* outside heat transfer coefficient, 
h * inside heat transfer coefficient, 
D • outside diameter of tube, 

o 
D. « inside diameter of tube, 

ft* 

L « tube wall thickness, 

lm o x ox 
k « conductivity of tube wall. w 

The properties of a mixture of helium and air are determined as 
shown below. 

Viscosity* 

M u - 5.942 x N T T °- 7 1 , (3) 
He a 

* i 
Equations obtained by curve fitting tables of Keenan and Kaye. 
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where 
u « viscosity (lb /hr-ft), 

T • absolute temperature (*R), a 

Conductivity* 

,-» A* - 0.0399/(0.27716 + Xi) - 0.3196 x io 

»- 0.07014X! - 0.15767X!2 

+ 0.08618Xi3 , (4) 

where 
Xi - AMW - AMH2/(AMU! - AMW 2), 

and 
AMU « aolecu?ar weight of mixture of air and heliua, 

AMHi * molecular weight of air, 
Atti2 * molecular weight of heliua, 

k • conductivity (Btu/hr-ft-#F), 
T • absolute temperature (*R). a 

Specific Heat 

C . - 0.2438 - 0.29401 x K P T air a 

+ 0.45436 x NT'T 2 - 0.11210 x 10" 1 0r J , (5) 

C H e • 1.2425 , (ref. 3) (6) 

'mix " *airCair + W7.. ' ( r e f ' *> < 7 > 
* o 
Equations c* tned by curve fitting tables of Keenan and Kaye. 
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where 

C » heat capacity (Btu/lbm-'F), 

T » absolute temperature (*R), 

y « mass fraction of air or helium. 

The temperature-dependent properties of water used in the calculations 
are determined from the following expressions: 

Viscosity* 

V « 378.4/^.81 , (8) 

Conductivity* 

k « 0.31 + 6.91 x l(T*r- 1.48 x I0**r2 , (9) 

Specific Heat 

C - 1.035 - 4.55 x lO'T + 1.38 x 10 -'r 2 , (10) 

where 

M • viscosity (lbm/hr-ft), 

k • conductivity (Btu/hr-ft-*F), 

C » heat capacity (Btu/lbm-°F), 

T - temperature (*F). 

Subroutine HELIX does the actual performance calculations on the 
heat exchanger. HELIX is called from a main program, which supplies 
geometric information, flow rates, and inlet temperatures necessary 

Equations obtained by curve fitting tables of Keenan and Kaye. 
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for the calculations. In the course of its computations, HELIX 
calls several other subroutines either directly or indirectly. 
These subroutines along with their purposes are listed below. 

DITTOS — Calculates the couvective heat transfer coefficient 
inside tubes using the Dit*-us-Boelter correlation. 

GK1MSK — Calculates the couvective heat transfer coefficient 
outside the tubes using a aodified Grimison corre
lation. 

PRPH20 — Calculates the teaperature-dependent properties of 
water. 

?RPHE — Calculates the temperature-dependent properties of 
heliua-air mixtures. 

PRPW — Calculates the temperature-dependent properties of 
the tube wall material. 

13.2 SUBROUTINE TUBE - R. H. DeVault 
Subroutine TUBE calculates the coefficients C and N, which are 

used in obtaining the Nusselt number, Nu: 

»u « CRen , (11) 

C-C^/Pr1'3 (12) 

where 

C\ - coefficient as in Eq. (2), 

Pr « 0.69 • Prandtl number of air required so that gases with 
different Prandtl numbers can be evaluated. 

C • Adjustment of Grimison correlation due to number of rows 
considered. 

Re • Reynolds number. 

Subroutine TUBE obtains the Nusselt number coefficient from a 
method developed by J. P. Sanders using the best fit to the statistiral 
trend for the Grimison coefficients.5 This fit was evaluated by 
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D. F. Hoppes at ORNL against recent proprietary data froa the European 
i ii—HI I rj. the results were presented in an internal ORNL report 
titled "Evaluation of Recent Data for Gas-Side Heat Transfer Coefficients 
for Tube Bundles." That report tabulated the equations and constants 
needed to calculate the Husselt number coefficients. Subroutine TUBE 
stores these constants and uses the relationships froa the report to 
obtain the Nusselt number coefficients. If the transverse or longitudinal 
distances are not specified exactly in the tables, the subroutine uses 
an interpolation procedure to obtain those constants necessary for 
determining the Musselt nuaber coefficieints. 

13.3 SUBROUTINE DELTPR - R. M. DeVault 
Subroutine DELTPR computes the pressure drop across the CAHE by 

determining an appropriate friction factor. 
The empirical friction factor, /', was calculated by use of Jakob's 

approach5 for Reynolds number exceeding 1000: 

n 0.25 + 0.118 mi 'W« w - " 
(13) 

for staggered tubes, and 

ft 0.044 + 
0.08SL/DC 

(c _ n \ 0 . * 3+1.13D •'<? 
16WjPc 

L - 0 . 1 S 

(14) 

for in-line tubes. Since the tubes are arranged 75% in line and 25Z 
staggered, the friction factor was assumed to be 

/ - 0.75/J + 0.25/f , (15) 
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and the pressure drop in lbf/ft2 was calculated by 

AF 

where 

6 * aass velocity at ainiaua free flow area, 
In* 

p * density Qba/ft 3), 

H « nuaber of transverse rows, 

u * viscosity at tube surface temperature, 

u. - viscosity at heliua bulk teaperature. 

Since the heat exchanger is divided into 12 sections, the change in 
pressure is calculated for each section froa the average properties 
for that section. The total pressure drop is then obtained by adding 
the sectional pressure drops. 

13.4 SUBROUTINE AEOLUS 
The HELIX subroutine described above was aerged with subroutine 

AEOLUS, which calculates the performance of the CACS circulator. The 
subroutine HELIX supplies the heat exchanger exit gas teaperature as 
the inlet teaperature of the circulator. The pressure, teaperature, 
flow rate and molecular weight of the gas are also inputs to AEOLUS, 
which calculates the systea pressure drop froa the systea line 
[Eq. (16)] and the power required froa the polytrophic efficiency 
[Eq. (17)J. 

(16) 
o 
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i f RT r/?«y**>'* 11 
shaft "n | (*- i ) /*LW JI 

1. 
n (k - l ) / * i^r~wk-]\ ** — (17) 

where 

T - (AP/P), 

WoJv 
n « 0.75, 

AP « p - p . , 

p » exit pressure, 

Pi • inli it pressure. 

p - 23.2 ps ia , 

i? o • 386, 

W o 
m 23.33 l b / s e c , 

To 
s 880"R, 

AP 
o 

- 0.55 p s i . 

Design conditions are noted by subscript o. 
These calculations are essentially those presented by Reid' except 

that he uses the values of AP calculated rather than the expression1 in 
Eq. (16) and a siapler expression for the shaft work. The close agree
ment between the systea line and Reld's values establishes the validity 
of using Eq. (16). Since Eq. (17) produces slightly lower values of 
shaft work than the previous values but is aore general, it was utilized. 

The AEOLUS subroutine was used to generate the data points in 
Figs. 13.2 and 13.3 by assuming that the inlet heliua properties are 
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Fig. 13.2. Calculated Results from ACHERONS Program for Summit 
2000-MW(t) Reactor During DBDA Plus LOMLC Accident. 
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Fig. 13.3. Values Calculated by the AEOLUS subroutine for CACS 
Circulator Performance for Summit 2000-MW(t) Reactor during DBDA Plus 
LOMLC Accident. 
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as described7 by GA. The results of the AEOLUS subroutines were 
compared with those of Reid* and agreed well for the first two 
calculated points. 

13.5 IHVESTIGATIOH OP DBDA FOR PULTON REACTOR 
The basic ACREROHS coaputer prograa vas titen modified to enable 

calculation of the Fulton plant Design Base Depressurisation Accident 
(DBDA) and Loss of Main Loop Cooling (LOMLC) accident. 

The subroutine that calculates the tube wall conductivity was 
changed to represent the two materials of the tubes in the CASE as 
reported* by GA. The lower 25Z portion (hot end) of each tube is 
now to be node up of 2 1/4 Cr-1 Mo (T22), and the remainder will be 
made up of the original Material, 1/2 Cr-1 Mo (T2). 

The circulator performance calculations used the design values 
of W « 21.1 lb/sec, P « 22.53 psia, AP « 0.67 psi (Fig. 6.3.2-6, o o o 
ref. 9). 

Figure 13.4 shows the CACS performance comparison for DBDA in 
tabulated results provided9 by GA. Figure 13.4(d) through (f) shows 
the circulator performance comparison for the conservative case DBDA 
(Table Q6.3-17-3, ref. 9). The circulator torque and speed were not 
reported in the PSAR* but had been transmitted separately.' Figure 13.5 
shows the CACS performance comparison with GA's results* for the DBDA. 
The major difference stated between these cases is the containment 
pressure; it was 24.4 psia for the case in the PSAR9 and 9.5 psia 
for the transmittal information.* Figure 13.5(a) through (c) shows 
the same relative agreement between GA's results and that calculated 
by the HELIX program. Figure 13.5(d) shows the circulator speed 
comparison; the AEOLUS subroutine calculates a horizontal line somewhat 
higher in speed than presented by GA. This difference is due to the 
higher CAHE exit helium temperature calculated by HELIX. When the 
temperature presented by GA is used as input data for the AEOLUS 
subroutine, the resultant circulator speed equals that given* by GA. 
Since the circulator cannot be operated faster than 3550 rpm, the AEOLUS 
results indicate that if the helium temperature does increase, then the 
helium flow rate must decrease. 
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Fig. 13.4. ACHEROftS Results for Fulton (3000 MW) During DBDA and 
LOMLC Accident (Containment Pressure • 24.4 psi). 
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Fig. 13.5. ACHER0NS Results for Fulton (3000 MW) During DBDA and 
LOMLC Accident (Containment Pressure -9.5 psi). 
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Using the same calculation Method that produced good agreeaent 
in Fig. 13.5(d) with the PSAR data, Fig. 13.4(d) shows that the 
circulator sp^cd should be decreasing all during the transient. The 
solid line is an assuaed value of 3550 rpa based on the previous data. 
Since the AEOLUS results were produced by using the systea line with 
the saae design values as in Fip. 13.5(d), it is an indication that 
the actual torque does exceed the torque liait on the aotor and the 
speed is decreased. 

The heat duty [Fig. 13.4(b)] and heliua exit teaperature [Fig. 13.4(a)] 
coapare very well with CA's results. Much of the difference is 
attributable to the possibility of using a slightly different Nusselt 
nuaber correlation for the new heat exchanger configuration. The pressure 
drop calculated by DELTPR coapares very well with those presented in the 
PSAR, except for the early points. This discrepancy is possibly due to 
the pseudo-translent method of solution, which gives higher heat transfer 
rate and gas viscosities due to the lower exit teaperature, since the 
method assumes that the heat exchanger is at pseudo-steady state. 

13.6 FORT ST. VRAIN REACTOR COOLING PERFORMANCE INVESTIGATION 
During the period Febriary to April 1975, a version of ACHERONS 

was developed and used to analyze the cooling performance of the steam 
generators on the Fort St. Vrain reactor during DBDA accident number 
two. ACHERONS results were compared with tho»e presented by the 
Public Service Commission of Colorado.10 

13.6.1 Circulator Performance 
The circulator performance was taken as depicted in Fig. 3-1, p. 24 

of the circulator operation and maintenance manual." Figure 13.6 is 
a copy of this figure with the apparent system line. 

By using the temperatures and gas flow rates in the response and 
assuming the circulator turns at 7000 rpm, the corrected rates 
and mass flow rates are calculated. The compressor map g. by GA can 
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Fig. 13.6. Fort St. Vrain Circulator Performance as in Fig.3-1 
of the Plant Operation and Maintenance Kanual with Apparent Systea 
Line as Generated by AEOLUS Analysis of GA's Results. 

be reduced to a single coapressor speed curve by use of siailarity 
paraaeters if the circulator is assumed to operate as an ideal coapressor 
(i.e., no viscous losses, etc.). Siailarity paraaeters: 

•/•o« * constant , 

<|?/'4>oM2 * constant , 

(18) 

(19) 

where 

n » circulator speed rpa, 

LP • pressure rise across circulator, 

$/$o • corrected mass flow rate/design mass flow rate, 

<J»/(J/0 - (W/P)/(UP/P) design. 
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The pressure drop for a particular corrected speed and aass flow 
rate can be calculated froa this inforaation if the pressure drops and 
flow rates for a constant corrected speed line are known. To check 
out this technique, the 9550 speed curve was extrapolated to the other 
speeds and checked against those curves in the coapressor aap. The 
agrceaent was very close and, therefore, the siailarity approach could 
be used with confidence if the coapressor aap shown was derived froa 
experimental data. 

By use of the siailarity technique and the data in the response, 
the pressure drop can be calculated and plotted on the coapressor aap. 
This was the aanner the apparent system line was deduced. 

The reason for using the siailarity technique was to force the 
circulator perforaance calculations to aaintain a speed of 7000 rpa 
without knowing beforehand what the systea line was for the particular 
case analyzed. The pressure load of the circulator calculated in this 
aanner coapares favorably with the loop pressure drops presented in 
the response and show that the circulator (if it were ideal) would 
deliver substantially more pressure head than required (Fig. 13.7). 
Analysis of the viscous losses was not possible within the tiae liait. 
The aaxiaua torque required during this transient was 51 Ibf-ft. 

it 
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Fig. 13.7. Fort St. Vrain Circulator Pressure Rise as Calculated 
by AEOLUS or DBDA Coapared with CA Values. 
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13.6.2 Steag Generator Model Description 
Upon leaving the reactor core, the priaary coolant of the 

Fort St. Vrain HTGR flows first through a reheate~, then into super
heater 2, and finally into the steaa generator. The steaa generator 
consists of three r ctions. The sections, as they are eacountered by 
the priaary coolant, are: (1) superheater 1, (2) the evaporator, and 
(3) the econoaizer. The flow is countercurrent in all the heat 
exchangers except superheater 2, which has parallel flow. 

