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ORNL/TM-5Q32 

PREFACE 

Historical Information on ORNL Proposals Cor SCCS Testing 

This document contains a compilation of the correspondence and prelimi-
nary report which the Oak Ridge National Laboratory submitted to the 
U. S. Atomic Energy Commission on the subject of in si tit testing of 
emergency core cooling systems (ECCS) in pressurized watar reactors. 
Most of the correspondence, which was prepared four to five years ago, 
deals with an ORNL proposal to evaluate the merits of conducting an in 
situ ECCS test in a full-scale commercial power plant. The ond result 
of this work was to be a report in which the feasibility of conducting 
such an experiment would be discussed and a "rough" cost estimate pro-
vided. In support of this proposal, ORNL prepared a brief preliminary 
prospectus which identified some of the key questions that were to be 
addressed should the evaluation study be funded. It should be noted 
that, at that time, only a very few man-weeks of engineering effort 
were expended in studying this matter. 

After considering the proposals, the AEC elected not to fund the evalua-
tion effort. Since this was an unsolicited proposal - i.e., the AEC had 
not requested it and it was submitted at the beginning of the ECCS Hear-
ings - this was not surprising. As is now well known, subsequent to 
those hearings, the AEC completely revised its research and development 
programs on ECCS problems relating to safety questions. 

Although, to the best of our knowledge, no one has really studied in de-
tail the possibility of carrying out in situ tests, some of the problems 
which were identified in the ORNL prospectus make it highly questionable 
that they could be conducted in a meaningful and cost-effective manner. 
The concept of adapting a commercial power plant to conduct safety re-
search would require major compromises in test objectives, and the re-
sultant facility would undoubtedly be a poorly optimized nuclear power 
plant. To design such a facility so it would have the flexibility to 
operate in all the required modes of operation would be a formidable 
engineering task. We would also like to point out that information 
developed over the past five years indicates that a minimum of 20 man-
years of effort, or approximately $1,000,000 (as opposed to the four 
man-years of effort ORNL suggested in 1971), would bo required to in-
vestigate the feasibility of constructing such a facility. At this 
time, we believe that an evaluation study of this type should not be 
made. 

The question of conducting full-scale tests has been addressed by 
a number of parties outside ORNL and was suggested very early by 
Or. Alvin M. Weinberg, retireo Director of ORNL, in a letter to 
Dr. James R. Schlesinger, then Chairman of the U. S. Atomic Energy 
Commission (see enclosure). Dr. Weinberg's letter, which has often 
been quoted, specifically states: "I therefore believe that serious 



O R N L / T M - 5 0 3 2 

consideration snould be given first to cross-checking different codes 
and then to verifying ECCS computations by experiments on large scale 
and, if necessary, on full scale". Since 1972, when that letter was 
written, a number of safety experiments have been run and new facili-
ties, such as LOFT, are in operation. Based on our current experience, 
we believe that the separate-effects approacn wherein physical phenomena 
can more easily be isolated is the most effective way of validating the 
computer codes that are being used to assess the safety of pressurized 
water reactors. As part of the national safety research and develop-
ment program, we recommend that the Nuclear Regulatory Commission, the 
National Laboratories, EPRX, and the Reactor manufacturers continue to 
assess the need and desirability of constructing and operating larger 
scalc separate-effects experiments. 

Again, the primary purpose of preparing this document was to provide 
the Nuclear Regulatory Commission with a compilation of ORNL's previ-
ous correspondence on the subject of in situ testing of emergency core 
cooling systems in pressurised water reactors. This material should 
be treated only as historical information and not as an active proposal 
from ORNL. 

June 15, 1976 
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December 6, 1971 

Mr. A. J. Pressesky 
Assistant Director for Nuclear Safety 
and Technology 

U.S. Atomic Energy Commission 
Washington, D.C. 20545 

Dear Andy: 

Subject: Summary of Midyear FY 1972 Requests for ORNL Nuclear Safety 
Program 

Summarized below are the midyear requests for several ongoing and one 
proposed new project in the ORNL Nuclear Safety Program. This letter 
includes not only the outline tabulation of these requests and my 
comments thereupon, but also a draft copy (attached) of the justifica-
tion for each item as prepared for inclusion with ORNL's formal midyear 
submission. 

Midyear Nuclear Safety Program Requests 

04 01 91 01 Civilian Power Reactor General - $76,000 
1. Seismic Research Program (189a No. 10058) - §76,000 

04 60 01 09 U1FBR Safety Studies - $115,000 
2. FBR Fuel Failure Mockup (189 No. 10510) - $100,000 
3. Heater Development Program (189a No. 10278) - $15,000 

04 60 01 10 1 Chemical Reactions - $156,000 
4. Failure Modes of Zircaloy-Clad Fuel Rods (189a No. 10135) - $27,000 
5. Safety Studies for High Temperature Gas-Cooled Reactors 

(189a No. 10137) - $55,000 
6. HTGR Fission Product Surveillance (189a No. 10255) - $74,000 

C O P Y 
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Mr. A. J. Pressesky 2 December 6, 1971 

04 60 70 01 1 Reactor Safety Analysis and Evaluation - $22,000 
7. Experimental and Analytical Investigation of Nozzles 

(189a No. 10161) - $22,000 

04 60 80 02 Plant Application Test - $225,000 
8. FWR-BDHT Separate Effects Experiment?. (189a No. iOSJJ?) - $135,000 
9. In-Situ Testing of ECCS in PWR (189a No. 10304) - $50,000 
10. PWR-BDHT Separate Effects Experiments (Hybrid Computer 

Utilization) (189a No. 10583) - $40,000 

04 60 80 03 1 Engineering Standards, Codes, and Specifications - $408,000 
11. Nuclear Design Criteria - Piping-pumps-valves (189a No. 

10178) - $83,000 
12. Heavy-Section Steel Technology Program (189a No. 10176) - $325,000 

In all instances except for Item 8, "In-Situ Testing of ECCS in PWR," the 
funds requested are to supplement ongoing work in existing programs. Also, 
in all instances the requests have either been supported by correspondence 
which is identified in the .attachments hereto or have been discussed with 
your staff. Obviously, there are varying priorities which we would asso-
ciate with each of these tasks, even as I know RDT will have its own. How-
ever, as far as I am concerned, the highest priority items are Item 8, 
"PWR-BDHT Separate Effects Experiments"; Item 4, "Failure Modes of zircaloy-
Clad Fuel Rods"; Item 10, "PWR-BDHT Separate Effects Experiments (Hybrid 
Computer Utilization)"; Item 2, "FBR Fuel Failure Mockup"; Item 9, "In-Situ 
Testing of ECCS in PWR"; and Item 1, "Seismic Research Program" in about 
that order, although all requests reflect established needs in important 
areas. 

I would be pleased to discuss any or all of this with you at greater 
length should you so desire. 

Sincerely yours, 

s/Bill Cottrell 

Wm. B. Cottrell, Director 
Nuclear Safety Program 

WBC:zt 
Attachment: Midyear Review Program 04 Nuclear Safety 
cc: S. E. Beall 

R. H. Bryan 
D. F. cope, OSR-ORNL 
M. H. Fontana 
D. B. Trauger 
Director, RDT 
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Midyear Review 
Program 04 - Reactor Development 

FY 1972 

04 01 91 01 Civilian Power Reactor - General $+76,000 

Seismic Research Program (189a No. 10053) - $+76,000 
Additional funds in the amount of $76,000 are needed for the Shannon & 
Wilson-Agbabian-Jacobsen Associates subcontract to enable them to pursue 
work previously outlined in their project planning. This would include 
field testing of an in-situ vibrating probe concept to obtain shear 
modulus values that are used in soils dynamic response determinations. 
SW-AJA would initiate the design and construct large soil specimen 
devices for testing on shake tables to study soil liquefaction potential. 
In addition, work would be continued in the validation of earthquake 
response techniques as now being pursued. These projects are described 
in more detail in the letter from G. D. Whitman to A. J. Pressesky dated 
November 24, 1971. 

C O P Y 
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04 60 01 09 1 Fast Reactor Safety $+115,000 

FBR Fuel Failure Mockup Facility (189a No. 10510) - $+100,000 
we request that the funding for the LMFBR Fuel Failure Mockup Facility be 
increased by $100,000. This amount would be needed to maintain the pro-
gram for obtaining base-line thermal hydraulics data required by core 
designers, investigating the effect of heated zone blockages, and investi-
gating the effect o£ inlet blockage as requested by the FFTF project. 
The increase is attributable to costs of heaters and fabrication of test 
bundles higher than estimated, in-house manufacture of heater tubing to 
replace commercial order that did not meet specifications, and unexpected 
modifications in the FFM heater protective circuits and electrical power 
supply necessary to meet more stringent requirements of base-line thermal 
hydraulic experiments (bundle no. 2A). Further justification for these 
funds is given in a letter of Dece"iber 6, 1971, from D. B. Trauger to 
M. Shaw entitled "Midyear Reqviests for Funds for 'FBR Fuel Failure Mockup' 
(189a No. 10510 and 'High Performance Heaters for LMFBR Fuel Simulation' 
(189a No. 10278)." 