Developing a aodel of the heat transfer systea required provisions 
for the varying physical characteristics of each heat exchanger. This 
was best done by developing a aodel that divided the steaa generator 
into three distinct sections. It neglected the reheater since the 
secondary flow through the reheater is negligible after the 
depressurization transient has decayed. 

The Tube Prograa calculates the coefficients C and n that are 
used in obtaining the Nusselt nuaber Jfc*: 

ltu - CxCge1 , (20) 

where 

C- - adjustaent to Griaison correlation due to the nuaber of 
rows considered, 

He ~ Reynolds nuaber. 

The aodel incorporated the physical characteristics from the 
manual,11 repeated in Table 13.1. The Nusselt nuaber calculated for 
the steam generator was: 

AU - 0.5702J?e°- S S 3 3Pr l / 3 . (21) 

The Nusselt number correlation calculated for superheater 2 was; 

Nu - P.5578^ 0' S 6- 5Pr , / 3 . (22) 
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Table 13 .1 . Steaa Generator and Reheater Physical Characterist ics 

Characterise ic 
Single Module Data 

Characterise ic 
EES* SH2 RH 

Effective heat transfer area 
vithout leads, ft 2 

Installed 
Ideal 

2480 
2120 

850 
704 

440 
388 

Superficial gas flow area, 
ft . Area occupied by: 

Tubing 
Support structure 

18.634 

11.657 
0.435 

15.569 

9.367 
0.420 

18.201 

11.636 
0.442 

Effective tube spacing 
(pitch), in. 

1.42 1.48 1.575 

Longitudinal 1.47 1.44 1.575 

Tube outside diaaeter, in. 1.00 1.00 1.125 

Tube wall thickness, in. 0.138 , 0.138, 0.225 0.205 0.140 

Tube Material 

Effective tube length, ft 
Installed 
Ideal 

T2 
SA-213 
, T22, T22 

175 
149.99b 

SB-163-GR2 
Hi-Fe-Cr 

60 
48.81 

SB-163-GR2 
Ni-Fe-Cr 

17.8 
15.7 

Cross-sectional free flow 
area, f t 2 

6.542 5.782 6.123 

Econoaizer, evaporators, superheater 1. Entries are given in 
order if not the sane for all three. 

this 

Ideal Econoaizer Length • 76.81 ft 
Ideal Evaporator 1 Length * 25.51 ft 
Ideal Evaporator 2 Length " 23.38 ft 
Ideal Superheater 1 Length - 24.29 ft 

TOTAL 149.99 ft 
Division of EES installed surface not readily available. Recommend using 
same percentage division as for ideal if needed for analysis. 
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Each of the four exchanger sections was divided into five subsections 
to improve both accuracy and convergence. The iterative procedure 
involved was to guess at the outlet water teaperature at superheater 1 
and back-calculate the inlet water teaperature to the econoaizer. The 
heat exchanger calculations were assuaed to converge when the calculated 
value was within a sufficiently saall tolerance of the known value. 

13.6.3 Investigation Results 
As shown in Fig. 13.8, the coaputed heat duty and heliua exit 

teaperature coapare favorably with those reported in the response.10 

These results are essentially independent of the heliua heat transfer 
coefficient since the heliua flow rate is so saall that the heliua 
reaches the feed water teaperature well before the end of the heat 
exchanger is reached. The response indicated that the heliua teaperature 
at the core inlet was lower than the feed water teaperature because the 
gas flows over the PCRV theraal barrier, which is cooled by 140*F water. 
This effect was not analyzed since the heliua teaperature change is 
auch greater in the heat exchanger. The apparent system line shown 
on Fig. 13.6 lies very close to the stall line. General Atoaic feels 
that this is due to the oaission of bypass flows around the circulators 
and the active core. The analysis was not redone because of lack of 
tiae and information. 

The only area of serious disagreeaent is during the first 0.1 hr 
of the transient, where our heat duty is auch greater than GA's. This 
is apparently because the HELIX prograa uses a pseudo-transient technique 
of driving the steady state solution with transient parameters 
(i.e., flow and teaperature). If the steam generator is slow in * 
responding to changes, then the heat duty will be less than our prograa 
indicates. Only a saall portion of tiae and only a 4.4 * 10 s Btu 
difference in total heat transferred (*v0.5Z of total transferred) is 
involved. This difference is considered insignificant. 



197 

'•' - I ' 

! 
1 

i 
1 i i 
i : i 
i i i 

„ 

t T 
' * i 

! 1 ! 
! 

/ 

! i 
i i 

i i 

/ 
1 
1 

J 
i 

.. . | -. 
| 

I 
i 1 

i 

i I 
t 

1 

1-

mm. • t n arrm 

1 
i 
t 

i 
! 
I 

; 
! 

1 
i 
I 
I 

i 
1 

a -

r~d 1 -*. . r~d 1 -*. 
0**A 

r 

Fig. 13.8. Fort St. Vrain Steam 
Generator Performance as Calculated 
by HELIX Coapared with GA Calculations, 
(a) Heat removal rate, (b) Helium 
exit temperature, (c) Water exit 
temperature. 

(O 



198 

13.7 REFERENCES 
1. J. R. Tallackson, ORNL, letter to John P. Sanders, ORNL, March 1, 

1974. Included *s an attachment to letter froa J. P. Sanders, 
ORNL, to R. A. Clark, Chief, Gas Cooled Reactor Branch, DOL, 
USAEC, Washington, D.C., March .1, 1974. 

2. Curve fit of data froa J. H. Keenan and J. Kaye, Gas Tables, 
Wiley, New York, 1948. 

3. J. P. Sanders, Physical and Thermodynamic Properties of Helium to 
be Used in Performance Evaluation of Gas-Cooled Reactors, Oak Ridge 
Rational Laboratory, Oak Ridge, Tennessee, letter dated November 20, 
1972. 

4. J. H. Perry, Chemical Engineers' Handbook, 4th ed., McGraw-Hill 
Book Co., New York, 1963, Sect. 3. 

5. M. Jakob, "Heat Transfer and Flow Resistance in Cross Flow of Gases 
Over Tube Banks," Trans. ASME, 60: 384-386 (1938). 

6. R. L. Reid, "Evaluation of Circulator and Motor for the CACS," 
HTGR Safety Studies Quart. Prog. Rep. June 30, 1974 for the Gas 
Cooled Reactors Branch, Directorate of Licensing, Office of 
Regulation, USAEC, ORNL/TM-4737, pp. 39-45. 

7. D. S. Duncan, Letter to R. A. Clark, Chief, Gas Cooled Reactor 
Branch, DOL-USAEC, Subject: Answers to Request for Additional 
Information No. 1 on Licensing Topical Report No. 1 (GA-LTR-1), 
table on p. Q17-25. 

8. Data transmittal froa General Atoaic Coapany to J. P. Sanders, 
dated January 30, 1975. 

9. Philadelphia Electric Co., Fulton Generating Station, Preliminary 
Safety Analysis Report DOCKET-50-463. 

10. Letter dated February 28, 1975 froa R. F. Walker to R. A. Clark 
containing resp nses to question 14.11-4. 

11. Operation and Maintenance Manual for the Fort St. Vrain 330-MH(e) 
HTGR Helium Circulators, Gulf-GA-A-10349. 



14. DEVELOPMENT OF THE FLODIS CODE 

D. D. Paul 

A luaped paraaeter model. FLODIS, of the Fort St. Vrain reactor 
core was developed. This analysis was done to suppleaent the study of 
emergency core cooling at reduced flow rates produced by the modification 
of the Pelton wheel operating specifications. The code calculates the 
coolant flow redistribution fo1lowing a design-basis depressurization 
accident and was developed to supply the CCCM code with region flow 
rates as a function of tiae. A preliminary version of the code is 
operational. 

Development of the FLODIS code required capabilities ror calculating 
core temperatures, fluid temperatures, and the flow distribution. These 
paraaeters are not independent of each other. An iteration scheae was 
devised where each one of these paraaeters could be calculated by 
assuaing the other two were known. The iteration scheae converged when 
the assuaed value for each paraaeter was within soae saall convergence 
criterion of the calculated value. 

Since the distribution of the total flow was of priaary interest, a 
detailed teaperature distribution in the core was not necessary. Thus, 
a simplified core aodel was chosen with only one node per refueling region. 

Figure 14.1 shows preliminary results of the single node per 
refueling region aodel. Normalized flow is plotted versus time for 
the hottest channel in the Fort St. Vrain reactor. The normalized 
flow is defined as 

W " W.IW , 
norm i av 

where 

W. • flow rate in region t, 
x 

W • average flow av 
• total flow times the number of fuel columns in region i 

totnl number of fuel columns 
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Fig. 14.1. Normalized Flow Calculated by the FLODIS Code for the 
Hottest Refueling Region in the Fort St. Vrain Core Following the DBDA. 

At steady-state conditions, the hot channel normalized flow should 
be equal to the radial peaking factor. When flow resumes after the 
5-min adiabatic heatup, the hot channel normalized flow drops to less 
than 1.2. During the transient, the hot channel does not cool as fast 
as the other channels, and therefore, the -•ormalized flow continues to 
decrease, primarily from feedback effects of temperature in calculating 
frictional losses. However, once the hot channel begins to cool down, 
the gradients between refueling regions start to collapse and the 
normalized flow in the hot channel slowly increases. 

These normalized flows were used as input to the CCCM code to 
obtain a detailed temperature distribution. 



I S . AIR 7*iGRESS RATES TO THE PRIMARY SYSTEM 
FOLLOWING A DBDA 

R. L . R e i d 

The High-Teaperature Gas-Cooled Reactor (HTGR) Safety Study Prograa 
for the Division of Reactor Licensing, U.S. Nuclear Regulatory Coaaission, 
was in need of a aodel to calculate the rate of air ingress into the 
prestressed concrete reactor vessel (PCRV) following a design-basis 
depressurization accident (DBDA). General Atoaic Coapany (GA) had 
developed a computer code to predict the air ingress rate, 1* 2 but it 
was deeaed necessary to develop an independent code, to coapare the 
results of both codes, and to provide a tool for analysis of any HTGR. 
The air ingress rates and resultant changes in effective molecular weight 
of the PCRV gas are particularly iaportant in the design of the core 
auxiliary cooling systea. 

15.1 DESCRIPTION OF THE DBDA PROCESS 
Two types of ruptures in the PCRV are considered: a break around 

the bottoa of the steaa generator penetration (point A in Fig. 15.1) where 
the hot heliua enters the cavity (hot-leg break) or a leak near the top 
of the cavity (point B in Fig. 15.1) where the heliua has been cooled 
and is returning to the core (cold-leg break). When the leak is 
initiated, a blowdown occurs froa the PCRV, beginning at the operating 
pressure [about 5 MPa (700 psia)] and ending at some low pressure. The 
blowdown changes pressure and teaperature in the containment, which is 
initially near atmospheric pressure and ambient temperature, for a few 
minutes until relatively steady-state conditions are reached. The 
entire PCRV and containaent then equilibrate at a pressure of 0.14-0.21 MPa 
(20-30 psia), depending on whether the leak was a hot- or a cold-leg 
break. The containaent teaperature at this tiae is about 28-66°C 
(100-150'F). 

201 
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Fig. 15.1. Diagraa of Core Cavity, Steaa Generator Penetration of 
the PCRV, and the Containment Structure. 

These pressure and temperature excursions are described and 
calculated by the Conteapt-G computer program.3 For the present study, 
the long-term effects (those up to 6 hr) were of interest; therefore, 
the containment was assumed to reach the steady-state temperature and 
pressure instantly. 

At least four types of mass transfer processes can occur during 
the DBDA to alter the effective molecular weight of the gas in the PCRV 
from a value of 4.00 for pure helium. These are (1) expansions and con
tractions due to temperature changes in the PCRV, (2) establishment of 
a free convection loop, (3) reaction of the incoming oxygen with carbon 
in the reactor to form carbon monoxide, and (4) diffusion. 

The free convection loop will be a possibility only with the cold-
leg break that occurs at the top of the steam generator. A stable buoyant 
situation exists with the hot-leg break at the bottom of the PCRV. Dif
fusion was determined to be negligible under both these conditions. 

General Atomic's description of the calculations in Sect. 5.1.4 
of LTR-1 (ref. 1) considered points 1 and 2 (see Fig. 1) above the 
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reactor core. Therefore, a cold-leg break was considered, although 
this was not stated. Conversations* revealed that GA included the 
reaction of incoming oxygen with the graphite in the core to fora CO; 
this point is r t noted in LTR-1. These conversations actually led to 
the decision to include this reaction in the ORNL aodel. 

15.2 COMPUTATIONAL MODEL* 

15.2.1 Free Convection Loop 
Host of the assuaptions used by GA1 were also aade in this study, 

including the assuaption that the total cross-sectional area available 
for inflow and outflow is 0.0645 a 2 (100 in. 2). The height of the 
buoyant column was taken as 2.4 a (8 ft) (the distance froa C to D in 
Fig. 15.2, which was the effective height of the annular gap). Friction 
in the column was ignored, because the flow area away froa the flow 
restrictor (point C in Fig. 15.2) was significantly greater than this 
minimum flow area. The major inhibitor of flow was assumed to be the 
entrance and exit losses at the flow restrictor. These were treated as 
a sudden contraction loss with a loss coefficient of about 0.5 and a 

Fig. 15.2. Detail of Closure at Top of Steam Generator Cavity 
rhowing Flow Restrictor and Annular Gap. 
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sudden expansion that can have a loss coefficient as large as 1.0, 
depending upon the ratio of flow areas. To be conservative (i.e., to 
overestimate the rate of air ingress), the sun of these two coefficients 
was assumed to be 1.2, which is the sane assumption used by GA..1 

In the fundamental equation for the free convection loop, the 
difference in head produced by the different weights of the columns is 
balanced by the pressure losses in the flow path. With the assumptions 
discussed above, the equation is given by 

where 

V - velocity. 

P - density. 

K • loss coefficient, 

L » height of column, 

9" gravitational constant. 

Subscripts C and R refer to conditions in Che gas mixture in the contain
ment and the PCRV respectively. 

If Eq. (1) is converted to the volumetric flow rate Q by use of the 
cross-sectional area At it becomes 

K^§ + K S r ' ^ , - ^ • (2> 
nvvever, Qc - QRt and if the cross-sectional areas for inflow and out
flow are assumed to be equal such that A - A - A - 0.032 m 2 - 50 in.2, 



205 

Transforming this to the mass flow M of the outflowing gas, the equation 
a 

becomes 

V «P C *P„> 

Equation (4) can be used over a time interval At to determine the amount 
of gas leaving the containment. 

15.2.2 Expansion-Contraction Process and CO Formation 
The expansion-contraction process is essentially an inventory system 

using the ideal gas law. However, several possible sequences of events 
and conditions can be hypothesized. The reaction of oxygen with graphite 
to form CO is also incorporated into the procedure. The reaction is 

2C + 0 2 - 2C0 . (5) 

The sequence of events in the expansion-contraction process with 
chemical reaction proceeds as follows: 

1. Equation (4) is first used to calculate the mass cf gas mixture 
leaving the PCRV in the time interval At. An equal volume of gas mixture 
from the containment enters at the containment temperature. 

2. The oxygen in the incoming containment gas then reacts to form 
2 moles of CO 'or each mole of 0 2• 

3. The newly formed CO and the rest of the gas that came from the 
containment are then heated to the average PCRV temperature. 

4. The difference in this expanded volume and the volume of the 
gas that left the PCRV is then assumed to displace an equal volume of 
gas from the PCRV to the containment. 

5. The new average temperature at the end of the time step is used 
to calculate a new volume of PCRV gas. 

6. If the temperature has increased, the amount of gas that must 
leave the PCRV to keep the pressure constant is calculated, and this 
amount is removed from the PCRV. 
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7. If the teaperature has decreased, the voluae of containaent gas 
that will enter at containaent teaperature is calculated. The procedure 
then repeats steps 2 through 4. 

8. The entire sequence is repeated starting with step 1. 
A coaplete listing and docuaentation of the prograa INGRES is given 

in the Appendix of the report5 on INGRES. 

15.3 RESULTS FROM THE MODEL 

15.3.1 Su—it and Fulton HTCRs 
The coaputed results for the effective Molecular weight of the gas 

in the PCRV and the heliua mole fraction as a function of tiae are given 
in Tables 15.1 and 15.2 for the 2000- and 3000-MW(t) CTGRs. The input 
data in the tables were taken froa the Suaait and Fulton PSARs.'*7 

These transient aolecular weight distributions are plotted in Fig. 15.3. 

Fig. 15.3. Molecular Weight of Gas in the PCRV for Sumiit 
(2000-MW(t)] and Fulton (3000-MW(t)] Reactors. 
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Table 15.1. Composition in PCRV of Suaait Station HTGR 

Containaent Pressure Before DBDA * 14.7 psia » 0.101 MPa 
Voluae of Containaent - 2.280,000 ft1 « 64,560 a* 
Teaperature of Containaent - 565.0*R - 313.9 K 
Mass of Heliua in PCRV Before DBDA * 14.700 lb - 6668 kg 
PCRV Pressure Before DBDA » 725.0 psia * 4.999 MPa 
Systea Pressure After DBDA - 23.2 psia * 0.160 MPa 
Maxiaua Cross Sectional Area for the Leak * 100.0 in.2 

- 0.0645 a' 
The Loss Coefficient for Coabined Inlet and Outlet 

Losses for Each Coluan • 1.2 
The Height of the Buoyant Coluan * 8.0 ft * 2.4 a 
Molecular Height of Containaent Iaaediately After DBDA 

is 19.09 

Av Coolant Mole 
Fraction Tiae 

(hr) 
Teaperatures. *C( - F) Molecular 

Height 

Mole 
Fraction Tiae 

(hr) 
Molecular 

Height He 
i n out 

0 . 0 319(607) 769(1416) 4.00 1.0000 
0.0833 186(367) 827(1520) 6.35 0.9019 
0.0892 187(368) 829(1524) 6.41 0.8994 
0.1004 187(369) 831(1527) 6.53 0.8946 
0.2012 189(372) 848(1551" 7.55 0.8521 
0.3008 191(375) 863(1585) 8.47 0.8137 
0.4004 190(374) 876(1609) 9.31 0.7786 
0.5000 189(373) 889(1631) 10.09 0.7464 
J.6064 189(373) 901(1653) 10.84 0.7150 
0.8064 190(374) 920(1688) 12.12 0.6618 
1.0064 191(376) 937(1719) 13.19 0.6171 
1.2084 197(387) 951(1744) 14.11 0.5789 
1.3954 193(380) 961 (17f . ) 14.83 0.5487 
1.5994 194(382) 969(1776) 15.50 0.5207 
1.8034 196(384) 975(1787) 16.07 0.4>S9 
2.0164 197(386) 978(1793) 16.58 0.4759 
2.1964 197(387) 979(1794) 16.94 0.4608 
2.3964 198(388) 978(1793) 17.29 0.4463 
2.5964 198(388) 976(1789) 17.59 0.4339 
2.7964 198(389) 972(1782) 17.84 0.4233 
3.0364 198(380 966(1771) 18.10 0.4125 
3.3964 198(388) 953(1748) 18.42 0.3992 
3.7964 197(387) 936(1716) 18.68 0.3883 
4.1964 196(384) 916(1680) 18.87 0.3803 
4.5964 193(380) 894(1641) 19.01 0.3744 
5.0364 191(376) 869(1596) 19.13 0.3697 
5.3964 188(371) 849(1560) 19.19 0.3669 
5.7964 186(367) 826(1519) 19.25 0.3645 
5.9964 184(364) 816(1500) 19.27 0.3636 

Molecular Weight of Containaent f* now 17.26 
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Table 15.2. Composition in PCRV of Fulton Station HTGR 

Containment Pressure Before DBDA * 15.7 psia =1.08 MPa 
Volume of Containment * 2,270,000 ft3 * 64,280 m 3 

Temperature of Containment * 560.0*R * 311.1 K 
Mass of Helium in PCRV Before DBDA * 20,745 lb = 9410 kg 
PCRV Pressure Before DBDA - 725.0 psia - 4.999 MPa 
System Pressure AfLer DBDA * 23.2 psia « 0.160 MPa 
Maximum Cross Sectional Area for the Leak * 100.0 in.2 

* 0.0W5 m 1 

The Loss Coefficient for Combined Inlet and Outlet 
Losses for Each Column s 1.2 

The Height of the Buoyant Column - 8.0 ft • 2.4 m 
Molecular Weight of Containment Immediately After DBDA 

is 17.43 

Av Coolpnt Mole 
Fraction Time 

(hr) 
Temperatures, *C(*F) Molecular 

Weight 
Mole 

Fraction Time 
(hr) 

Molecular 
Weight He in out lie 

0.0 319(607) 769(1416) 4.00 1.0000 
0.0833 186(367) «27C1520) 6.05 0.9148 
0.0892 187(368) 829(1524) £08 0.9132 
0.1004 187(369) 831(1527) 6.16 0.9101 
0.2012 189(372) 848(1558) 6.82 0.8827 
0.3008 191(375) 863(1585) 7.43 0.8572 
0.4004 190(374) 876(1609) 8.01 0.8331 
0.5000 189(373) 889(1631) 8.55 0.8105 
0.6064 190(374) 901(J 653) 9.09 0.7878 
0.8064 191(376) 920(1688) 10.05 0.7481 
1.0064 197/387) 

193(380) 
951(1744) 10.89 0.7129 

1.2084 
197/387) 
193(380) 961(1761) 11.65 0.6815 

1.3954 194(582) 969(1776) 12.27 0.6555 
1.5994 196(384) 975(1787) 12.87 0.6303 
1.8034 197(386) 978(1793) 13.41 0.6080 
2.0164 197(386) 978(1793) 13.90 0.5873 
2.1964 197(387) 979(1794) 14.28 0.5718 
2.3964 198(388) 978(1793) 14.65 0.5564 
2.596'> 198(388) 976(1789) 14.98 0.5427 
2.7964 198(389) 972(1782) 15.27 0.5305 
3.0364 198(389) 966(1771) 15.58 0.5175 
3.3964 198(388) 953(1748) 15.98 0.5007 
3.7964 197(387) 936(1716) 16.34 0.4857 
4.1964 196(384) 916(1680) 16.63 0.4738 
4.5964 193(380) 894(1641) 16.86 0.4043 
5.0364 191(376) 869(1596) 17.06 0.4560 
5.3964 188(371) 849(1560) 17.18 0.4507 
5.7964 186(367) 826(1519) 17.30 0 4458 
5.9964 184(364) 816(1500) 17.35 0.4438 
Molecular Weigh.: of Containment is now 17.26 
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15.3.2 Comparison with GA Results 
The GA results2 were actually obtained before some of the design 

conditions for the 2000- and 3OO0-MW(t) plants were finalized. Conse
quently, the GA results, although presented as being generic for both 
plants, are not exact for either reactor. In addition, LTR-1 (ref. 1) 
indicates a coluan height of 2.4 m (8.0 ft), but these older results 
were obtained for a coluam height of 5.64 • (18.5 ft). The results 
in "able 15.3 were obtained from input data that seemed to be the saae 
as the GA data. 

Peterson* disclosed some differences between the calculational 
procedures followed in this report and the GA method. As reported in 
the LTR,1 GA assumed that the total area for leakage 0.0645 a 2 (100 in.2) 
was divided into variable inflow and outflow areas. An equation similar 
to Eq. (3) then resulted; this equation was differentiated with respect 
to one of the flow areas, and the derivative was set equal to zero to 
produce an equation for the area to maximize the flow rate. As discussed 
earlier, the INGRES results were obtained by assuming a 50-50 split in 
the flow areas. A more detailed procedure seemed to be unnecessary 
considering the approximate nature of the rest of the analysis. The 
split to maximize the flow rate was clos«. to the 50-50 mark.8 

Another difference in the me i-hod was that the GA procedure coupled 
the free convection loop with the expansion-contraction process. If the 
outflow due to expansion was greater than the inflow due to free con
vection, no free convection was allowed to occur. As previously described, 
the analysis in this report considers the free convection to occur before 
and independent of the expansion-contraction process. This is more con
servative and appears to be possible under certain actual local pressure 
and concentration variations in the PCRV and containment volume. 

The results of this model are compared with the results of GA in 
Fig. 15.4. Note tl-at, as discussed, these results seem to be conservative 
in comparison with the results of GA. In addition, the two sets of 
input data may differ slightly. Table 15.3 presents the computer results 
for this case. 
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Table 15.3. Coapari&on of Values froa INGRES with Those of GA 

Containaent Pressure Before DBDA * 14.7 psia • 0.101 MPa 
Voluae of Containaent * 1,687,000 ft* * 47,770 a' 
Teaperature of Containaent « 610.0"R - 338.9 K 
Mass of Heliua in PCRV Before DBDA - 17,420 lba - 7902 kg 
PCRV Pressure Before DBDA « 700.0 psia - 4.826 MPa 
Systea Pressure After DBDA - 23.2 psia - 0.160 MPa 
Maxiaua Cross Sectional Area for the Leak * 100.0 in.2 

> 0.0645 a 2 

The Loss Coefficient for Combined Inlet and Outlet 
Losses for Each Coluan » 1.2 

The Height of the Buoyant Coluan « 18.5 ft * 5.67 a 
Molecular Weight of Containaent Iaaediately After DBDA 

is 15.75 

Av Coolant 
Tiae Teaperatures. *C( F) Molecular 
,. N

 r „.,•... iractii 
(hr) Weight H e 

in out 
in out 

0 .0 319(507) 769(1416) 4.00 1.0000 
0.0833 186(367) 827(1520) 5.92 0.9201 
0.0892 187(368) 829(1524) 5.97 0.9179 
0.1004 187(369) 831U527) 6.07 0.9137 
0.2012 189(372) 848(1558) 6.95 0.8770 
0.3008 191(375) 863(1585) 7.74 0.8443 
0.4004 190(374) 876(1609) 8.45 0.8146 
0.5000 189(373) 889(1631) 9.10 0.7876 
0.6064 189(373) 901(1653) 9.72 0.7615 
0.8064 190(374) 920(1688) 10.78 0.7177 
1.0064 191(376) 937(1719) 11.64 0.6815 
1.2084 197(387) 951(1744) 12.38 0.6510 
1.3954 193(380) 961(1761) 12.94 0.6273 
1.5994 194(382) 969(1776) 13.47 0.6056 
1.8034 196(384) 975(1787) 13.90 0.5874 
2.0164 197(386) 978(1793) 14.28 0.5716 
2.1964 197(387) 979(1794) 14.55 0.5604 
2.3964 198(388) 978(1793) 14.81 0.5497 
2.5964 198(388) 976(1789) 15.02 0.5407 
2.7964 198(389) 972(1782) 15.21 0.5331 
3.0364 198(389) 966(1771) 15.39 0.5254 
3.3964 198(388) 953(1748) 15.61 0.5162 
3.7964 197(387) 936(1716) 15.79 0.5087 
4.1964 196(384) 916(1680) 15.92 0.5034 
4.5964 193(380) 894(1641) 16.01 0.4996 
5.0364 191(376) 869(1596) 16.08 0.4967 
5.3964 188(371) 849(1560) 16.12 0.4950 
5.7964 186(367) 826(1519) 16.16 0.4935 
5.9964 184(364) 816(1500) 16.17 0.4930 
Molecular Weight of Containment is now 15.58 



Fig. 15.4. Comparison of INGRES Results with GA. 

15.4 CONCLUSIONS 
The analysis presented in this report seems to give reasonable results 

for the gas composition of the PCRV as a function of time following a 
DBDA. The results compare reasonably well with the independent calcula
tions presented by GA. 
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16. PERFORMANCE OF THE THERMAL BARRIER COVER PLATES 
AT THE LIMITING TEMPERATURES 

C. W. Collins and S. K. Iskander 

The Nuclear Regulatory Coaaission requested the Oak Ridge National 
Laboratory to a**ist in evaluating a Licensing Topical Report (GA-LTR-1)1 

for High-Teaperature Gas-Cooled Reactors (HTGRs). As part of this effort, 
two typical aetal cover plates used with the insulated preotressed concrete 
reactor vessel were analyzed at severe transit conditions. 