High Performance Hesters for m F B R Fuel Simulation (189a No. 10278) -
$+15,000 
We request that the funding for the LMFBR Heater Development Program be 
increased by $15,000. This amount would be needed to cover increased 
costs associated with a study and evaluation contract with Atomics Inter-
national which appears to be the most efficient way to evaluate the AI-
type graphite resistance heater for use with test bundles meeting Cate-
gory III requirements, namely sodium voiding at 1,000,000 Btu/hr-ft heat 
flux. Further justification for these funds is given in a letter of 
December 6, 1971, from D. B. Trauger to M. Shaw entitled "Midyear Request 
for Funds for 'FBR Fuel Failure Mockup' (189a No. 10510) and 'High Per-
formance Heaters for LMFBR Fuel Simulation' (189a No. 10278)." 

C O P Y 
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04 60 01 10 1 Chemical Reactions 5+156,000 

failure Modes of Zircaloy-Ciad Fuel Rods (189a No. 10135) - $+27,000 
The experimental work on this program was terminated in FY 1971. 
Because of the urgency of much of this work, experimentation continued 
up until the end of the year, so that time and funds did not permit 
normal closeout of this program. Consequently, considerable analysis 
of the data obtained and the reporting of same remains to be done. Five 
topical reports and a summary report have been identified. The afore-
mentioned topical reports will contain the results of our efforts on 
fuel rod failure behavior including swelling, rupture, and enbrittlement. 
A final, comprehensive report covering the objectives, results, and 
conclusions of all studies is also planned. We believe that these 
reports will be particularly useful in answering some of the questions 
and in settling some of the controversy now facing the nuclear industry. 
Additional information on the proposed program is contained in the 
letter of October 15, 1971, from D. 3. Trauger to Milton Shaw, enclosing 
the 189a No. 10135, "Failure Modes of Zirealoy-Clad Fuel Rods." 

Safety Studies for High-Temperature Gas-Cooled Reactors (189a No. 10137) -
$+55,000 
The additional costs would support three activities: system analysis -
$14,000? fuel integrity - $28,000; and post-irradiation analysis of the 
in-pile steam-graphite experiments - $13,000. The system analysis work 
is a part of that proposed for FY 1973 in the "B" budget. Initiation of 
the work now would allow us to make use of services of the UKAEA's SYREL 
data bank. A. pilot study would be made of current HTGR emergency equip-
ment. Tha fuel integrity task would pursue the existing investigation 
of the chemistry of coated fuel particle failure, which must be terminated 
unless additional funds are available. The third item is needed to con-
clude the post-irradiation examination of the last two in-pile experi-
ments performed in FY 1971. Most of the expense is the analyses which 
must be done to understand the unexpected fuel failure processes observed 
in experiment SG-4. Additional details on these proposed activities are 
contained in the letter of December 9, 1971, Wm. B. Cottrell to A. J. 
Pressesky, "Request for Midyear Funds for the HTGR Safety and Surveillance 
Programs." 

C O P Y 
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HTGR Fission Product Surveillance Program (189a No. 10255) - $+74,000 
Additional funds are requested for this program for both unexpected 
costs in the currently approved program and for a new task which would 
extend the program to a study of fission-product distribution in a 
Peach Bottom fuel element. For the former, $14,000 is required for the 
design and testing for the vibration stability of the sample probes 
currently contemplated, as well as for the construction of two samplers 
for installation in the August 1972 shutdown of the Peach Bottom reactor. 
An additional $60,000 is requested in order to obtain and examine Peach 
Bottom fuel elements. This ^gformatijg^is needed in order to determine 
realistic safety margins in Sr and Cs breakthrough times and the 
scheduled April 1972 shutdown would provide the opportunity to obtain 
the fuel. Additional details on these proposed activities are contained 
in the letter of December 9, 1972, from Wm. B. Cottrell to A. J. Pressesky, 
"Request for Midyear Funds for the HTGR Safety and Surveillance Programs." 

C O P Y 
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04 60 70 01 1 Analysis; and Evaluation $+22,000 

Experimental and Analytical Investigation of Nozzles (139a No. 10161) -
$+22,000 
Additional FY 1972 operating funds, above the $200,000 currently allo-
cated to the Nozzle Analysis Frogram (189a No. 10161) , are needed in the 
amount of $22,000 to meet the present program objectives. A portion of 
this is needed to supplement existing subcontracts at the University of 
Tennessee and at Auburn University, where additional student help is 
needed for both analytical and experimental model studies of nozzles in 
hemispherical shells, cylindrical shells, and flat plates. The remainder 
is needed to provide computer programming assistance and computer time at 
ORNL in support of the subcontract work. This need has been discussed 
with the RDT staff including Mershon, Hunter, and Szawlewicz of RDT and 
Whitman, Greenstreet, and Cottrell of ORNL. 

C O P Y 
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04 60 30 02 1 Plant Application Test $+185,000 

PWR BDHT Separate Effects Experiments (189a No, 10583) - $+135,000 
Financial Plan No. 2 funds this program at $300,000. However, as 
shown by 189a No. 10583 (transmitted to AEC on October 14, 1971), an 
additional $135,000 is required to accomplish the desired studies which 
are being undertaken as a unified program in conjunction with the study 
"Loss-of-Coolant Heat Transfer" Program (189a No. 10123). While the 
work scope for the overall program as currently described by both 189a 
Nos. 10123 and 10583 is being revised, we understand that the same level 
of effort in FY 1972 is desired and that the full funding of $435,000 
from NS-TR will be approved; $190,000 in GRT funds (RT-ST) was previously 
approved by Program Letter No. 2. 

In-Situ Testing of ECCS in PWR (No 189 Number Assigned) - $+50,000 
This is a new proposal which we would initiate at midyear and complete 
next year. It is concerned with the design and evaluation of a test 
that would be conducted in a cold clean reactor core to demonstrate the 
performance of the ECCS in a simulated loss-of-coolant accident. The 
study would involve evaluation of alternative techniques of simulated 
"core" heating, evaluation of the significance of the simulated test, 
preliminary design of the equipment required and system modifications 
involved, as well as a preliminary cost estimate for the conduct of such 
a test. More information on the proposed program is contained in the 
letter of December 22, 1971, from D. B. Trauger to Milton Shaw, enclosing 
a 189a entitled "In-Situ Testing of ECCS in PWR." 

PWR-BDHT Separate Effects Experiments (Hybrid Computer Utilization) 
(189a No. 10583) - $+40,000 
The Blowdown Heat Transfer Program (189a No. 105S3) currently provides for 
the utilization of existing computer codes in the analytical support of 
that program. As another approach to such analysis, we propose that the 
ORNL Hybrid Computer be utilized in this work, since for the type problems 
involved the hybrid is both faster (by orders of magnitude), less expensive 
to operate, and more accurate. Despite their high regard for such an 
approach, this work is not included in the HRTS program because they lack 
the facility, manpower, and funds. To date, we have adapted the THETA-1 
program to the hybrid, and we propose to extend this work to include a 
multi-pin blowdown program. This work would be coordinated with the ANC 
plans to revise RELAP and couple it with THETA, and we would expect to 
continue our efforts to translate digital programs developed by ANC. We 
estimate that two man-years of effort over one calendar year would be 
required for work currently envisioned. Additional details on this proposed 
task were contained in the letter of November 18, 1971, from D. B. Trauger 
to M. Shaw on "ORNL-PWR-BDHT-Separate Effects Experiments." 

C O P Y 
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04 60 80 03 1 Engineering Standards, Codes, and Specifications $+333,000 

Nuclear Design Criteria - Piping-Pumps-Valves (189a No. 10178) - $+83,000 
The current FY 1972 funding level for the Nuclear Design Criteria - Piping-
Pumps-Valves program (189a No. 10178) is $400,000. An additional $83,000 
is needed and can be used very effectively during the last half of this 
fiscal year to meet the overall program objectives. The major portion of 
this - $50,000 - would be used to initiate work on one of the three re-
maining 24-in. tees to be tested at Combustion Engineering, Inc. Part of 
the remaining $33,000 would be iised to increase the scope cf work in the 
University of California subcontract for the finite element computer code 
support for analytical studies and development of code design rules for 
piping components being dene at Battelle Memorial Institute. The remainder 
will be used to conduct additional studies of tees at ORNL including 
post-failure examinations of tees already tested, and to offset unexpected 
costs in test work currently in progress at the Laboratory. This need has 
been discussed with RDT staff including Mershon, Hunter, and Szawlewicz 
of RDT and Moore, Greenstreet, and Cottrell of ORNL. 