16.1 PROBLEM STATEMENT 
At normal operating conditions, HTGRs use high-pressure helira, 

which is heated froa a core inlet teaperature of about 315*C (600*F) 
to an outlet teaperature of about 760*C (1400*F), and even higher 
teaperatures at upset and faulted conditions. To protect the concrete 
reactor vessel froa these high teaperatures, fibrous insulation is 
installed between the vessel and a aetal cover plate that confines the 
insulation and exposes a saooth, clean inner surface to the flowing 
heliua. Aaounts of insulation and metal types and shapes differ 
throughout the pressure vessel. 

Two types of cover plates were selected for analysis as being 
typical for the entire reactor. The first plate is a 6.4-aa (1/4-in.) 
Hastelloy X square plate, used in the outlet plenua. The second plate 
is a 6.4-aa carbon steel hexagonal plate, used in the inlet plenum. 
Both plates are supported at the center and at the edges. Pressure 
applied to the plates coapresses the 100 am (4 in.) of Kaowool to 
76 aa (3 in.), and the plates are then attached to the supports, 
resulting in an initial aaxiaua preload to the plates of 20 kPa (3 psi). 
The General Atoaic Coapany (GA) tested Kaowool to determine the effects 
of teaperature, tiae, irradiation, and different aaounts of precoa-
pression. These data showed that the initial plate preload would 
decrease from 20 kPa (3 psi) to 5.2 kPa (0.75 p»i) through loss of 
resiliency at elevated teaperature for a relatively short period of 
tiae. 
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The topical report1 (GA-LTR-1) gives the design bases for the core 
cooling systea as determined by subjecting the core and PCRV internals 
to a set of hypothetical severe thermal transients to establish the 
conditions at which coaponent daaage could occur. For evaluating 
transient severity, two threshold limits for temperatures of important 
primary system components are defined: 

Damage Limit — Defined as that component temperature at which damage 
may be incurred to the extent that normal plant operation may not be 
resumed without repairs. "Damage1* is defined as total creep deformation 
strain exceeding the design limit by 1Z. For the square plate the 
daaage limit was reported as 982*C (1800'F) for 10 hr; for the hexagonal 
plate as 538"C (1000'F) for 10 hr. 

Critical Safety Limit — Defined as that coaponent teaperature at 
which daaage aay be incurred to the extent that it would interfere with 
effective core cooling. Exceeding the "Critical Safety Limit" results in 
"failure," which is defined as total creep deformation strain exceeding 
the design limit by 31. For the square plate the damage liait was 
reported to be 1093*C (2000*F) for 1 hr; for the hexagonal plate as 
666*C (1230#F) for 1 hr. 

In an additional failure of the thermal barrier systea, the aetal 
cover plates deflect excessively, so the insulating material is no 
longer compressed against the liner of the PCRV. Such failure could 
result in local excessive heat input to the PCRV cooling system and 
possibly a buckling f- -re of the liner in that area. Collapse of the 
thermal barrier itselt *.ould introduce debris into the coolant flow, 
blocking soae flow passages. As the plate deflects under load, the 
initial uniform pressure due to the precompressed insulation is reduced. 
This relationship between the deflection of the plates and the pressure 
was assumed to be linear. This variable loading was taken into account 
by modifying the EPACA coaputer prograa, which was used to provide a 
finite eleaent analysis for the elastic, plastic, and creep strains 
produced by the specified loading conditions. 
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16.2 RESULTS OF THE ANALYSIS 
The results of the analysis for the square plate show that the 

maximum total strains (elastic, plastic, and creep) are 0.35Z and 0.54Z 
at 982 and 1093"C (1800 and 2000*F), respectively. Also, extensive 
inelastic yielding has permanently warped the plates, even under the 
small loads to which they were subjected. This is due- to the very 
small elastic strength remaining in the plates at these high temperatures. 
The analysis shows that the free corners of the plate will displace more 
than 25 ami (1 in.) and thus lift off the insulation and fail to meet one 
of the design criteria. This occurred for both temperatures, the dis
placement of the free corner being 30 mm (1.2 in.) at 982*C (1800°F) 
and 41.4 mm (1.63 in.) at 1093*C (2000*F). 

Results for the hexagonal plate revealed no such problem. In fact, 
the plate remained substantially elastic, and no inelastic strains 
occurred for the 2 1/4 Cr-1 Mo steel substituted in the analysis. The 
maximum equivalent stresses were about 70 MPa (10 ksi), sufficiently 
below the yield stress of 77.6 MPa (11.25 ksi) at the higher temperature 
level of 649*C (1200*F) for 1 hr. 

The maximum deflection of the hexagonal plate was 10.9 mm (0.43 in.) 
and was, of course, for the 649*C (1200°F) temperature. Although the 
2 1/4 Cr-1 Mo hexagonal plate was found satisfactory, it must be concluded 
that the integrity of the carbon steel plates at the specified conditions 
would be very doubtful. 

A detailed report on the inelastic finite element analysis of the 
plate was completed and submitted to NRC for review.2 

16.3 REFERENCES 
1. V. Joksimovic et a l . v An Analysis of HTGR Core Cooling Capability, 

GULF-GA-A-12504 (GA-LTR-1) (March 30, 1973). 

2. S. K. Iskander, C. W. Collins, and J. P. Sanders, Inelastic Analysis 
of Too Plates Under Deformation Dependent Loads, ORNL/TM-5206 
(February 1976). 



17. EVALUATION OF TEMPERATURE LIMITS FOR THE FAILURE OF 
FJEL PARTICLE COATINGS 

F. J. Hoaan 

In Table 2.2 of LTR-1 (ref. 1) both daaage and critical safety 
liait temperatures related to the failure of fuel particle coatings 
are indicated. The damage liait is defined as the temperature at which 
daaage aay be incurred to the extent that normal plant operation aay 
not be resumed without repair. In this instance, the daaaged fuel would 
have to be replaced; this can be accomplished by normal refueling pro
cedures. The critical safety liait is defined as that teaperature at 
which daaage may be incurred to the extent that it would interfere with 
effective core cooling. 

The daaage limit teaperature is indicated as 16S0*C (3000*F). 
Daaage would be defined as reaching the teaperature at which sufficient 
fuel particle coatings would fail that excessive amounts of fission 
products would be introduced into the primary coolant gas. Failures can 
occur in the short tera if excessive fission gas pressures develop within 
the particle or excessive theraal stresses develop in the coating layers. 
These types of failures are quite dependent upon the total exposure of 
the fuel to irradiation and the amount of burnup of the fuel material 
plus the manner and temperature at which the coating layers were applied. 
These latter effects were discussed elsewhere.2 

Long-term coating failure can occur froa fuel particle migration 
into or through the particle coating layers. This effect has been 
reviewed in detail.3 

The critical safety liait for the fuel particle coatings is 
reported1 as greater than 2370*C (4300*F). This is the point at which 
the fuel element fails structurally; in particular, the fuel graphite 
matrix loses its structural integrity and fuel movement aay occur. 
Fuel movement must occur at temperatures above the fuel melting point 
[>2370°C (43O0*F)] up to the point of graphite sublimation [>3300°C 
(6000*F)]. 
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17.1 FAILURE OF FUEL PARTlr\ES DUE TO RAPID THERMAL TRANSIENTS -
F. J. B O H O 

The 1650*C (3O00*F) damage limit temperature appears to be acceptable. 
Thoria particles have operated successfully in HT experiments in the 
HFIR to temperatures this high. However, as stated by GA,1 the temperature 
at which particles will burst will depend strongly on the detailed time-
temperature history. This temperature will also depend on the amount of 
burniTp accumulated by the particle. The HFIR HT particles were low-
burnup particles (fertile). High-burnup fissile particles would develop 
muc.i higher internal gas pressures during a temperature rise and would 
be more apt to fail. Reference 1 states (on page 2-15) that "particles 
at the highest burnup can be heated to temperatures around 1650*C (3000*F) 
for periods of hours without significant damage". If this has been done 
experimentally, that fact should be documented. 

The 2370*C (4300*F) critical safety limit temperature is probably 
satisfactory, but the thinking that led to this value is not well 
described1 (in Sect. 2.4). Loss of integrity of the fuel-graphite matrix 
is no problem, and it does not interfere with subsequent cooling. In 
fact, matrix crumbling has been observed in experimental fuels at much 
lower temperatures. Coolant does not flow through the gap between the 
fuel and the graphite, so the fact that the rod crumbles and may fill 
this gap does not result in a loss of the ability to cool the fuel. The 
last paragraph on page 2-15 of ref. I appears to be describing a 
situation where the fuel melts and eats through the coating very rapidly, 
resulting in a concentration of fissile fuel. This could then melt 
through the graphite, block and cause blockage of the coolant channels. 

17.2 PARTICLE FAILURE UNDER ISOTHERMAL CONDITIONS - H. J. de Nordwall 
and T. B. Lindemer 
The temperature at which an irradiated particle will fail in the 

absence of a temperature gradient or neutrons can be estimated only 
on a generic basis, and then with little statistical confidence. Specific 
data for large-HTGR reference fuel is not available to us. 
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Our observations were made on a total of about 60 loose particles. 
Eight of them were from a GA capsule (F-29) in which reference Fort 
St. Vrain fuel has been irradiated to full fluence and burnup (23Z FIMA 
and 8.3 * 10* : n/cm 2). The remainder were Triso-I particles; that is, 
they contained no inner LTI layer other than a seal coat — an unsatisfactory 
design. 

Two types of failure were observed. In type 1, the particle became 
permeable to cesium and strontium but continued to retain krypton. In 
type 2, the particles exploded. 

There is still some doubt whether type 1 failures were the result 
of a reversible change in SiC permeability to metals or whether the 
SiC was recrystallizing or cracking* either of which is irreversible. 
Evidence of both was eventually found. Dragon work by Voice* showed 
that recrystallisation occurred at lowe*- temperature if free silicon was 
present, but it will occur anyway above 1700°C. Recrystailization is 
accompanied by void formation. 

Since the SiC layer always "failed" first, it became clear that this 
must be the most highly stressed coating. This was subsequently confirmed 
by use of the STRESS-II computer code5 obtained from Dragon. Calculations 
aimed at predicting failure were unrewarding since the temperature 
dependence of coating mechanical properties were not (and are not) known. 
A coating failure stress could be chosen that permitted one to separate 
failed (type 1) from unfailed particles in 'he manner that is done in 
fuel design, but this was of little absolute value in this context. The 
most sensitive parameter was the buffer volume. Those particles whose 
buffer volume exceeded 1.7 kernel volumes survived 2000°C. Type 1 
failures were observed6 above 1700°C. 

Type 2 failures never occurred below 1800°C (1 particle, after 1 hr). 
Usually even the rudimentary Triso-1 particles survived stepwise heating 
to over 2000°C, when failure occured7 in 1 to 18 hr. 

We plan to continue these studies using fuel and fuel rods from 
Fort St. Vrain and irradiations of reference fuel so that statistically 
significant data might be obtained. 
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Biso particles, particularly those initially containing only Th0 2 

would be expected to survive to high teaperatures for Moderate tiaes. 
Unirradiated Biso-coated U0 2 has survived for 1000 hr at 2000*C. 

Brown" at Harwell has reported that large (800-p» kernels) 
irradiated Triso-coated 2 , 5 + a M 0 0 2 particles were failing under 1S00*C 
if they had been irradiated above 1450*C; otherwise these fuels will 
survive 1750*C for several hours. No reasons were given. These fuels 
have higher oxygen potentials than ( 2 3 3U,Th)0 2 fuels and relatively 
saaller buffer voluaes, both of which contribute to higher internal 
pressures. 

It Bust also be pointed out that since the aechanisas controlling 
the pressure of CO in an irradiated U0 2 particle are not clearly under
stood, the teaperature coefficient of the internal CO pressure in a 
high-burnup oxide fuel (U02) cannot be calculated. 

To suaaarize, our inability to aake a good estiaate of the isothei 
failure teaperature can generally be accounted for by the following: 
1. we do not know the effects of particle-aatrix nechanical interaction, 

but we expect thea to be beneficial; 
2. we cannot calculate type 2 failures, as we have no teaperature-

dependent aechanical property data; 
3. we have not seen any experimental results for reference large-HTGR 

fuel froa GA or elsewhere; 
4. we do not know how nominal aechanical properties of reference fuel 

differ froa fuels tested, or how real properties are distributed; 
5. we are not certain whether fission product release through SIC 

will always be a result of an Arrhenius, and therefore reversible, 
dependence of diffusion coefficients upon teaperature or a result of 
the irreversible foraation of cracks across the SIC layer; 

6. in short, we have essentially no statistical base for answering this 
question. 

With these reservations, 1650'C for a type 1 failure aay be a bit low. 
It is probably all right for a type 2 failure for ?000-MW(t) reference 
fuel, but not proven. 
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17.3 PARTICLE FAILURE BY KERNEL MIGRATION - H. J. de Nordwall and 
T. B. Lindcaer 

The fuel particle can fail by kernel nigrat ion through the coating 
under the influence of a teaperature gradient as well as by isothermal 
causes. We estimate that the teaperature gradient after core shutdown 
and under decay heat conditions will be 3 to 10Z of that at full power; 
that is, the ratio of teaperature gradient after shutdown to that at full 
power is roughly the saae as the fraction of power after shutdown. This 
gradient after shutdown is estimated to be somewhere between 20 and 
60°C/ca. 