Heavy-Section Steel Technology Program (189a No. 10176) - $+325,000 
The current FY 1972 funding level for the HSST Program is $1,250,000. 
An additional $325,000 could effectively be employed during the last 
half of this fiscal year in order to supplement and expedite investi-
gations in a number of important areas including: (1) effects of reactor 
environment (excluding irradiation) on low cycle crack growth; (2) vari-
ability of material properties in product forms other than plate; 
(3) irradiation effects with specific emphasis on the 4T irradiation; 
(4) procurement of additional intermediate test vessels; (5) specimen 
development for surveillance programs; (6) ductile pipe rupture with 
emphasis on characterizing the worst fracture mode. This need has been 
discussed with RDT staff including Mershon, Hunter, and Szawlewicz of 
RDT and Witt, Whitman, and Cottrell of ORNL. 

C O P Y 
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December 7, 1971 

Mr. A. J. Pressesky 
Assistant Director for Nuclear Safety 
Division of Reactor Development 
and Technology 

U.S. Atomic Energy Commission 
Washington, D.C. 20545 

Dear Andy: 

Subject: Draft Proposal for "In Situ Testing of Emergency Core Cooling 
Systems in Pressurized Water Reactors" 

Enclosed herewish (Enclosure 1) is a draft copy of our proposal for a 
study of "In Situ Testing of Emergency Core Cooling Systems in Pres-
surized Water Reactors." I am sending it to you in advance of its 
official transmittal (about two weeks) to provide you with an early 
opportunity for its study and evaluation for mid-FY 1972 support. Addi-
tional consideration regarding the nature and extent of the proposed 
study are contained in a copy of the enclosed memo (Enclosure 2) of 
September 24, 1971, on the same subject. 

As you know, the performance of the emergency core cooling systems 
during the design basis accident is one of the principal points of con-
tention regarding the safety of water-cooled power reactors. Despite 
the sizable effort which has already been spent on this problem and the 
further effort contemplated, the problem is of such nature that some 
uncertainties will still remain from the present approach because of 
the complexity of the problem and the extrapolation involved. Accordingly, 
it seems to us to be prudent to explore the possibilities of undertaking 
an in situ test of an actual emergency core cooling system. Such a test 
would not, of course, be meaningful without some means of reproducing 
systems temperatures and of deducing core performance. As noted in En-
closure 2, we believe that there are several ways of resolving this 
problem and in a manner which would be most realistic and significant -
particularly during the initial (through 15 sec) phase of the blowdown 
transient where core behavior is most uncertain. 

C O P Y 
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Mr. A. J. Pressesky 2 December 7, 1971 

As reflected by Enclosure 2, we have already given some thought to this 
matter. It is apparent, however, that a matter of this importance should 
receive much more study in order to provide a firm base for its evalua-
tion. Accordingly, we propose that two man-years of effort be expended 
on this task starting at this midyear and ending in FY 1973. If you 
have any questions regarding this proposal, I would be pleased to dis-
cuss them further with you. 

Sincerely yours, 

s/Bill Cottrell 

Wm. B. Cottrell, Director 
Nuclear Safety Program 

WBC:zt 

Enclosures: 1) Draft 189a No. 10304, "In Situ Testing of ECCS in a PWR" 
2) Memo entitled "In Situ Testing of Emergency Core Cooling 

Systems in Pressurized Water Reactors" 

cc: D. F. Cope, OSR-ORNL 
S. A. Szawlewicz, RDT 
D. B. Trauger 
Director, RDT 

C O P Y 
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February 9, 1972 

Dr. James R. Schlesinger, Chairman 
U. S. Atomic Energy Commission 
Washington, D. C. 20545 

Dear Jim: 

When you called me in Florida you asked me to make clear to our 
ORNL people that, when they testify at the ECCS hearings, they 
are to present their views fully and without reservation. I have 
conveyed this message to Messrs. Rittenhouse, Trauger, Cottrell, 
Lawson, Hobson, and Waddell (who presumably will be called as 
ORNL witnesses). That some of the testimony may prove to be in 
conflict with the interim criteria will not prevent them from 
presenting their data and conclusions as honestly and fairly as 
they can. 

With respect to the criteria themselves, I have only one point 
to make. As an old-timer who grew up in this business before 
the computing machine dominated it so completely, I have a basic 
distrust of very elaborate calculations of complex situations, 
especially where the calculations have not been checked by full-
scale experiments. As you know, much of our trust in the ECCS 
depends on the reliability of complex codes. It seems to me -
when the consequences of failure are serious - then the ability 
of the codes to arrive at a conservative prediction must be veri-
fied in experiments of complexity and scale approaching those of 
the system being calculated. I therefore believe that serious 
consideration should be given first to cross-checking different 
codes and then to verifying ECCS computations by experiments on 
large scale and, if necessary, on full scale. This is expensive, 
but there is precedent for such experimentation - for example, 
in the full-scale tests on COMET and on nuclear weapons. 

I have one other point. I believe ORNL and the other informed 
National Laboratories should have been as intimately involved 

C O P Y 
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Dr. James R. Schlesinger - 2 - February 9, 1972 

in the preparation of the interim criteria as we have since been 
in the preparation of ?iEC testimony for the hearings. That we 
were not so involved reflects a deficiency in the relation be-
tween Laboratory and Commission that troubles me. I continue to 
believe that the rather independent expertise of the National 
Laboratories - an expertise which can be maintained only through 
complete access to information - must be called upon fully by 
the Commission even when this may uncover differences of opinion 
between the Laboratories and the staff of the Commission. ORNL, 
for its part, remains ready to serve the Commission in this way. 
I can guarantee that our opinion, if solicited, will be both 
honest and responsible. 

Sincerely yours, 

s/Alvin 

AMWspl Alvin M. Weinberg 

C O P Y 
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May 17, 1912 

Mr. A. J. Pressesky 
Assistant Director for Nuclear Safety 
Division of Reactor Development and 
Technology 

U. S. Atomic Energy Commission 
Washington, D. C. 20545 

Dear Andy: 

Subject: Draft of 189a No. 103C4, "Evaluation of In-Situ Testing of 
PWR ECCS" 

Enclosed is a draft copy of the FY-73/74 B Budget 189a No. 10304 entitled 
"Evaluation of In-Situ Testing of PWR ECCS." I am submitting this advance 
copy for your early information and consideration. The formal submission 
will be in June at which time the Laboratory expects to submit its entire 
FY-73/74 program to the Commission. The present proposal is an updated 
version of the draft on the same subject that I sent you last December. 
In this 189 we propose to investigate the desirability and the feasibility 
of doing large-scale testing of ECCS either in full-size reactors or in 
mockups large enough in the important dimensions so that scale is not an 
important factor. As you know, the effect of size is one of the major 
unknowns on the blowdown and re-fill stages of ECCS operations. 

The driving head of ECCS water is obtained from the height of water in the 
downcomer annulus within the pressure vessel. The behavior of counter-
current water-steam flow in this size and configuration is unknown. Also, 
the system resistance to ECCS water injection depends on the resistance 
to steam flow leaving the core zone and flowing through the hot leg piping 
to the break area. Other significant size-dependent phenomena include 
the heat source represented by the steam side of the steam generator, the 
resistance of pumps in different stages of failure (free-wheeling or locked 
rotor) , and the droplet carry-over. This last effeiis important not only 
in cooling the fuel rods, but also as an extra source cf steam which con-
tributes to system back pressure. 
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There are so many interdependent factors that are also size-dependent 
that a large-scale test will be necessary to unambigiously demonstrate 
ECCS performance. Indeed, considering the many questions that have 
been raised about the existing analytical model of ECCS performance, 
as well as the ever-present questions regarding the ability to hypothesize 
the net behavior of many interrelated processes, not to mention the matter 
of public safety, that consideration of such a test program is well justi-
fied. 

In view of the several options indicated in this study we would welcome 
the opportunity to review this proposal with you and your staff at your 
earliest convenience. We hope that you will give this matter favorable 
consideration. 