The teaperature for failure by kernel migration can probably be 
best estimated by comparing values of the kernel migration coefficient 
(KMC) for specific oxide and carbide fuels with the approximate liaiting 
value of the kernel migration coefficient established by the reactor 

conditions, as is done in Fig. 17.1. The reactor contains fuel with a 
•M. -MK 77-17*0 

« JTCAB 

M WC/c» 

tJmlm 

Fig. 17.1. Kernel Migration Coefficient Versus 1/7 for Biso-Coated 
Particles. The UC 2 behavior was established by CA, while the Th0 2 

behavior was established by ORNL. Original figure froa GA. 
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coating that is about 200 }m thick; therefore, kernel migration of 
200 \m will certainly result in loss of fission product containment. 
If we arbitrarily essuae that this migration can take place in 30 days, 
chen the reactor-established migration rate is 200 '.B»/30 days. The 
reactor-established KMC is calculated by dividing this rate (in urn/sec) 
by the temperature gradient of 20 or 60*C/cm and multiplying by T2 

(in K 2) to give the nearly horizontal band shown in the upper portion of 
Fig. 17.1. We see that the least squares average behavior of the KMC 
for UC 2 particles9 intersects this reactor-established band somewhere 
between 1950 and 2050*C, while the 95Z confidence limit intersects this 
band between 1750 and 1850°C. Also, the KMC for ThOj particles10 would 
intersect the band ft even higher temperatures. Since the reference core 
will probably contaiti Th0 2 fertile and UC 2 fissile particles, the 1650*C 
(^3000"F) "damage limit temperature" in Table 2.2 of ref. 1 appears 
reasonable as far as kernel migration is concerned. 
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18. ANALYSIS OF TRITIUM DISTRIBUTION IN HTGR 

E. L. Coapere 

An analysis of the production, distribution, and release of tritiua 
in HTGRs has been developed, computerized, and reported.1 The transfer 
of tritiua is described by Fig. 18.1, and the abstract of the report 
follows. 

Tritiua will be produced in high-temperature gas-cooled 
reactors not only by fission, but also to a significant 
extent by reactions of neutrons with boron in burnable 
poison and control rods, with trace lithiua lapurity, and 
with 3He occurring naturally in the heliua coolant flowing 
through the core. A portion of the tritiua that is formed 
in sriids or fuel aay be released to the coolant. This 
tritium aingles with the hydrogen in the coolant and will, 
in part, cheaisorb on graphite. In addition, it may leak 
with the coolant froa the reactor vessel, be removed in 
the heliua purification systea, or peraeate system walls 
into the steam generator, where as a result of removal 
(blowdown) or losses it is subject to release to the 
environment. 

The differential equations describing the above 
behavior are developed. Assuaption of steady conditions, 
including hydrogen concentration, for a period aakes it 
possible to express the distribution as well as the pro
duction in the fora of coupled sets of linear first-order 
ordinary differential equations. A generalized analytical 
solution of these is presented. 

The above tritiua generation and distribution aodel 
has been incorporated in a computer code, TRITGO. An 
illustrative calculation using paraaeters taken froa the 
PSAR description of the Fort St. Vrain Reactor has been 
aade. This indicates that most of the tritiua eaerging 
froa the primary coolant will have been generated by the 
3He(n,p)T reaction. A significant fraction enters the 
steaa generator. The tritiua in the steaa generator 
blowdown, after proper dilution, aay be considered for 
release to the environment. The effects of varying a 
number of system paraaeters are considered. 

225 



sr*--'i- - -w - •- - j -

BLANK PAGE 



226 

ORNL DWG 74-1354 

Fig. 18.1 Pathways by Which Tritiua i s Transferred in HTGR Regions. 
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19. ENERGY RELEASE TO PCRV DURING DBDA 

G. Samuels 

The maximum amount of energy transferred from inside the PCRV to 
the containment system during the DBDA *s reported by GA in Table 19.1 
has been evaluated. The simplest approach is to treat the problem as 
one of energy transport rather than energy transfer; that is, what is the 
maximum amount of energy that can be transported from the PCRV internal 
by the helium inventory? 

The maximum amount of helium in the PCRV is the nominal inventory 
of 6668 kg (14,700 lb) plus an uncertainty of SX or a total of 7201 kg 
(15,876 lb). The internal energy of the helium inventory is given as 
9.5 GJ (9 x 10' B U M ) , which corresponds to an average temperature of 
423*C (794*F). The temperature of the helium leaving the PCRV during 
the blowdown will increase with time. The initial temperature will be 
that of the gas in the lower steam generator cavity, while the final 
temperature will depend on the number of circulators operating and the 
temperature of the lower section of the core and the lower reflector. 
A detailed discussion of the expected helium temperature leaving the 
PCRV is given in the Summit PSAR1 and appears to be a valid analysis 
of the exit temperature during the transient. 

The amount of energy that can be transported from the PCRV by the 
entire helium inventory during the blowdown is shown in Table 19.2. The 
helium inventory is held constant at 720' kg (15,876 lb), and both the 
initial helium internal energy and the average exit temperature are 
varied. Using the GA estimate of initial internal energy [9.5 GJ 
(9 * 10* Btu)] and assuming the estimate by GA of the maximum exit 
temperature [769*C (1416"F)] to be the average for the entire blowdown, 
the amount of energy that can be transported to the containment system by 
the entire inventory is 12.9 GJ (12.2 * 10 ( Btu). 

Thus, the maxiaum amount «f energy that can be transferred from 
Inside the PCRV to the containment system is limited by the helium 
inventory and the average temperature of the helium leaving the PCRV. 
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Table 19.1. PCRV Energy Balance for a Hot-Leg DBDA 
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Table 19.2. Energy Transferrable froa the PCRV to the Containment 
Syste. by 7201 kg (15,876 lb) of Heliua 

Av, 
Teapi 

of 1 
T_4r>arv1 

trage 
nature 
ie l i ia 
Lng PCRV 

Energy, GJ (10* Btu) Transferrable for Each Initial 
Internal Energy in GJ (10* Btu) 

trage 
nature 
ie l i ia 
Lng PCRV 

8.4 (8) 9.5 (9) 10.5 (10) 
CC) (*F) 

8.4 (8) 9.5 (9) 10.5 (10) 

746 1375 13.8 (13.1) 12.0 (11.4) 10.3 (9.8) 

760 1400 14.3 (13.6) 12.6 (11.9) 10.9 (10.3) 

774 1425 14.9 (14.1) 13.1 (12.4) 11.3 (10.7) 

788 1450 15.4 (14.6) 13.6 (12.9) 11.8 (11.2) 
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Any additional heat generated within the core or added by the circulators 
is either stored within the PCRV or reaoved by the steaa generators. The 
values reported by GA in Table 19.1 agree well with those found by the 
above analysis. There does not appear to be any reason for adding the 
1 GJ (1 * 10 c Btu) froa the circulator during the first 100 sec or the 
3.8 GJ (3.6 x 10 s Btu) froa core heat generation during the tiae froa 
100 to 150 sec. 

Although the arguaents presented above do not refer directly to the 
nuaber of circulators in operation, the assuaption that the entire inven
tory reaches the aaxlaua exit teaperature iaplies that the inventory 
passes through the core. For this to occur, all circulators Bust be 
operating or the inoperative loops Bust be blocked in soae aanner to 
prevent backflow. Considering that the normal flow through each loop is 
236 kg/sec (520 lb/sec) and that the aaxiaua unrestricted flow froa the 
0.065-a3 (100-in.2) penetration is 156 kg/sec (345 lb/sec), all circulators 
aay quite possibly continue to operate during the blowdown. With all 
circulators in operation, the teaperature of the helium leaving the PCRV 
will be less than the 769*C (1416*F) peak reported by GA for only one 
circulator operating. 

The total aaount of heat transferred froa the core to the h e H U B 
will depend on the nuaber of circulators operating. However, the only 
effect of this heat transfer on the aaount of energy transferred to the 
containment systea will be its effect on the exit gas teaperature from 
the core. In this case, the higher the flow and the heat transfer rate 
the lower the exit gas teaperature to the containaent systea. The extra 
heat transferred froa the core by the recirculation will be transferred 
to the steam generators. 

19.1 REFERENCE 
1. Delmarva Power and Light Co., Prelimi/iary Safety Analysis Report, 

Sumit Power Station Units 1 and 2S DOCKET-50-450. (Note particulary 
"Response to AEC questions, Q6.30.") 



PART III. HTGR SAFETY STUDIES FOR THE DIVISION 
OF REACTOR SAFETY RESEARCH 

J. P. Sanders, Program Manager 

Funding for the HTGR Safety Studies for the Division of Reactor 
Safety Research (RSR) began in July of 1974 and continued through the 
remainder of this reporting period. Similar programs of a much larger 
scope were developed duTing this same period at Brookhaven Rational 
Laboratory (BNL) and Los Alamos Scientific Laboratory (LASL); work at 
GatNL was coordinated with these efforts. One of the original efforts 
at ORNL was to evaluate certain computational methods that had been 
developed by the General Atomic Company (GA) for the evaluation of 
transient behavior in HTGR plants. In particular, attention was 
given to the following GA computer programs: 
1. the BLOOST code, which was a point neutronic kiretics calculation 

coupled with a heat transfer analysis in the core; 
2. the POKE code, which calculated certain flow conditions in the core; 
3. the OXIDE code, which evaluated the effects of oxygdi-containing 

compounds in the primary circuit; 
4. the TAP code, which evaluates conditions in the primary and secondary 

systems during a plant transient; and 
5. the RECA code, which evaluates conditions in the primary system during 

emergency operation. 
An interval of time existed between the assignment of the project 

arid the transfer of FORTRAN listings of these programs from GA. During 
this period, computer programs were written at ORNL to perform calcu
lations similar to those incorporated in the indicated GA codes. These 
programs were based on the design descriptions of the large HTGRs, the 
equations of conservation and mass, and the general descriptions of 
the functioning of the GA codes from available reports. The purpose of 
this program development at ORNL was to provide comparative computational 
techniques to be used in evaluation procedures after the GA codes 
were available and to evaluate for ourselves those aspects that would 
be most difficult to model analytically. Our major interest was in 
the TAP and RECA programs, since these codes provide analysis of 
major segments of the plant during accident transients. 

i i n 
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Froa past experience with similar types of analyses for other 
reactor plants, it appeared that the steam generator, which is the 
major interface between the primary and secondary systems, would require 
the most study to obtain a useful, meaningful, and accurate model. 
Because of this experience with modeling steam generators and in 
comparing these models with operational data, T. W. Kerlin of the 
University of Tennessee was given a subcontract to conduct studies of 
various analytical models for the HTGR steam generators. This work 
was performed principally by graduate students under his direction. 

Computer programs were released by GA under a proprietary agreement 
with the three installations, ORHL, BHL, and LASL. The normal procedure 
was to release the code and documentation through BHL with permission 
to transfer the information to the other two sites. The General Atomic 
Company has a Univac computer system with a FORTRAN V compiler. Both 
BHL and LASL have CDC systems, and ORHL has an IBM-360 system with a 
FORTRAN IV compiler. Because of differences in the computers, the 
compilers, and the executive systems on the computers, none of the 
programs could be transferred for operation at another installation 
without appropriate modification. 

During the period before the codes were received, modeling of the 
most important segments of the codes continued at ORHL. This included 
a RECA-type model of the core (a multichannel model) and a TAP-type aodel 
of the core (a single-channel model). In addition, a detailed model of 
the steam generator was written, and the turbine-generator plant was 
slaulated by modifying subroutines previously written for a desalination 
plant. The core auxiliary cooling system for large HTGR plants was 
also modeled. 



20. CORE SIMULATION FOR EMERGENCY COOLING ANALYSIS 

S. J. Ball 

So we could better understand the behavior of the HTGR core thermal 
dynamics during emergency cooling operations, a computer code similar to 
the GA RECA (Reactor Emergency Cooling Analysis) code1 was developed. 
The ORNL simplified counterpart of RECA, called ORECA, consists of three 
versions: one version for the Fort St. Vrain (FSV) reactor, another for 
the 2000-MW(t) Summit Power Station, and the third for the 3000-MW(t) 
Fulton Generating Station. Of the three, the FSV version was developed 
in the most detail. This was done to study design-basis depressurization 
accident (DBDA) transients that were of interest to the licensing group 
in NRC. Until the GA RECA code is operational on the local IBM computers, 
direct comparisons of RECA and ORECA predictions for a specific set of 
accident conditions are the most effective way of evaluating RECA and 
ORECA. 

The present FSV version of ORECA has the following characteristics 
and capabilities: 

1. A one-node approximation is used for each of the 37 fuel and 18 
side reflector blocks in an axial slice for each of 8 axial regions, 
including top and bottom reflector and supports. (Total * 440 nodes). 

2. Coolant heat transfer coefficient calculations include the 
effects of changing flow regimes (turbulent-transition-laminar), and 
the effects of helium conductivity variations with temperature. 

3. Present inputs include the total helium flow rate, pressure, and 
inlet temperature vs time and the total reactor power input vs time, 
which follows a typical scram curve. Axial and radial power peaking 
factors are input and assumed constant throughout the run. Core specific 
heat and conductivity are also assumed constant. 

4. The flow calculated for each channel depends upon friction 
losses, acceleration losses, buoyancy effects, and entrance and exit 
orifice pressure drops. Friction losses calculated depend on the flow 
regime. 

233 
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5. Channel flows are calculated at each time step by an iterative 
scheme to solve for the overall core pressure drop, which gives the 
proper total flow rate (within a specified error). Reverse flows are 
also accommodated. 

6. The typical IBM 360/91 coaputer tiae for a 7-hr transient using 
5-ain coaputation tiae steps ts approximately 5 sec. 

A nuaber of specific accident cases have been studied, including the 
DBDA and the loss-of-coolant accident (LOCA) at pressure. Figure 20.1 
shows preliminary results of a simulated FSV reactor depressurization 
accident. The reference case assuaed that the reactor was scraaaed froa 
105Z power at the saae tiae that pressure and flow were lost. After 
5 ain, it was assuaed that the circulators were started (by use of the 
Pelton wheel drives) and that the core flow and inlet teaperaturcs 
followed curves as supplied by GA froa its TAP code. It was also 
assuaed tnat the initial regional flow distribution had been adjusted 
so chat the outlet teaperatures froa all regions were equal during 
full-power operation and that the effective adjustable-orifice coefficient 
was constant at the lower aass flows. 