WBC:bl 

Attachment: Draft of FY-73/74 189a 
Testing of PWR ECCS" 

S. E. Beall 
R. H. Bryan 
D. F. Cope 
M. H. Fontana 
S. A. Szawlewicz 
D. B. Trauger 

Sincerely yours, 

s/Bill Cottrell 

Win. B. Cottrell, Director 
Nuclear Safety Program 

No. 10304, "Evaluation of In-Situ 

c o p y 



COPY 2 0 

O A K R I D G E N A T I O N A L L A B O R A T O R Y 
OPERATED BY 

U N I O N C A R B I D E C O R P O R A T I O N • N U C L E A R D I V I S I O N 

Contact No. W7405-eng-26 
P R O G R A M A N D B U D G E T P R O P O S A L 

O P E R A T I N G C O S T S A N D E Q U I P M E N T 

REACTOR D E V E L O P M E N T PROGRAM 

ORNL/TM-5032 
189a NO. 10304 

I COL 2 e 

D A T E 

May 1, 1972 (16) 
1. B U D G E T A C T I V I T Y NO 

04 60 80 02 1 

© C O L 7 - 1 7 

2 C - ' ICE 

ORN 

COL. 1 8 - 2 0 

3 P R O J E C T T I T L E : 

Evaluation of In-Situ Testing of PWR ECCS "B" Bud'/et 
F C O L ' 21 BO 

\ METHOD O F R E P O R T I N G 

I I 1. M O N T H L Y 4. A N N U A L 

[ J 2. Q U A R T E R L Y 5. O T H E R : 

• 3 S E M I A N N U A L Bimonthly 
Topical 

5 PERSON IN C H A R G E 

Wm. B. Cottxell 
P R I N C I P A L I N V E S T I G A T O R I S I 

R. H. Bryan 
C. W. Collins 
M* H. Fontana 
J. P. Sanders 

S C O N T R A C T O R 

OAK RIDGE NAT 

© I C O L 7 - 2 8 

7. WORKING L O C A T I O N . C I T Y 

OAK RIDGE 

[ C O L 2 7 - 4 3 

TENN 

C O L 4 4 . 4 7 

T Y P E 

1. INOUSTRY 

2. A E C L A S 

3. E O U C A T I O W A L 

4. G O V E R N M E N T 

5. O T H E R NON 
P R O F I T 

• 
m • • • 

I COL 

10 C O N T R A C T 

0022 

I C O L 49-52 [COL 

R E A C T O R A P P L I C A T I O N 

( . C O N V E R S I O N CP [ 3 

2. A D V A N C E D C O N V . CP Q 

3. FAST B R E E D E R CP Q 

4. S P A C E E L E C T R I C • 

5. S P A C E P R O P U L S I O N Q 

6. SHIP P R O P U L S I O N 

7. T E R R - LOW POWER [ I ] 

S. O T H E R : Q 

C O L AS 

C O O L A N T 

T. WATER 

2. OJO 

3 GAS 

4. L I O . M E T A L 

5. S A L T 

6. O T H E R 

7. V A R I A B L E 

n • 
• • • • 

n 

14. D IV IS ION 

I . RDT Q 

2. SNS 

3 NR 
• • 

15. L E A D 
B R A N C H 

COL ai-es 

16. P P B I D E N T I F I C A T I O N 

1. C E N T R A L S T A T I O N H Q 

2. M I L I T A R Y Q 

3. S P A C E Q 

». O T H E R C I V I L I A N 

5. N U C L E A R S U P P O R T Q 

I C O L 66 

17. M A T E R I A L S C O D E 
D E S C R I P T I O N 

1 . 

2. 
L_L 
L U L U 

COL 67-74 

IS C O N T R A C T TERM - B E G I N 

MONTH DAY YEAR 

FROM | I ! I | I ! J 1 

® (No- o p p l i c o b l e lo O R N L ) | COL 

19. C O N T R A C T T E R M - E N D 

MONTH DAY YEAR 

• c n n l r 
( N o t app l i cab le io O R N L ) C O L 1 3 1 1 

20. T E R M I N A T I O N D A T E I F F U N D I N G 

MONTH 0AY YEAR 

• C D r T l 
(No i app l i cab le la O R N L ) ' C O L 1 9 2 4 

21 MAN Y E A R S 

Scient if'c 
F Y 19 72 

Other D i r e c t 
0 
0 

Total D u e c t (No F r a c t i o n s ) I C O L 

F Y 19 73 
1 
0 

I C O L 2 0-32 

F Y 19 74 

I C O L 3 1 36 
22. COSTS 

o 1 D i r ec t So lanes 25 25 
b) Mater to Is & Serv ices 20 
c) Subcontracts 

d) I r rad ia t ion Un i f s COST 

Total On eel Costs 45 30 
c) Ind i rec t Cos t s 

i ) Fee 

25 25 

Tota l Costs ( In Thousands ) C O L 3 7 49 70 | COL. 4«-S4 55 C O L . 9 6 . 6 3 

GOODS A SERVICES ON O R D E R 

(In Thousands ) 

(Not a p p l i c a b l e la O R N L ) (Not a p p l i c a b l e l o O R N L ) (Not a p p l i c a b l e to O R N L ) 

C O L 7 - 1 1 

E Q U I P M E N T 

a) Budget A c t i v i t y N o . 

I C O L 2 6 - 3 6 | 

35 04 60 00 0 

b) Equipment Ob l i ga t i ons ( In Thousands) C O L 37-41 

C O L 14 1» 

I C O L 4 2 - 4 6 

' C O L 2 0 - 2 5 

I C!>L 4 7 1 1 

c) Equ ipment C o s t s ( In Thousands ) I C O L » . S 6 C O L 67-61 0 I ! C O L 62-66 

O C N - 7 3 1 6 
13 2 - 6 » l PAGE x 

COPY 



C O P Y 21 ORWL/TM-5032 
fiudiUdtiun lii-̂ itu ^ t—ijiy CLLJ i i i»u. ̂ ^ ô/ 

189 Mo. 20304 

25. PROJECT COST AND DEVELOPMENT SCHEDULE: 

a. Cost Schedule 

Study and Evaluation 

(Cost in Thousands) 

Fiscal year 
1972 1973 1974 

70 70 

b. Development Schedule 

Milestone Chart 

100% 

0% 

t ; 
•Complete r 

Complete initial stu 

^Publish Final Rep 

^vision and review 

iy 

7/1/72 7/1/73 7/1/74 

26. DATES AND TITLES OF PUBLICATIONS: 

Inasmuch as this is a new task, no prior publications exist; however, related 
reports have been issued under both the Failure Modes of Zirc.iloy-Clad Fuel 
Rods (189a No. 10135) and ORNL-PWR Blowdown Heat Transfer-Separate Effects 
Experiments (189a No. 10583). 

Reports to be published by January 1974 include the following: In-Situ Test-
ing of Emergency Core Cooling Systems in Pressurized Water Reactors. 

27. SCOPE: 

Emergency core cooling systems (ECCS) are incorporated into the design of power 
re-actors in order to assure that the core can be cooled even in the event ot a 
wide range of accidents, including the design basis loss-of-coolant accident 
(IOCA). However, the performance of the ECCS nnder these accident conditions 
is extrapolated from small-scal& tests involving only a simulated fraction of 
an actual reactor core. Since there are inevitably some uncertainties in any 
such extrapolation, and because of the importance of assuring core cooling, it 
is proposed to determine the cost and significance of tests of a PWR-ECCS which 
would be performed either in-situ or in full scale mockups. Although five 
alternative in-situ test schemes have been identified, they all effect an ini-
tial condition in which the temperature distribution in the primary coolant is 
reproduced (by non-nuclear heat in all but one case) and the design basis acci-
dent simulated by blowdowxt in special ducting in the cold leg piping of one of 
the primary system loops. The different test arrangements are contingent upon 
how the temperature distribution in the primary system is attained and the 

uc*4. 44144 
1 1 3 3 . 7 5 1 PAGE 
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27. SCOPE: (continued) 

extent to which it would be desirable to simulate fuel cladding response by 
electrical heaters which could be used as the heat source in the core region. 
It is expected that these arrangements would be capable of simulating only the 
blowdown portions of the ECCS transient (including the accumulator response) 
but would also provide initial conditions of FLECHT experiments on the re-
mainder of the LOCA transient. 

28. RELATIONSHIP TO OTHER PROJECTS: 

This project is related to several other programs sponsored by the Commission, 
as well as the in-house work by the water reactor vendors. However, in no 
instance is a full-scale test being contemplated; all work is a small-scale 
modal or separate effects test which suffers from either or both the uncertain 
assimilation in the accident model and/or extrapolation to full scale. Some 
of these relevant AEC programs include: 

At Aerojet Nuclear Company 

LOFT Program 
Loss-of-Coolant Accident Analysis 
Separate Effects Testing 
Power Burst Facility Program 
FLECHT Program 

At Oak Ridge National Laboratory 

PWR-Blowdown Heat Transfer-Separate Effects (189a No. 10583) 
Failure Modes of Zircaloy-Clad Fuel Rods (189a No. 10135) 

At General Electric Company 

Deficient Cooling Program 

29. TECHNICAL ACCOMPLISHMENTS IN FY 1972: 

None; the program did not exist. 

30. EXPECTED RESULTS IN FY 1973: 

Studies will be undertaken to determine both the extent and significance of the 
LOCA and ECCS simulation by each of several schemes under consideration. A 
comparison of the sytem and core temperatures anci pressures attained by each 
of these schemes as a function of time will be obtained. 

Summary 

U C N - 4 4 M A 
(13 3 .79) PAGE 3 
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30. EXPECTED RESULTS IN FY 1973: (continued) 

Supplementing the analytical studies, preliminary system designs of the several 
schemes and associated blowdown equipment will be undertaken. The effect of the 
accident transient on plant system will also be evaluated. 

Additional Information 

The first and most important aspect of this proposal is the comparative evalua-
tion of the various techniques of heating a simulated core and the degree of 
transient simulation thus provided. Several alternatives are available to us, 
the principal features, advantages, and disadvantages of which are shown in 
Table 1. In all cases, the differences lie in the manner and extent to which 
the simulated system is heated. These alternatives must be evaluated in terms 
of their cost, feasibility, and extent to which they are capable of simulating 
accident transients. 

Table 1. Alternative ECCS In-Situ Test Proposals 

% Full Where 
Description of core heat How heat 
alternative heat added added 

Fuel 
Special ECCS transient 
flow simulation simulation 

diverter after 15 sec and clad 
response 

Add heat ex- 2-10 Upper Steam 
ternal 
sources 

Full core 
nuclear heat 

Full core 
electrical 
simulation 

plenum 

2-100 Core Nuclear 

10 Core Electrical 

9 Bundles, full 5 
power 

Core Electrical 

9-25 Bundles, .5-1.3 Core Electrical 
10% power 

No 

No 

No 

Yes 

Yes 

No 

No 

Yes 

Maybe 

Maybe 

I!o 

No 

Probably 

Yes (1 
bundle) 

Probably 

In addition to the above, two other aspects are of crucial importance to this 
test: (1) the assessment of the effect of the blowdown transient on plant 
systems and (2) design of systems to reproduce the blowdown. 

Toward the end of the fiscal year, one or possibly two heating techniques 
should have been selected as the basis for the preliminary desigr. of the heated 
core section. Work will then be started on the desigr of system modifications 
and additions to perform the defined tests. 

U C N ' 4 4 1 4 A 
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31. EXPECTED RESULTS IN FY 1974: 

The pr&liminary design studies initiated in FY-72 will be continued, leading 
to the identification of the system modifications and additional equipment 
needed to perform an in-situ ECCS test. The significance of the test will be 
evaluated, and a cost estimate for performing such a test on a clean reactor 
will be undertaken. The results of this study will be issued as a report. 

32. EXPECTED RESULTS BEYOND FY 1974: 

Not required. 

33. DESCRIPTION, JUSTIFICATION, AND COSTS OF MAJOR MATERIALS, SUBCONTRACTS, AND 
OTHER UNUSUAL SIGNIFICANT COST ITEMS: 

None 

34. DESCRIPTION AND JUSTIFICATION OF ALL EQUIPMENT ITEMS: 

None 

3C. SPECIAL REACTOR MATERIALS REQUIREMENTS: 

Cost Estimates (Thousands) 

. . . , . . . FY 1972 FY 1973 FY 1974 Description and Justification 

Computer costs and programming 0 20 5 

36. IRRADIATED MATERIAL REPROCESSING: 

None 

37. IRRADIATION SERVICE BUDGET — IRRADIATION UNITS: 

None 

38. PROPOSED OBLIGATIONS FOR RELATED CONSTRUCTION PROJECTS, IF ANY: 

None 
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Abstract 

The feasibility of performing in situ tests of the emergency core 
cooling system of pressurized water reactors is examined. Although five 
alternative test schemes have been identified, they all effect an ini-
tial condition in which the temperature distribution in the primary 
coolant is reproduced (by non-nuclear heat in all but one case) and the 
design basis accident simulated by blowdown in special ducting in the 
cold leg piping of one of the primary system loops. The different test 
arrangements are contingent upon how the temperature distribution in 
the primary system is attained and the extent to which it would be de-
sirable to simulate fuel cladding response by electrical heaters which 
could be used as the heat source in the core region. The principal 
features of the five alternatives are identified and some consideration 
is given to the problems which would have to be resolved in order to 
assess the merits of the proposed tests. In any event, a cursory review 
of the code requirements for reactor and primary systems suggests that 
both can be expected to withstand the simulated transient with negli-
gible consequences. The preliminary evidence presented is favorable, 
but at least four man-years of additional design and analyses would be 
required to support this tentative conclusion as well as to develop the 
technical basis for recommending a particular test and to provide at 
least a ball-park estimate of the cost of an actual test. 
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1. INTRODUCTION ANT SUMMARY 

Nuclear power reactors are required by AEC regulations1 to have a 
variety of engineered safety features (ESF) which provide protection for 
the public against a broad spectrum of conceivable reactor accidents. 
The most severe accident for which specific safety features are provided 
is the loss-of-coolant accident (LOCA). This accident is also known as 
the design basis accident (DBA) sinca it prescribes a sequence of events 
which determine the design basis of the safety features which must cope 
with the worst accident of this general type. In the large pressurized 
water reactors which are employed in electrical power production today, 
the 2BA is the double-ended failure of primary system piping — with unim-
peded flow from both ends of the broken pipe — occurring in the main 
reactor inlet (cold) line of the primary system piping. The engineering 
requirements of the safety features which are provided against this poten-
tiality are two-fold: 
1. to quickly introduce cooling water into the reactor core to prevent 

excessive temperatures which would both release more fission products 
and disrupt the core and 

2. to maintain some degree of continuous core cooling as required by 
the afterheat generation in the core. 

In all power reactors a number of systems known as emergency core cooling 
systems (ECCS) are provided to obtain these twin goals. Furthermore, in 
order to provide adequate assurance of the operability of these systems 
when needed, they are provided in duplicate (some items in quadruplicate) 
and with alternate sources of electrical power and water. 

While the preceding discussion is equally applicable to any light-
water power reactor (LWR), the following discussion is specifically 
directed toward pressurized water reactors as the recent concern regard-
ing the effectiveness of ECCS primarily concerns their performance as 
designed for FWRs. A schematic on the emergency core cooling systems 
on a IWR is shown in Fig. 1. While this schematic shows only one primary 
loop with one accumulator, power reactors have two to four primary loops, 
each with i-3 own accumulator. Similarly, the high pressure injection 
system and residual heat removal system are shown as single systems with 
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single components, whereas there are duplicate pumps in both systems. 
As can be seen from Fig. 1, the accumulators are maintained under nitro-
gen pressure (~600 psi) and are separated from the primary system by a 
check valve which permits flow only from the accumulator into the system. 
The high pressure injection can add water to the primary system but only 
at a rate capable of compensating for small system leaks. The residua." 
heat removal systesi' on the other hand is a low pressure system, but which 
is capable of circulating sufficient water through the depressurized core 
to remove the afterheat. 

These systems are designed to function in the following manner fol-
lowing the DBA.. 

1. The reactor and the primary systems will rapidly depressurize 
following the pipe break. 

2. When the primary system pressure has decayed to 600 psi (around 
7 sec), the accumulator water will be forced into the lower reactor plenum 
and from thence up on the reactor core. 

3. Some 10 sec after the pipe break, the primary system pressure 
will have decayed to less than 400 psia by which time the residual heat 
removal system will be capable of introducing water into the core. Since 
it takes these pumps some 16 sec to deliver full head, this water does 
not reach the reactor immediately, but thereafter these system pumps pro-
vide continuous core cooling. 

This blowdown transient is illustrated in Fig. 2,2 which shows the 
flow, pressure, etc., in the reactor immediately after the pipe break. 

Were the actual reactor system to respond to the DBA in the manner 
shown in Fig. 2, most safety experts would be satisfied with the safety 
of these reactors. Indeed there is good reason to think that the tran-
sient behavior in a reactor following a DBA. is well represented by this 
figure. The difficulty arises in being able to prove that the ECCS does 
indeed perform as inferred by Fig. 2 and therefore that the DBA does not 
constitute an "undue risk to the health and safety" of the general pub-
lic — a finding required by the Atomic Energy Act itself.3 However, the 
data in Fig. 2 were not obtained directly from a large test or experi-
ment, but rather were extrapolated from much smaller tests. Extrapola-
tions of this nature are common engineering and scientific practice when 
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it is impractical to do otherwise, but it entails a degree of risk since 
it presumes that all physical processes were recognized and appropriately 
included in the extrapolation. 