The aaxiaua core and coolant outlet teaperatures shown in Fig. 20.1 
are 1282 and 1232°C (2340 and 2250*F), respectively, and the aixed-mean 
coolant outlet teaperature reached 1010'C (1850*F). [Subsequent calcu
lations incorporating core specific heat and conductivity as functions 
of temperature gave corresponding aaxiaua temperatures of 1221, 1066, 
and 910*C (2230, 1950, and 1670°F)J. \ 

Several variations on the reference case were also run to determine 
the sensitivity of the results to certain assumptions about the input 
values. Some experiaental data indicate that the effective flow coeffi
cients of orifices would increase at very low flow rates; this would 
result in a more uniformly distributed flow. The effect was approxiaated 
by making the initial flow distribution midway between the reference 
distribution and equal distribution. This change resulted in a 56°C 
(100*F) increase in maximum core temperature. The assumption of a 
20Z reduction in the value of core composite conductivity [froa 17 to 
14 W/m K (10 to 8 Btu hr'1 ft'1 "F~')] increased the peak core teaperature 
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Fig. 20-1. FSV Reactor Depressurization Accidenc Calculations — 
ORECA Code. 

by only 17*C (30°F). When the value of Q/QC (the average region heatup 
rate with no cooling) was made 202 higher than the reference case, the 
calculated maximum core temperature was 50*C (90*F) higher. 

The FSV reactor version of ORECA was also used to predict the 
system response to a 30-min LOCA as reported2 in the FSAR. Figure 20.2 
compares the ORECA and the FSAR (Fig. 14.4-7) results, which are quite 
similar in spite of numerous differences in models and assumptions. 
The emergency cooling flow, initiated after 30 min, is assumed to be 
20.4 kg/s : (162,000 lb/hr), driven by only one of the four available 
circulators. The maximum fuel temperature of 1088°C (1990*F) predicted 
by ORECA occurs in a region with a 1.78 radial power peaking factor and 
a 1.33 axial peaking factor (just above the midplane). Resumption of 
cooling flow carries the heat toward the outlet and provides for rapid 
cooling near the inlet for all channels. Note that in both models, the 
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Fig. 20.2. Response of ORECA and FSAR Predictions of FSV Reactor 
Response to a 30-min LOCA. 

maximum core channel gas outlet temperature exceeds the maximum fuel 
temperature during cooldown. This is. due to the gas being heated up 
by the lower reflector and support blocks, which are not considered 
to be in the "fuel" region. Also, about 45 min after cooling is 
resumed, flow reverses in several channels that have very low power 
peaking factors. This causes a slight temporary upturn in maximum 
fuel temperature (w'r.ich shifted to the low-power regions) but only at 
a relatively low tevperature [788°C (1450°F)J. Persistent (local) 
channel rlow starvation with ensuing high fuel temperatures could occur 
if certain unfavorable coolant flow transients were imposed. Otherwise, 
with steady flows, the situations appear to be self-correcting. 
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21. CORE MODEL FOR USE IN OVERALL NUCLEAR STEAM 
SUPPLY TRANSIENT ANALYSIS 

J. C. Cleveland 

A coupled heat transfer and neutron kinetics core simulation code 
for the HTGR core has been developed. The code has been incorporated 
into an overall nuclear steaa supply system response program. The core 
model simulates an average fuel rod and the surrounding graphite 
moderator and coolant channels over the entire axial length of the 
active core. The axial power distribution is input to the code through 
axial power shape factors. The time-dependent temperature distribution 
in the fuel and moderator is determined by solving the transient heat 
conduction equation. Heat transfer to the coolant is determined through 
a calculated convective heat transfer coefficient that depends on 
whether the helium flew is turbulent, transitional, or laminar. Heat 
transfer to the coolant from the upper and lower reflectors and the core 
support block is also modeled. Furthermore, the heat transfer to the 
coolant flowing through the side reflectors and to the coolant flowing 
through the control rod ind reserve absorber channels is modeled, and 
the mixed mean core outlet helium temperature is calculated from the 
:lative flows through the main coolant channels, the side reflector 

elements, and the control rod and reserve absorber channels. Tht code 
also has the capability to calculate the transient temperature distri
bution in the "hot" fuel rod and the surrounding graphite and the coolant 
temperature in the adjacent coolant channels for cases where these are 
of interest. Nonlinear effects introduced by temperature-dependent fuel 
and moderator densities, specific heats, thermal conductivities, and 
helium viscosity and conductivity are included in the model. 

The neutron kinetics behavior of the core is modeled by use os the 
space independent neutron kinetics equations with six groups of delayed 
neutrons. Fuel and moderator temperature coefficients of reactivity 
are required as Input and may be temperature dependent. A much smaller 
computational time step is used for the solution of the neutron kinetics 
equations than is used for the solution of the heat transfer equations 
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because of the relatively long response tiaes of the fuel and Moderator 
temperatures. Average fuel and aoderator teaperatures are required to 
determine the feedback reactivity froa the teaperature-dependent 
reactivity coefficients. However, the feedback reactivity determines 
the core power level, which in turn affects the fuel and aoderator 
teaperatures. Therefore, the core model couples the neutron kinetics 
equations with the heat transfer equations through an iterative procedure 
requiring convergence on feedback reactivity. 

The core simulation code is fully operational, and results have 
been compared with other calculations. Figure 21.1 shows coaputed 
temperature profiles at steady-state, 100Z power for the Delaarva 
reactor core coapared with results reported by General Atoaic (GA).* 
Each of the circles in Fig. 21.1 representing the fuel centerline and 
maximum graphite teaperatures calculated by the (ORNL) core simulation 
code should be considered as representing averages over each one-eighth 
of the active core height. Considering this, the results compare 
favorably with those reported by GA. 

Results for both steady state and transient conditions obtained by 
using the ORNL core model to simulate the Fort St. Vrain reactor core 
have been coapared with results obtained at ORNL using BLOOST-5, a GA 
coupled heat transfer, neutron kinetics code.2 Both codes model the 
core with a single average channel and represent the neutron kinetics 
with the space-independent model. Therefore, they can be expected to 
give quite siailar results. The steady-state comparison was for 100% 
power. Although a much finer mesh approximation was used for the 
BLOOST-5 calculations, the two codes agreed to within less than 6°C 
(10°F) on fuel cent*»rline teaperature in the average fuel stick. 
(Fuel centerline temperatures range froa about 565 to 900°C (1050 to 
1650°F) in the average fuel column, depending on the axial location]. 

The transient case considered for the BLOOST-5 comparison was 
a 1-cent step increase in reactivity at full power conditions. 
"Beglnning-of-cycle-one" neutron kinetics parameters and reactivity 
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Fig. 21.1. Comparison of GA and ORML Steady-State Axial Core 
Teaperature Distributions. 

coefficients were used. Figures 21.2, 21.3, and 21.4 coapare the nor
malized power, core excess reactivity, and average channel outlet 
teaperature obtained by the two codes. As can be seen, the agreeaent 
is quite favorable. The above comparisons provide an analytical 
verification of the core simulation code. 

•toosr 
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Fig. 21.2 Fort St. Vrain Core Power Response to 1-Cent Reactivity Step. 
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Fig. 21.3 . Fcrt St . Vrain Excess Reactivity Response to 1-Cent 
Reactivity Step. 

—.—; s—s—£—s—i 
Fig. 21.A. Fort St. Vrain Average Channel Outlet Temperature 

Response to 1-Cent Reactivity Step. 
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22. HTGR REHEATER AND STEAM GENERATOR MOEL DEVELOPMENT 

R. A. Pedrick and J. C. Cleveland 

A reheater-steaa) generator dynamic simulation code has been developed 
and incorporated into an overall nuclear steaa supply system response 
program. The reheater-steaa generator nodule is simulated by a aultinode, 
fixed-boundary, homogeneous-flow model. Th* code solves the conservation 
of energy, mass, and momentum equations for both helium and water, and 
the conservation of energy equation for the tube as follows: 

Helium and water nodes 
Conservation of mass: 

dMldt 
(rate of change 
in nodal mass) 

"in 
(mass flow rate 
into node) 

out 
(mass flow rate 
out ov node) 

(1) 

Conservation of energy: 
dU/dt 

(rate of change 
of nodal 
internal energy) 

in in out out 
(net rate of heat 
flow into node 
via transport) 

C(T vail T ) 
fluid7 

(2) 
(rate of heat 
transfer via convention 
and conduction) 

Conservation of momentum: 
UdW/dt) 

(rate of change of 
•omentum of fluid 
in node) 

144a A{P1 - P ..) vc in out' 
(net force on fluid in 
node due to pressure 
difference) 

(zL\ _ *L| \ 
\pA I in pA | out! 
(rate of momentum 
Inflow — rate of 
momentum outflow) 

pgA(z - a . ) out in 
(gravitational force 
on fluid in node) 

" /, » 
R e \ ^ / 2 p A 

(drag due to 
frictional force) 

(3) 
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Tube nodes 
Conservation of energy: 

M tube 
tube p dt 

(rate of change of 
internal energy in 
tube node) 

He-tube He tube 
(rate of heat transfer 
fro* heliua by conduc
tion and convection) 

C ^ (T . - T ) 
tube-water tube water 

(rate of heat transfer 
to water by conduc
tion and convection) 

As aany as 20 water nodes, 20 tube nodes, and 20 heliua nodes aay be 
used to represent the four sections — reheater, econoaizer, evaporator, 
and superheater — of the steaa generator module. The code allows for 
a given heliua node to transfer heat to aore than one water node. For 
this case, the above equations are modified appropriately. 

The convective heat transfer coefficient on the heliua side is 
determined froa the aodified Grimison correlation1 for heliua flow over 
banks of tubes. Various correlations are used to determine the heat 
transfer coefficient on the water side depending on the water flow 
regime. These correlations are listed below: 

Regime 
Subeooled forced convection 
Two phase 

Nucleate boiling 
Transition boiling 
Film boiling 

Superheat forced convection 
Departure from nucleate 

boiling (DNB) flux 

Correlation 
Dlttus-Boelter 

Thorn 
McDonough-Milch-King 3 

Doupall-Rosenhow1' or Groenveld5 

or Morgan6 (for low flow) 
Dittus-Boelter 
W-3, 7 hansen-Levy/ B&W-2,9 

or Barnett 10 



2*7 

The correlations for departure from nucleate boiling (DNB) flux, also 
given in the list, are used as trips to determine when two-phase 
correlations beyond DNB rather than the nucleate boiling correlation 
should be applied. Trips from other flow regimes are based on quality 
(e.g., from film boiling to superheat forced convection) or on a 
comparison of tube wall to bulk fluid temperature drop as calculated 
by correlations for adjacent regimes. For example, if a Dittus-Boelter 
correlation in the subcooled forced-convection regime results in a 
tube wall to bulk fluid temperature drop greater than the Thorn nucleate 
boiling correlation, but the departure from nucleate boiling flux has 
not been exceeded, the nucleate boiling heat transfer correlation is 
used. 

The friction factor calculation on the helium side is based on a 
combination of the correlations given by Kreith 1 1 for flow across 
in-line and staggered tubes. Friction factors on the water side are 
obtained from fits to the Fanning friction factor curves. 1 2 These are 
modified in boiling regions based on multipliers given by Thorn.2'13 

The state variables in the above conservation equations are the 
mass, internal energy, and flow rate in each fluid node and the temperature 
of each tube node. The nodal pressure and temperature of each fluid node 
are considered to be functions of nodal mass and internal energy: that is, 

P - P(M,U) 

T = T(M,U) 

The equation of state routines determine the nodal pressures and temperatures 
from the nodal mass and internal energy. 

The conservation equations for the fluid and tube nodes can be 
written in state variable form as 

y"(t> - f[y(*)l , (5) 
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where y(t) is a coluan vector whose coaponents are the state variables 
and fly(t)J is a vector whose coaponents are the right-hand sides of 
the conservation equations. For exaaple, suppose y , the nth component 

-*• of y(t), is the internal energy, £/., of the jth helium node. Then 
•*• J 

/ , the nth coaponent of f, would be the r'ght-hand side of the following 
n 
equation: 

dV. 
-jf - B. .W. , - B J/. + C . (T . - T„ ) , (6) 
dt in,j j-1 out,J Q He-tube tube He' * w 

where 
V.. « the flow rate in the upstresa node, 

note rhat f^ itself is a function of state variables. 

By use of the integration technique presented in ref. 14, the value 
of the nth state variable — that is, the nth coaponent of y — at tiae 
t + At is written in teras of known values of state variables at tiae 
£ by a linearized iaplicit foraulation: 

dyit * At) 
y (t + At) * y (t) + (At) W , (7) 
n n at 

where, using Eq. (5) 
d w ( t + At) df[y(t)} 
- ^ / n t f ( t + At)] * / Btf(t>] • (At) n

d t 

Applying the chain rule to the df [y(t))/dt term gives 

d«(t + At) _ J^dfjy(t)] dyjt) 
- * a g - fHuMi * A £ - V jg- , 

n-1 m 

where M, the total number of state variables, is determined by the 
number of nodes used in the simulation. Applying the approximation 

(8) 
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dy (t) y <t + At) - y (t) iw ^ _m m 
dt At 

and substituting Eq. (8) into Eq. (7) gives 

Aj/ n- ( A t 2 ^ — ^ (Aym) « (At)fn[y(t)) , (9) 
"m m-1 where 

n n n 

This equation can be written in terms of the Jacobian matrix, J[y(t)], »s 

I - (At) J[y(t)]Ay - (AS)f[y(t)] , 

where I is the unit matrix, and the Imth element of J is 3/" /3y . The 
_,, - e m 

code obtains the solution for Ay from the known state at time t. The 
values of all state variables at time t + At are then obtained from 

y(t + At) = y(t) + Ay . 

The data given in GA-LTR-51 were used to generate a base case for 
evaluating the model. In comparison with this base case, the steady-
state search appears to be functioning properly and is fully operational. 
Transient calculations using the reheater-steam generator simulation 
code have also been successfully executed. 
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23 . TURBINE-GENERATOR PLANT SIMULATION 

J . G. Delene 

The turbine-generator plant description for the Delmarva Summit 
reactor as given in the PSAR was used as a basis for a reference T-G 
simulation. Figure 23.1 is a flow diagram based on the PSAR1 

showing the major parts of the present model. The methods used to 
simulate the .rbines and feed heaters are similar to those developed 
previously for the nuclear desalting program.2'3 

The simulation of the Delmarva turbine-generator plant was checked 
out for transient operation. A lZ/sec ramp decrease in electrical 
demand was used as a test case. The code was found to opercte • 
satisfactorily for a least 75Z reductions in demand at the lZ/sec 
rate. ("Rapid" load decreases are typically only 5Z/min.) The code 
is now ready to be incorporated into the overall nuclear steam supply 
systems code. 