In addition to the uncertainties which accompany any extrapolation, 
some small-scale model tests conducted at the National Reactor Testing 
Station (i«RTS) by the Idaho Nuclear Corporation (INC) — now known as the 
Aerojet Nuclear Corporation (ANC) — revealed that in the model test, at 
least, water from the accumulators did not reach the core, but bypassed 
the core and flowed out the pipe break in the defective loop.4-7 While 
this NRTS experiment has itself been the subject of much critical review, 
the present debate does serve to highlight the fact that there is no con-
clusive proof that the ECCS in a FWR will perform in the manner required 
of it nor is this proof likely to come from the conduct of the LOFT ex-
periment itself. 

Furthermore, when one considers the reliance being placed upon these 
systems as engineered safety features (ESF), one is also struck with the 
difference in the performance and testing requirements of the ECCS as 
opposed to the general criteria for ESF. The reason for this disparity 
is, of course, that it is commonly held that there is no meaningful way 
to test the performance of the ECCS, short of reproducing the accident 
itself. This does not mean that these systems were not required to per-
form or were not required to be tested, but only that such performance 
and test requirements as do exist are not on the entire system under 
realistic conditions. This philosophy as applied to the ECCS was re-
flected in the "Interim Acceptance Criteria for Emergency Core Cooling 
Systems" which the AEC announced in a press release on June 19, 19T1*8 
This policy statement directed that in the operation of power reactors 
certain limitations on maximum temperature of the fuel cladding, better 
documented ECCS analysis, improved inspection and leak detection equip-
ment be provided. While additional research and evaluation are to be 
undertaken by both the AEC and reactor vendors, no requirement for full-
scale testing was expressed. 

It is the purpose of this memorandum to explore the feasibility and 
significance of a full-scale test that would be conducted in situ in each 
reactor, but with no large scale heat generation in the core region. 
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This proposal would involve the attainment of actual system temperatures 
and pressures by one of several alternative schemes. The emergency core 
cooling systems would then be operated in response to a simulated DBA. 
pipe break. It is our hypothesis that such a test may be used to demon-
strate the performance cf the ECCS in the DBA., including confirmation of 
the analytical program which is employed to determine system temperature 
and pressure during the blowdown transient. 

Several alternatives are available to us, the principal features, 
advantages, and disadvantages of which are shown in Table 1. In all 
cases, the differences lie in the manner and extent to which the simu-
lated system is heated. 

The first alternative is the simplest and least expensive. This 
would be to establish the temperature distribution throughout the system 
(at low flow) by heat addition to the upper plenum. The core would con-
tain either unused fuel or fuel dummies. As is shown later, the heat 
added by the fuel during a LOCA is a small portion of the total energy 
in the system, at least during the first 15 sec of the accident transient. 
This test would determine the flow and temperature distribution and the 
mechanical response of the system for the first 15 sec or so of the blow-
down and would determine whether emergency coolant from the accumulators 
does or does not bypass the core. No information would be obtained on the 
thermal response of the cladding, blowdown heat transfer values, time to 
DNB, and subsequent events where flow and thermal in the fuel channels 
are interdependent. However, a test of this nature could be complemented 
by out-of-pile tests such as FLECHT, in which the initial conditions would 
be those established by the in situ test. 

The second alternative is to operate the reactor with nuclear fuel 
for a short period of time adequate to establish the flow and temperature 
in the system, but not long enough tc generate significant fission-product 
inventory. Decaj heat would not be adequately represented, and there is 
the danger of damage to an expensive core loading. This option would 
have the advantage of higher power and flow at the initiation of the test 
than is otherwise possible but, as in option no. 1, does not adequately 
allow for the assessment of possible fuel damage. 



Table 1. Alternative ECCS In situ test proposals 

A l t e r n a t i v e X F u l l 
Where H q m h e a t Special ECCS siraula- F.CCS Fuel Fuel Order 

Description " heat ,ded flow tion up to simulation transient cladding of 
c o r e a added a diverter 15 sec thereafter simulation response expense 

Add heat external 2—10 
source 

Full core elec-
trical simula-
tion 

9'Bundles, full 
power 
9-25 Bundles, 
10% power 

10 

Upper Steam 
plenum 

Full core nuclear 2-100 Core 
heat 

Core 

5 Core 

.5-1.3 Core 

No 

Nuclear No 

Electrical No 

Electrical Yes 

Electrical Yes 

Satisfactory No 

Satisfactory No 

Satisfactory Yes 

Satisfactory Maybe 

Satifactory Maybe 

No 

No 

No 

No 

Probably Probably 

Yes (1 Yes (1 
bundle) bundle) 
Probably Probably 

1 

2* 

5 

It 

3 

* A s s u r a l n g no f u e l d a m a g e . 
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The third alternative is to replace the core with a full core simu-
lator using instrumented electrical heater rods. If the rods were to 
operate at full power, the power input required would be about 3U0G MW, 
about three times the capacity of the existing switchgear. If the rods 
were to operate at 10$ of reactor initial power, then about jl+O MW would 
be required. This is more reasonable, but would call for extensive re-
design of the core support structure and a special reactor head to allow 
electrical connections with the heaters. The cost would be very high — 
heaters alone would cost about $6 million and the special head could cost 
about $^-5 million. Of course, initial total flow would have to be pro-
portional to the available power. The consequences of the non-ideality 
would have to be investigated by analysis and out-of-pile experiments. 

The fourth alternative is to provide the central region of the core 
with nine or possibly 25 electrically-heated simulated fuel bundles ini-
tially operating at full power. The remainder of the core would be made 
of either unheated dummy rod bundles or real fuel bundles if it were to 
be ascertained that the risk was acceptable. The flow past the heated 
rods could be made typical by use of a "flow diverter" which blocks off 
all other channels prior to the test and opens them at the initiation of 
the experiment. Thus the temperature distribution throughout the system 
(but not at fall flow) can be established prior to the initiation of the 
experiment. The advantage of this alternative is that instrumented 
assemblies can be used to determine local heat transfer effects in addi-
tion to overall system flow effects. 

The fifth alternative is like the fourth except that the electrically-
heated section is operated at 10 to 17$> power. In this case, the power 
requirements, if only nine simulated fuel bundles were used, would be only 
35 MW but alternatively it becomes more feasible to consider a larger 
heated section, say 5 X 5 or 100 MW. This case would also require the 
"flow diverter" for the same function as in the previous case. There is 
reason to believe that this alternative might be adequate to investigate 
heat transfer effects, particularly if DUB occurs after the initial power 
drop-off due to reactor scram and after the redistribution of heat in 
the fuel is essentially completed. All cases except no. 3 may require 
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the injection of supplemental steam to the upper plenum if it is shown 
that the heat generated by the fuel during the blowdown is important in 
spite of its small value compared with total system energy. 

Initial investigations of the options showed that the fifth alter-
native might give an adequate test. For purposes of this report, this 
option was chosen as the reference case. Subsequent investigation might 
show that the others are more desirable and, for this reason, any pro-
posed program must be based on exhaustive analyses to determine which 
set of conditions would serve as an adequate test of the system response 
to the LOCA. 

in the following sections of this report, we explore various facets 
of this proposal- Section 2 contains a description of the proposed test. 
While several possible variations to this basic proposal exist, on the 
basis of the preliminary work outlined in this report, the test as described 
in Section 2 seems like the optimum combination of realism, interpreta-
bility, and cost. Section 3 discusses the extent and limitations of the 
DBA accident simulation. It is obvious that this analysis provides the 
entire justification for the conduct of the proposed test. On the other 
hand, even if the simulation were acceptable, it is certain that plant 
owners would not tolerate such a test if it were capable of irreparable 
damage to major systems. Hence Section U is concerned with an assessment 
of the effect of such a test transient on the reactor plant. 

Since we believe that Section 3 provides adequate justification for 
consideration of the proposed test, which Section h suggests can be con-
ducted without significant depreciation of plant life, we next examined 
some of the major design problems associated with the conduct of such a 
test. These are discussed in Section 5 and include (a) heated core sec-
tion, (b) flow controller in remainder of core, (c) blowdown system, 
(d) power supply, and (e) instrumentation. Section 6 discusses some of 
the implications of this proposal and summarizes the additional work 
believed to be necessary to convert this recommended test into a firm 
proposal. Our conclusions and recommendations, based upon our findings 
to date, are presented in Section J. 
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2. DESCRIPTION OF PROPOSED TEST 

This section will describe the proposed test which was identified 
as alternative no. 5 in Section 1. The purpose of this test is to accu-
rately simulate the blowdown sequence of the primary cooling system of 
a pressurized water reactor (IWE) from an initial condition which repre-
sents the normal operating conditions in the system. The test will be 
conducted on a "new" system which has no radioactive material in it; 
i.e., the test will be conducted without the introduction of heat from 
a nuclear power source. All power which is supplied to the system both 
prior and during the test will come from electrical heaters assembled 
in nine to 25 simulated fuel bundles and located in the center of the 
core region. The test may employ either actual or mocked up fuel bundles 
in the remainder of the core region for hydrodynamic simulation during 
the blowdown, but this is not critical to the test. 