_ _ ^ OftNL-OWG 77-KW23 
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Fig. 23.1. Flow Diagram of the Delmarva Summit Reactor Turbine-
Gnnexator Plant. 
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24. CORE AUXILIARY COOLING SYSTEM MODEL DEVELOPMENT 

L. G. Johnson* and S. J. Ball 

Digital computer codes were developed to simulate the dynamics of 
the Core Auxiliary Heat Exchanger (CAHE) and the cooling tower eaergency 
heat dump system. The Delmarva Summit reactor design was chosen as 
reference cases. In the present Delmarva design, the heat dump is a 
dry-air Core Auxiliary Cooling Tower (CACT). A detailed description 
of the CACT was obtained from the proposed vendor, the Marley Company, 
and was used as the basis for the model. Information from the PSAR1 

was used to develop the CAHE model. 
Several variations of computer programs for both the CAHE and CACT 

were written and are operational. Final debugging is in progress. The 
several versions are being used to evaluate alternative numerical and 
modeling techniques. Sensitivities of the predicted responses to 
variations in the number and arrangement of nodes and to the size of 
computation time steps were investigated. 

REFERENCE 
1. Delmarva Power and Light Co., Preliminary Safety Analysis Report, 

Swmrit Power Station Units 1 and 2, DOCKET-50450-3-9 (1973-1974). 

Present address: Kirtland Air Force Base, Albuquerque, New Mexico. 
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25. STEAM-GENERATOR DYNAMICS MODELING* 

T. W. Kerlin 

We are comparing and evaluating the spectrum of techniques 
presently used to predict once-through steam generator dynamic behavior. 
Preparations are also being made for steam generator and other reactor 
component model verification tests. 

The steam-generator dynamics modeling has concentrated on several 
approaches: both linear and nonlinear moving boundary models and a 
nonlinear, fine-mesh fixed-node model. We compared linearized and 
nonlinear moving-boundary models and noted the sensitivity of the 
predicted responses to variations in parameter values and modeling 
assumptions. Evaluations have made use of GA's LAP code and a program 
developed by the Stone and Webster Company for the Fulton Generating 
Station. 

In the development of the nonlinear fixed-node program, the 
economizer portion has been completed, and work has begun on the 
evaporator section. 

The model verification tests are to be run on the Fort St. Vrain 
reactor. Most of the work on pretest analysis using the GA LAP 
(Linear Analysis Program) and on designs of several test procedures 
is complete. Further studies involving nonlinear models of FSV 
components are being made to compare with large-transient (e.g., scram) 
data. Work has also begun on preparing test procedure documentation 
for approval by the vendor and utility and on preparing automated data 
analysis and interpretation codes. 

University of Tennesses Subcontract. 
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26. DIGITAL COMPUTER PROGRAM ACQUISITION AND EVALUATION 

J. P. Sanders 

Negotiations were initiated during the last quarter of FY 1974 
between Donald Schweitzer of Brookhaven National Laboratory (BNL), 
representing the AEC Division of Reactor Safety Research (RSR), and 
General Atoaic Company to secure various GA codes for use in HTGR 
safety studies. Both ORNL and Los Alamos Scientific Laboratory (LASL) 
have been included in this effort so that RSR-supported programs at 
these installations could benefit by access to these computer programs. 

The computer programs that were of interest to the three instal
lations fell into two categories. One group constituted codes that had 
previously been released at some level of development to the general 
public through the Argonne Code Center. For these codes, GA indicated 
that the versions as released should be sufficient to satisfy the needs 
of the various installations and that subsequent modifications of these 
codes were too preliminary to justify their release outside the company. 

The second group consisted of codes that, in their most recent 
modifications, had been developed through support by private funds. 
These codes would be released to the three installations only on a 
proprietary basis and only on the conditions that this status be 
maintain? . To reduce the level of effort involved in making this group 
of codes available, GA asked that the official release be made to only one 
of the three interested installations and that subsequent distribution be 
made from that installation with the expressed approval of GA. BNL 
was the installation that was to receive these codes. 

26.1 COMPUTER CODE NEEDS AT ORNL 
The two codes of primary interest to our systems analysis work 

were in the above latter group. These two codes are Transient Analysis 
Program1 (TAP) and Reactor Emergency Cooling Analysis2 (RECA). 
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The TAP code simulates the d-uud.cs of the entire plant, including 
the turbine-generator plant. It i particularly useful in following 
the effects of changes in load, pla. startup, and shutdown. The 
primary loop components in this calculation are represented by a greatly 
simplified model. The RECA code presents a much more detailed model of 
the reactor core thermal and hydraulic calculations. It is most useful 
in the investigation of the consequences of the loss of forced convection 
and the consequences of the depressurization accident. 

ORNL has requested that the LAP code3 be made available on a 
proprietary basis to serve until the TAP code is received and implemented. 
The LAP code, which was not included in our original requests for 
access to GA codes, is a linearized version of the TAP code. In the 
LAP code, the response of some of the major plant components is 
represented by a linearized function. The code is particularly useful 
in performing parametric studies of plant variables. 

A version of the LAP code is operational on the computing system 
at the University of Tennessee (UT), where a study is being performed 
under a subcontract to GA. Since the computing facility at UT is an 
IBM system, transfer of the LAP code to the IBM system at ORNL could 
be quite direct. Therefore, we requested that the modification of the 
LAP code that exists at UT be made available to ORNL even though it is 
not the most recent version. 

26.2 COVERTING THE POKE CODE TO THE IBM-360 COMPUTER - D. D. Paul 
The POKE code," developed by GA for the Univac-1108 computer 

system, was obtained from Brookhaven National Laboratory around 
November 1, 1974. The symbolic listing of the code was transmitted 
on a seven-track tape written in Binary Coded Decimal (BCD). The 
tape contained two files. The first file was a version of the POKE 
code, plus required input, for the Fort St. Vrain reactor; the second 
file was a version of the POKE code written for the typical 1170-MW(e) 
HTGR, plus the necessary input card images. The two versions of the 

http://d-uud.cs


259 

code were significantly different in the programing techniques 
involved. However, the same basic procedure was used to convert both 
versions to the IBM-360 computer. 

The steps taken to sake the POKE cede operational on the IBM-360 
computer were the following: 

1. The seven-track tape was scanned by use of IBM-supplied utility 
programs for verifying the contents and determining the format used 
for writing the tape. 

2. A simple FORTRAN program was used to rewrite the information 
onto a nine-track tape in a format that was more convenient for the 
IBM system. 

3. The contents of this nine-track tape were converted from BCD 
to extended binary coded decimal (EBCDIC) by use of another IBM utility 
program. This final tape was saved for future use, and the other two 
tapes were erased. The erased tape that had been obtained from BNL 
was returned. 

4. The contents of the nine-track tape were written on a private 
DECTAPE for use with the PDP-10 computer. The nine-track tape was 
stored for use in the event that part or all of the DECTAPE was 
accidently lost in the editing process. The PDP-10 computer at ORNL 
allcvr̂  uiaximum protection of proprietary codes in that access to the 
computer is through a "password" system normally used to protect the 
time sharing aspects of the system. Private DECTAPEs can be accessed 
only by identified users. Card images are maintained and edited from 
a protected disk storage, and no hard copy is generated outside the 
user's control. All disk files containing the POKE code have the 
highest protection level; this means they are accessible only to 
properly identified users. 

5. The FORTRAN compiler on the i'DP-10 computer has been made 
essentially compatible with the FORTRAN compiler on the IBM-360 
system. This allows the subroutines to be precompiled on the PDP-10 
to eliminate all FORTRAN stateaents not acceptable to the IBM-360 system. 
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6. Prober control cards for the IBM-360 system were added to the 
card images, \and the code was routed through a high-speed data link to 
that system. <It was again compiled and checked for diagnostics that 
would arise frmrn software and hardware differences between the IBM and 
Univac systems. It should be noted that many changes were required 
even after all the FORTRAN statements were made compatible. From the 
IBM-360, the printed output was routed by the system to a line printer 
under the user's control. 

7. Editing of the code on the PDP-10 was completed using the Text 
Editor and Corrector (TECO) system. Many internal statements needed to 
be changed because of differences in system defaults, features of 
FORTRAN-V on the Univac-1108 not available with FORTRAN-IV on the IBM-360, 
and lack of the univac system subroutines not supplied with the code for 
which equivalent IBM subroutines had to be added. An internal memorandum 
is being prepared describing the details of changes made to the POKE 
code. The purpose of this document is twofold. First, if any problems 
arise that eight be traced to changes made during the conversion process, 
this report will be helpful in identifying the areas of interest. Second, 
it will provide useful information for the conversion of other GA codes 
to the IBM-360 system. 

8. The IBM-360 version of the POKE code was run with the sample 
input cards. The results were compared with output generated at BNL 
ai.u agreed to within 0.01Z. This slight discrepancy was attributed to 
differences in system supplied functions, such as logarithms, exponentials, 
and trigonometric functions, and differences in the number of significant 
digits carried in a normal word for the two computing systems. The entire 
conversion process took about two weeks to complete. It should be noted 
that the conversion time was shortened considerably through the use of 
the PDP-10 computer and the TECO program. 

26.3 RECA CODE IMPLEMENTATION - J. P. Sanders 
Copies of two magnetic tapes relative to the RECA code3 were 

obtained from Brookhaven National Laboratory (BNL) during the third 
quarter of FY 1975. The original tapes had been supplied by CA to BNL. 
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One of these tapes contained the FORTRAN source card images for the 
RECA code plus images of the input cards for a sample program. The 
other tape contained information written as an unformatted binary dump 
of data from the memeory of the Univac-1108. This information is 
required input for execution of the sample problem. 

The FORTRAN source listing has been modified in much the same 
manner as the POKE listing to be compatible with the FORTRAN compiler 
on the IBM 360 system. Modification of the binary information for use 
with the IBM 360 system presents a much greater problem. In this 
binary dump, the binary pattern is transferred directly from computer 
memoiy to tape. To make use of the information, the process must be 
reversed; then the normal functioning of the computer will use the 
"images" in subsequent calculations. 

The first problem occurs from a difference in word length (number 
of binary bits assigned to store the value of a particular variable) 
between the Univac-1108 and the IBM-360 computer. The normal word 
stored in the Univac-1108 contains 36 binary bits, and the normal word 
length for the IBM-360 system is 32 binary bits. Therefore, a direct 
transfer to core in the IBM 360 of binary images created in the Univac-1108 
will "overflow" the word boundaries. 

Even if word boundary limits were identical, a problem would still 
exist because the "image format" is not the same in the two computers. 
The Univac-1108 uses an octal-based system to build up internal 
representation of values, and the IBM-360 system usee a hexadecimal-
based representation. In addition, the choice or the format (the place
ment of the mantissa, characteristics, and sign to represent a floating
point number) also differs between the two machines. 

A final difficulty is that the binary tape contains an array of 
integers that designate the nodal point arrangements within the system 
model. To save computer memory allocation, these integers were "packed" 
on the Univac-1108 so that multiple values are stored per word. There
fore, the packed arrays must be "restructured" in core so that an 
equivalent "unpacking" subroutine can retrieve the original nodal point 
matrix. 
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To circumvent this binary tape conversion, detailed inquiry was 
aade by telephone to representatives of GA concerning the generation 
of this tape. This conversation led to the generation of a flow 
diagram for the overall execution of the RECA prograa as shown in 
Fig. 26.1. In this diagram, the two tapes that had been transmitted 
were the FORTRAN source card iaages for the transient RECA (itea J), 
which included the required card input iaages (itea K), and the required 
input binary tape (itea I). If the problem of restructuring the binary 
tape is to be avoided so that problems other than the saaple case are to 
be executed, it is necessary to be able to perform all operations 
indicated in the flow chart. 

0«H Oat r% » « 

CD 
• KECGEN 

Fig. 26.1. Overall Procedure for the Execution of the RECA 
Prograa. 



263 

26.3.1 The RECA-CINDA Interrelationship 
The CINDA-3G preprocessor5 was written under the sponsorship of the 

NASA program and has been in use at the ORNL computing installation 
for a number of years. This preprocessor requires as input the descrip
tion, in a prescribed format, of nodal point information for a given 
interconnecting network. The output of the preprocessor is equivalent 
FORTRAN source statements that describe the network and the associated 
computation. A number of standard subroutines are available from the 
CINDA library and are automatically called in as required by the 
generated FORTRAN statements. In addition, user-supplied, special-
purpose subroutines may be added to the FORTRAN statements as required. 

The FORTRAN statements that are generated are usually computed 
directly by the local system compiler. However, the entire FORTRAN 
listing may be retained and used as any FORTRAN source program, it 
is this generated program that has been designated RECA by GA. 

The immediate output of the CINDA-3G preprocessor is a version of 
RECA designed to solve a steady-state problem (item G). By appropriate 
structuring of the CINDA input, sufficient subroutines can be added so 
that this FORTRAN program can be converted to a version (item J) that 
will solve transient problems through the substitutions of a limited 
nuaber of cards. 

Another function of the CINDA preprocessor is to produce, for sub
sequent use, information concerning the connections of the nodal point 
network, the relative conductivities between points, and the heat 
capacity associated with each nodal point. At the user's option, the 
nodal point array may be "packed" and the total information designated 
to be written on tape, disk, or other convenient devices. This infor
mation is represented by the binary tape that is designated as item F 
in Fig. 26.1. 

Execution of the compiled version of the steady-state version of 
RECA (item G) requires this tape (item F) plus additional information 
concerning system operation (item H). The output of this procedure is 
a second binary tape (item I) that contains the steady-state temperatures, 
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pressures, and flows associated with the nodal points, plus all the 
nodal point information read from the previous tape (item F). These 
temperatures, pressures, and flows represent the initial conditions 
for the transient calculations. Printed output (item K) is also 
produced. 

Execution of the compiled version of the code requires the binary 
tape (item I) as input for initial conditions and nodal point infor
mation plus additional card input (item K) that describes the course 
of the transient to be followed. 