In this section of the report, and in following sections, the dis-
cussion will be based on the description of the "Watts Bar Nuclear Plant" 
that is presented in the Preliminary Safety Analysis Report (PSAR) which 
was prepared by the Tennessee Valley Authority for the USAEC.3 The nuclear 
steam supply, which incorporates an ice vapor suppression system, is pro-
vided by the Westinghouse Corporation. This plaint is only cited as an 
example of the more recent commercial designs for a RfiR; it is not implied 
that the proposed test is more or less valuable for this particular design 
than for other current PWR plant design. This test is applicable to any 
current RtfR design; reference to the specific Watts Bar Plant simply 
makes the test description and the discussion of the problem easier to 
formulate and present. 

2.1 Principal Features of the Test 

The test involves the reactor and the primary cooling system of the 
M R which is shown schematically in Fig. 3- This drawing depicts only 
two cooling loops in the primary cooling system; however, in the Watts 
Bar Plant design there are four similar loops in the primary system. 
Each loop contains an axial-flow pump and a steam generator. There are 
minor differences in the loops with regard to the number of minor auxiliary 
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Fig. 3. Schematic Drawing of Primary Loops of PWR. (Adapted from 
the PSAR for the Watts Bar Nuclear Plant9). 
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connections; the major difference is that only one loop (Loop 2 in the 
Watts Bar Plant) has connections to the primary system pressurizer. Water 
and vapor are maintained in equilibrium in the pressurizer through the 
use of pressurizer heaters; this unit fixes the system pressure and allows 
for an expansion volume during heatup. 

An important feature of each of the coolant loops, when the blowdown 
sequence is considered, is the accumulator. Each of the loops is equipped 
with an accumulator which is connected to the cold (or return) leg of the 
loop as shown in Fig. 3« The aceumu ^tors contain 6350 gal each of 
borated water under nitrogen gas at a pressure of 600 psig. 

In the event of a large, sudden depressurization of the reactor 
cooling system, fluid will first flow from the pressurizer resulting in 
a pressure decrease in this unit. A reactor trip occurs when the pres-
sure in the pressurizer reaches its low set point. The emergency core 
cooling system (ECCS) is actuated by this signal or by high containment 
pressure or low level set point in the pressurizer. The charging system 
for the cooling system consists of one positive displacement pump and 
two centrifugal pumps. The centrifugal charging pumps form part of the 
ECCS; thus, makeup flow can be transferred from the charging lines to 
the safety injection lines. Charging with these pumps can maintain sys-
tem pressure in the event of pipe ruptures in lines which are 3fh in. 
in inside diameter or less. 

When the reactor coolant system pressure falls below 600 psig, the 
passive accumulators begin to inject their borated water due to the 
pressure differential between the nitrogen gas and the reactor coolant 
loops. The reactor trip and the borated water injection canbined with 
the negative reactivity effect of void formation in the core causes a 
rapid reduction in the nuclear power to the residual level corresponding 
to the fission product decay heat. Injection of the borated water also 
has the purpose of flooding the core to prevent excessive temperatures 
from developing in the cladding or fuel. 

The major point of concern, based on the small-scale blowdown ex-
periments mentioned in Section 1, 4 - 7 is that a significant amount of the 
water from the accumulators would not be delivered to the core, at least 
during the early crucial seconds of the blowdown sequence, but that it 
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would bypass the core by flowing from inlet nozzle of the intact loop to 
inlet nozzle of the broken loop. This situation would exist if a double-
ended pipe rupture occurred in the cold leg (between the pump and the 
pressure vessel of the core) of the loop at the point indicated in Fig. 3 

(see indicated break). Whether it occurred upstream or downstream from 
the connection to the accumulat or for that loop is inconsequential since 
the accumulator in that loop would most certainly discharge its contents 
through the break. 

The most severe conditions which are imposed in the ECCS, therefore, 
would be those conditions which simulated a double-ended pipe rupture as 
indicated in Fig. 3* To simulate these conditions it is necessary to 
bring the entire primary system to the temperatures and pressures repre-
sented during normal operation and then produce at the point indicated 
those local conditions which would exist if the pipe were to undergo a 
double-ended rupture. 

2.2 Conditions in the Primary Loop at the Initiation of the Test 

In order for the test to be meaningful all important parameters of 
the actual system failure must be represented actually or in an analogous 
manner insofar as the response of the system is concerned. The initial 
conditions which are of prime importance to the test are the temperature 
and pressure distributions in the coolant which fills the primary loops. 
Next in importance is the energy contributed by the fuel during the blow-
down period; in a reactor this heat will come from fissions caused by 
delayed neutrons during the first few seconds of the test and from fission-
product decay during the remainder of the test, as well as the sensible 
heat contained mostly in the fuel, and other system components, which is 
transferred to the coolant during the blowdown period. Another factor 
which cannot be accurately evaluated at this time is the momentum con-
tained in the coolant stream due to its circulating velocity; since flow 
reversals may result in parts of the loop, the time response of the sys-
tem may be significantly affected by this variable. 

In view of the possible importance of each to the aforementioned 
sources of energy, a brief study was made of the total energy in the 
steam, the decay energy, and the sensible energy in the core (see 
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Appendix). This study showed that both the decay heat and the sensible 
heat in the core would be expected to be a small fraction (< 10$) of the 
energy released from the system during the blowdovm phase (calculated 
over sec, by which time the system pressure is 100 psia, as shown in 
Fig. 2). 

Initially, therefore, it appears that the temperature and pressure 
distributions in the coolant stream during normal operation must be dupli-
cated as the conditions at the beginning of the test. While other heat 
sources need not be included for reasonable simulation during the initial 
phases of the test, they become increasingly important at times » sec. 
This point is discussed at greater length in Section 3» In any event, a 
heat rate, or at least an energy input rate, that represents the energy 
generated in the fuel during the blowcown period could also be included. 
Similarly, if consideration of the redistribution of sensible heat within 
the system components cannot be shown to have negligible influence on the 
blowdown sequence, then this energy may be represented in the initial con-
ditions. It is less obvious how momentum effects in the coolant would be 
represented if these effects cannot be shown to be of small importance in 
the blowdown response. 

2.3 Conditions in the Simulated Core Region 

The use of electrical heated fuel bundles, as in the test alternative 
(no. 5) being described here, not only provides the required heat for 
system energy simulation, but also permits a realistic representation of 
the cladding response during the accident transient. The degree of 
cladding simulation and the significance thereof will have to be sub-
stantiated by subsequent analysis, but there is good reason to believe 
realistic cladding response to be attainable. 

It is proposed in this test to replace the central section of the 
core (possibly a 3 x 3 fuel bundle array) with electrically-heated rod 
bundles simulating the fuel elements. It should be noted that an (5 X 5) 
array could be used should the crossflow expected with an (3 x 3) array 
not permit adequate cladding temperature simulation in the center channel. 
These rod bundles could be used to help heat the system to temperature as 
well as to produce the design temperature differential from the upper to 
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lower plenum. To do this, however, flow through the rest of the simu-
lated core around the heated bundles will be mechanically restricted so 
that the entire system flow will be thus limited to that through the 
central nine electrically heated "bundles and -will be proportional to 
the power level at which these rods are operated. Then, in order to 
simulate the fluid flow in the primary system at the start of blowdown, 
the mechanical core flow restrictor would have to be adjusted so as to 
produce normal flow resistance through the core. As previously noted, 
consideration should be given to the use of either actual or dummy fuel 
rods in the core region outside the 3 X 3 electrically-heated bundles. 

As discussed at greater length in Sections 3 and 5, the average 
power density of these electrically-heated rods would be 10% of that in 
fuel rods at design reactor operating conditions. 

2.4 Test Procedure 

After the desired initial conditions have "been obtained in the sys-
tem, conditions representing a double-ended pipe rupture will be repre-
sented at an appropriate point in the cold leg of one of the loops. This 
require? that two adjacent points in the piping must be opened to a low 
pressure space abruptly. Whether or not a constriction will be required 
between the two points will have to be given further study. If the 
momentum of the primary fluid proves to be an important system variable, 
then the two points must be connected prior to the initiation of the 
test so that flow will be established in the cold leg. If momentum is 
not an important variable, then a permanent restriction can be installed 
before the test begins. After initiation of the blowdown, then the 
presence of the restriction will be important only if it permits flow 
through the section of piping rather than into the low pressure space. 
If critical (or choking) velocities are obtained in both straight sec-
tions of the system piping which bound the simulated rupture through all 
phases of the blowdown sequence, then no restriction will be required 
since there can be no transverse flow through the leg. 