26.3.2 The Nodal Point Generator, RECGEN 
The CINDA preprocessor does not have a nodal point generator as a 

normal feature. A nodal point generator is a subprogram that converts 
a general physical description of the system into an equivalent repre
sentation as a series of nodal points with appropriate interconnections, 
conductances, and capacities. To use the processor, it is necessary 
to describe the system by selecting representative nodal points by hand 
and calculating the respective conductances and capacities and to format 
the information as required by the CINDA preprocessor. Since this process 
is repetitive for any symmetrical arrangement, it is convenient to write 
a computer program to perform this task. GA has written such a program; 
it is called RECGEN (item B); this prof.rem, if it is going to be general 
purpose, will require input data (item A). 

Information was supplied by GA to convert the transient RECA 
(item J) to the steady-state RECA (item G). Execution of either requires 
the binary tapes (item F or I), which cannot be read directly on any 
system other than the Univac-1108. 

26.4 EVALUATION OF THE RECA FORMULATION - D. D. Paul 
The computations 7erformed by the RECA program depend on the CINDA-3G 

preprocessor.5 Since this program was in use at ORNL, we could evaluate 
the formulation of the CINDA-3G input that produces the programming for 
RECA. In particular, the method used for calculating the conductor 
values between nodal points in the active core is being evaluated. 
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Communications have been received from GA that detail the development 
of the radial conductance between refueling regions. This development 
was reviewed together with independently developed representations by 
ORNL. Particular attention has been given to the relationship between 
the nodal point representation and the equivalent conductance between 
refueling regions. 

The CINDA preprocessor solves the heat conduction equation in 
three-dimensional space where each node would have at most six neighbors. 
The RECA formulation represents the six refueling regions that surround 
each nodal point in the hexagonal arrangement in the core. By adding 
the two axial nodes, each core node is specified as having eight con
ductive paths to neighboring nodal points plus a connection to a convective 
coolant channel node. While the input for CINDA allows this representation, 
it is not obvious that the nummerical techniques that are generated do 
not tacitly assume a limit of six orthogonal conductor neighbors per node. 

Evaluation of this aspect of the code require a review of the 
formulation of the CINDA preprocessor, the input structural representation 
created by RECGEN, and the calculation of equivalent nodal point con
ductances and capacitances. 

Another aspect of the RECA code that was evaluated separately in the 
function of the subroutines added to the code by GA. The most important 
of these is the subroutine that determines the distribution of coolant 
flow among various regions of the core. An equivalent subprogram is 
being developed to evaluate the functioning of this feature of the RECA 
code. 

26.5 IMPLEMENTATION OF THE BINARY DATA TAPES FOR THE RECA PROGRAM -
N. E. Clapp 
So that the sample problems can be executed locally, wd to ensure 

that the adaptation of the RECA Fortran source program has been performed 
properly, the GA binary data tapes aro being restructured so that they 
will be compatible with the IPM-360 system. This is being accomplished 
by a special bit-manipulation program called DERECA. In addition to the 
modification of the representation of integer and floating-point values 
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and alphameric symbols, the array of packed nodal-point data is being 
stored in locations that are addressable as normal Fortran variables. 
To solve this proble*:, the tape foraat and type of data recorded on each 
tape record must be known. The solution to this problem will be 
discussed by describing the type foraat and the conversion of each type 
of data recorded. 

The Univac-1108 data tape contains a nuaber of records containing the 
SECA input data. The first word (36 bits) of each record is a packed 
control word containing three types of information. The first 18 bits of 
the control word contain the number of usable words in the record, the 
next 6 bits contain record information, and the last 12 bits contain 
the record count. The record information has two values, either zero 
or one. The one indicates that this is the last record for a given set 
of data, and the zero indicates it is not the last record. The record 
count contains the record number for a given set of data. 

Following the control word are six sets of data on the tape as 
described in the RECA code. The first set contains alphanumeric data 
identifying the data set. The second set contains alphanumeric data 
identifying the type of test case described by the data. The third set 
of data contains three integer words and two floating point arrays. The 
fourth set of data contains the two integers and one floating point 
array. The fifth set contains a floating point array. The sixth set 
contains one integer and a packed data array. 

The data records are read into the IBH-360 by use of a special 
program called BIFFIN, which simply transfers the bit pattern from the 
tape into a selected section of core. This bit pattern is then decoded 
by the appropriate subroutine to obtain values compatible to the IBM-360. 
The IBM-360 is a hexadecimal byte, addressable where one byte contains 
eight binary bits. Then, to get the number of binary bits required 
for processing requires masking and shifting of bits. 
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. . 26.5.1 Decoding the Control Word 
The description of the decode process is presented by describing the 

appropriate lines in the FORTRAN program. 

D# 15 1-1,3 

15 CALL PICKUP [KBUF, I, LC(I)] . 

KBUF is the array name describing the storage location of the tape data. 
PICKUP is a special pr3gram that gets the Ith byte froa KBUF and places 
it in the least significant byte of LC(I). Thus, LC(1) contains the 
first 8 bits, LC(2) contains the next 8 bits, and LC(3) contains the next 
8 bits. In order to get the first 18 bits froa the 24 bits stored in LC, 
the last six bits in LC(3) are reaovtd by the IAND-function* using MASKI 
and shifted to the right six places by: 

L3 « IANDILC(3), MASKI] , 

L3 - L3/64 , 

where 

MASKI - (OOOOOOCO)u-

The first 8 bits stored in LC(1) are shifted to the left by eight places 
and added to the 8 bits stored in LC(2). Then this sua is shifted two 
places to the left and added to L3, which contains the first two bits of 
the last 8 bits: 

ST - -. * 1256*LCC1) + LC(2)] + L3 f 

where NT is the number of Univac-1108 words in this record. The record 
Information Is obtained from the last six bits in LC(3) by 

The IAND-function performs a bit by bit and operation. 
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. JL - IAH>[LC(3), MASK) , 

where 

MASK2 » (0000003P)1C. 

The. record nuaber is obtained by transferring the fourth and fifth byte 
of KBUF into LC(1) and LC(2) and nasking out the last 4 bits of LC(2), 
then shifting four places to the right. Next, LC(1) is shifted 4 places 
to the left, and the shifted values of LC(1) and LC(2) are added ms 

described in the following code segaent: 

D# 16 1-4,5 

K - 1-3 

16 CALL PICKUP [KBUP, I, LC(K)] 

L3 « IAHD[LC(2), MASK3] 

L3 - L3/16 

IB <• 16*LC(1) + L3 , 

where 

IB contains the record count, and MASK3 - (OOOOOOFO)is. 

26.5.2 Decoding the Alphanuaeric Data 
Alphanuaeric data are converted by use of the subroutine 

ALMC (K,HT,NAME), where K is the byte nuaber for start of decode, HT 
is the nuaber of Univ#c-1108 words, and NAME is the storage array for 
the converted results. Because of the difference in the nuaber of bits 
per word in the Univac-1108 aid the IBM-360, the Univac word nay start 
with the first bit of a byte or the fifth bit of a byte. In the 
Univac-1108, an alphanuaeric character is described by two octal digits 
or vix bits, and in the IBM-360 an alphanuaeric character is described 
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by two hexadeciaal characters or eight bits. The basic problem is to 
get the appropriate six bits defining an alphanumeric character and 
convert it to an eight-bit pattern representing the saae character. 

The Univac-1108 octal code representing the alphanumeric character 
list has a value range of 0 to 63. By adding 1 to this value, a range 
from 1 to 64 is obtained. Then by using this value as an index to an 
array containing the appropriate IBM-360 eight-bit code, the octal code 
can be converted. 

Subroutine A L K has two bit-manipulating sections. The first section 
gets and converts the six bits defining each of the six characters in a 
Dnivac word when the univac word starts with the fifth bit of an IBM-360 
byte. The last section gets and converts the s'.x characters when the 
Univac word starts with the first byte of an IBM-360 byte. Both these 
sections place the converted character in the appropriate position of 
the storage array labeled NAME. 

26.5.3 Decoding the Integer Data 
Integer data are converted by use of the subroutine INTC(K,ITYPE,INC#N), 

where K is the byte positior. containing the first part of the Univac integer. 
ITTPE is a control word with a value of 1 if the Univac word starts with 
the fifth bit of an IBM byte and a value of 2 if the Univac word starts 
with the first bit of a byte, and INC0N is the converted integer. The 
only restriction in this routine is that the integer value converted 
cannot exceed the integer range of the IBM-360 computer. This is not 
a problem since no integers used in the RECA code exceed the IBM limit. 
Negative integers are not considered since they occur only in the packed 
data array, which is discussed later. 

26.5.4 Decoding the Floating Point Data 
Floating point data are converted by use of the subroutine 

FPCR (F,K,ITYPE), where F is the converted floating point value, K is 
the byte position containing the first part of the Univac floating point 
number and ITYPE is a control word with a value of 1 if the Univac word 
starts with the fifth bit of an IBM byte and a value of 2 if the Univac 
word starts with the first bit of a byte. 
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The Onivac-1108 floating point word has the following foraat: The 
aost significant bit is the sign bit, and it is 0 for posit: * values 
and 1 for negative values. The next eight bits define the characteristic, 
lb".characteristic is biased by (200)a to provide for negative exponent 
values. The unbiased characteristic is the exponent of 2 that defines 
the scale factor of the value. The least significant 27 bits describe 
the Mantissa, or the fractional part of the nuaber. The aantissa is the 
acaled fraction part of the number. Let VI through H9 be the nine octal 
values representing the aantissa, then the fraction is deterained by the 
following equation 

aantissa value - ^- + . . • + 5 

To see how this works, the nuaber (6.0):« will be converted into the 
Univac foraat: 
(6.0)n - .75 x 2 J, 
therefore, exponent - (3) § + (200)a - (203)a 

and the aantissa • .75 - 6/8 * (600 000 000),, 
which given (203 600 000 000)» as the bit pattern for (6.0)if The bit 
pattern for (-6.0)io i* sinply the l's coapleaent of the bit pattern of 
(6.0)io or (574 177 777 777),. 

The subroutine first checks the sign bit; if it is 1, the l's 
coapleaent is perfomed and then the nuaber is converted. The conversion 
is accomplished in two steps. The first step determines the value of 
the exponent and the second step determines the value of the aantissa. 
Theje two values are combined along with the sign information to 
determine the floating point number in the IBM-360 format. 

26.5.5 Decoding Packed Data 
Packed data are converted in the aain program. The packed data are 

written on the data tape by use of 27 records. The first record contains 
an integer as the first valve after the control word that indicates the 
nuaber of Univac-1108 words used to store the packed data. This value is 
decoded by using the integer-converting subroutine INTC. 
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A packed data word contains 27 bits and the Univac-1108 contains 
36 bits; therefore, four packed data words can be placed into three 
Univac-1108 words. The following logical sequence is used to decode a 
series of eight packed data words. The data froa a record is aoved into 
core by using the BUFIH coaaand. The first three bytes, or 24 bits, of 
the packed data are placed into a core location and shifted three places 
to the left. The fourth byte of the packed data is placed into a core 
location and shifted five places to the right, thus leaving the aost 
significant three bits right justified. These two locations are then 
added to obtain the first packed word. The second packed word is 
obtained by placing three bytes into a core location starting with the 
fourth byte, and through the use of a Basking technique, the aost 
significant three bits are eliminated. The bit pattern is then shifted 
six places to the left. 

The seventh oyte is placed into a core location and shifted two 
places to the right. The two locations are then added to obtain the 
second packed word. The third word is obtained by placing four bytes 
starting with the seventh byte into a core location, and by use of 
aasking techniques, eliminate the aost significant six bytes and then 
shift the bit pattern one place to the left. The 11th byte is placed 
into a core location and shifted seven places to the right. The two 
locations are then added to obtain the third word. The next word is 
obtained by placing three bytes into a core location and eliainatlng 
the aost significant bit and shift the bit pattern four places to the 
left. The 14th byte is placed into a core location and shifted four 
places to the right, leaving four bits. The two locations are then 
added to obtain the fourth word. In a siailar acnner, the reaaining 
data in a record are decoded. Because of the difference in the 
nuaber of bits per word between the Univac-1108 and the IBM-360 coaputers, 
there are soae bits of data left in each record that have to be saved and 
then placed in front of the data read in froa the next record. This 
procedure is repeated until all the packed data have been decoded. 
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26.6 ADDITIONAL MATERIAL SUPPLIED BT GA - J. P. Sanders 
In view of these problems associated with the conversion of the 

binary tape, plus the ir Mention that a binary tape would have to be 
supplied for each different problem that we wished to work, GA supplied 
ORML with additional material identified in Fig. 26.1. This included 
the card iaages for the RECGEN program and the card images for GA's 
CINDA-3G preprocessor. These supplied two binary tapes representing 
F and I plus an indication of ti % card substitution necessary to convert 
G to J. GA also supplied the required input card tmstr> for each step. 

The Fortran source program for the RECGEN program was converted 
and modiflea for the FORTRAN IV compiler on the IBM-360 operating system; 
it was made operational, and it produced the appropriate output cards to 
be used as input to the CIHDA-3G preprocessor. This input was used with 
the CINDA-3G preprocessor that was previously available at ORHL, and 
diagnostic messages were produced by the preprocessor. 

The RECA source programs, both the steady-state and transient versions, 
were converted and modified to be compatible with the IBM-360 system «-»d 
the FORTRAN IV compiler. Problems still existed in utilizing the input 
data from the locally converted versions of the original packed binary 
data tapes. The "unpacking" subroutines were replaced in the RECA 
programs to enable execution of the programs; however, the output values 
generated are questionable. 

The GA-supplied version of the CIMDA-3G preprocessor is being 
converted and modified to accept the RECGEN output cards and to create 
an unpacked data tape for input to the RECA programs. 

26.7 IMPLEMENTATION OF THE BLOOST-5 COMPUTER CODE - J. C. Cleveland 
Implementation of the BLOOST-5 computer code* on the IBM-360 is 

under way. BLOOST-5 is a coupled two-dimensional heat transfer-space-
independent neutron kinetics code. Transient results obtained from 
BLOOST-5 compare quite well with results generated by the core heat 
transfer-neutron kinetics model developed at ORNL. 
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