All system fluid which discharges through the simulated double-ended 
pipe break must be conveyed to a point outside of the reactor containment. 
To make another choice would subject all of the equipment within the 
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containment to potential damage. Since it is desired to make the test 
in situ so that all actual blowdown conditions will be represented, 
temporary, large-diameter piping will be required to convey the fluid 
frcm the primary loop to a point outside of the containment and, at the 
same time, this piping should result in no significant back-pressure 
at the point where it is connected to the system. 

2.5 Test Measurements 

It will be necessary to determine temperatures, flow, and pressures 
within the primary loop fluid at all significant .points during the 
transient. It will also be necessary to monitor the temperature of 
various components within the loop and, in particular, the electrically-
heated core section. This will be particularly important for those sur-
faces which may be heated by electrical heaters to simulate the fission 
and delay heat input from the nuclear fuel rods. Strain gages will also 
be required to measure the transient forces on the piping and system 
components. Flow rates of the coolant at various points in the loop 
will also be an important measurement. These measurements will be par-
ticularly difficult due to the fact that flow reversals may occur in 
parts of the system piping. There will be some existing flow measuring 
equipment in the system; however, the usefulness of this instrumentation 
in the blowdown test will have to be evaluated in detail. The addition 
of either ventiru or orifice meters to the system piping will be diffi-
cult without major modifications due to the large size of the system 
piping. Flow measurements from pitot tubes will be possible; however, 
the application of such measuring devices for use with a two-phase flow 
will have to be extensively investigated. 

3. EXTENT OF LOCA SIMULATION 

Much information has been obtained in the FLECHT10'11 program and 
the LOFT12*13 support programs (including SECHT and the Semi-Scale Blow-
down Facility) regarding the effectiveness of the emergency core cooling 
system. In the FLECHT and SECHT programs, data have been obtained for 
heater assemblies up to full length operating at decay heat power levels. 
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The data obtained are cladding temperatures versus time with parameters 
of initial cladding temperature and water addition rate. Thus an envelope 
of peak temperatures is obtained for varying cladding initial tempera-
tures and ECCS functionality. Most of these tests have been performed 
with stainless steel-clad h e a t e r s . 1 3 A few tests have been performed 
with boiling water reactor type full-sized Zircaloy-clad heaters with 
and without internal pressure.14 Other tests, so-called LOFT semiscale 
blowdown tests, have raised questions regarding the ability of the accumu-
lators of the ECCS to provide coolant to the core region from the plenum 
below the core in the event of an inlet line break.4"7 In these tests 
with an inlet line break, there is an almost immediate reversal in flow 
direction of the primary coolant within the reactor vessel. Thus the 
outlet coolant stops, turns around, and re-enters the core at the top. 
According to the critical heat flux correlations15 (which have been ob-
tained at steady-state conditions of heat and coolant flow), as the flow 
stops there will be an almost-immediate substantial reduction in heat 
removal rate due to the development of film boiling. However, recent 
transient data suggest that film boiling will not occur until several 
seconds have passed,16>17 and that heat transfer coefficients will remain 
at high levels through most of the transient. This difference in the 
heat removal rate is sufficient to alter the cladding temperature and 
average fuel temperature by several hundred degrees Fahrenheit at the 
end of the depressurization transient, and the significance of fUel rod 
swelling and rupture would be drastically altered. Thus, if film boiling 
does not occur, the fuel cladding will reach temperatures about 1500°F, 
and a few of the fuel rods would have sufficient internal pressure to 
generate blockages of the coolant flow channels. On the other hand, if 
film boiling occurs, almost all the fuel rods would swell in a gross way 
when their cladding temperature reaches 1500 to 2000°F. In view of these 
uncertainties, the large-scale experiment might be performed to evaluate 
three effects: (l) the temperature of the cladding after the loss-of-
coolant, i.e., 5 to 10 sec after the break; (2) the extent to which the 
emergency coolant injected by the accumulators might bypass the core; and 
(3) the functional response of the ECCS equipment. In addition, one would 
also obtain other information on the mechanical aspects of components. 
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3«1 Comparison of Proposed Experiment -with LOCA 

In the proposed experiment to operate an electrical mockup of a full-
length section of the core, the electrically-heated section -would develop 
only a fraction of the reactor design power. However, it would he capable 
of bringing both the simulated core and the remainder of the reactor plant 
to a temperature distribution corresponding to full-power operation if the 
flow is reduced proportionately. In considering the points of concern 
starting from the beginning of the LOCA and comparing it with the experi-
ment, the following comments are in order. 

In the case of the LOCA inlet pipe rupture, the first question that 
arises is whether the heat transfer condition on the heater surfaces is 
in the DNB or critical heat flux regime when the primary coolant reverses 
direction. This phenomenon is dependent on the thermal flux and the 
amount of subcooling of the water. If the experiment is operated at an 
initial power (density) level of 17$, the appropriateness of the informa-
tion obtained at this point depends upon the time at which DNB occurs. 
We estimate that the heat flux will drop at the rod surface before DNB, 
in which case the simulation could be made accurate by tailoring the 
power input to the heaters as a function of time. This is a major point 
which must be analyzed further in order to determine the value of the test 
alternative, as well as to establish test criteria. Using heaters that 
operate at 100$ power initially could resolve this matter (alternative 
nos. 3 or assuming such heaters could be developed, but would require 
either higher cost (no. 3) or a smaller number of heaters (no. h). 

While the fuel situation may not be simulated as well as with heaters 
initially at 100$ power, the blowdown depressurization characteristics 
should be well represented because the depressurization depends mostly on 
the break size, the enthalpy distribution in the coolant, and the system 
pressure. The contribution of enthalpy to the coolant from the fuel rods 
after depressurization is initiated is small compared to the initial 
coolant enthalpy content (see Appendix). In addition, the other plant 
materials will be at representative temperature so the effect of their 
heat can be simulated. Furthermore, if our suspicions regarding heat 
transfer from the rods are correct, fuel simulation will be as good as 
in the 100$ cases. 
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Flow restrictors will be -used to restrict the coolant flow to only 
the heated bundles before blowdown and to open the remaining core region — 
which might contain dummy fuel elements — after blowdown. At initial 
conditions, the local flow and momentum near the heated bundles would 
be simulated. However, radial flow components in the flow pattern may 
not be simulated well because of the small size (cross section) of the 
test bundles. Further study is also required to determine if the dif-
ference in total fluid momentum between the real case and the test case 
is of enough consequence to affect the flow reversal on the coolant and 
on the heat removal processes. 

The accumulators start to discharge water into the reactor vessel 
about 6 sec after pipe rupture occurs and continue discharging coolant 
until the accumulators are empty at about 16 sec. The ECCS pumps take 
between 16 and 30 sec depending on the condition of the electric power 
supply to the ECCS pumps. The major factor involved during the accumu-
lator discharging mode is the back pressure in the primary coolant circuit. 
This back pressure and the location of the high pressure position deter-
mine whether the emergency coolant enters or bypasses the core region. 
If the high pressure location is in the outlet side of the core, then 
the flow will tend to bypass the core. On the other hand, if the high 
pressure is located on the inlet side between the core and the break, 
part of the coolant may tend to enter the core. Sonic or choking velo-
cities will occur in the main circulating lines on both sides of the pipe 
rupture. 

The contribution to the back-pressure of the additional steam coming 
from the core region as a result of decay heat and stored energy in the 
fuel is believed to be small, but should be investigated. The heat pro-
duction rate from the core after about 5 sec is about 10$ of the initial 
operating power. An amount of heat equivalent to the sensible heat change 
in the fuel will have to be evaluated and added to this energy release 
rate. The equivalent power could be added to the reactor system by pro-
gramming heater power to simulate this power and would also attain most 
realistic fuel cladding response. On the other hand, energy could also 
be added to the upper plenum in the form of steam from an external source 
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to simulate the steam evolved from the core. The location of this steam 
addition should he investigated; it would likely be in the outlet plenum 
above the core. 

3-2 Alternate Schemes of Heating the Core 

The previously proposed scheme (alternative no. 5) is that the fuel 
rod simulators operate at about 10$ of the initial heat flux at the time 
the LOCA is started. This may result in an inaccurate representation of 
the fuel response to the first second or two of the LOCA, although the 
system blowdown behavior during this period may be well represented. 
This may be overcome by using an array of nine bundles each of which 
is a full-size Br/R bundle (alternate no. 4). The power distribution in 
these bundles could have the center bundle or assembly of 204 rods op-
erating at the power density associated with the hottest bundle while 
the other eight operate at the average power density. Thus the central 
bundle will operate at 14.25 kW/ft or 35 MW and the other eight bundles 
could operate about J kW/ft or 18.6 MW. The total power would be 184 MW 
or of normal reactor power. 

The power on these rods at full operating level would then be equi-
valent to the decay heat level of the reactor plant about 5 sec after 
shutdown. It could be possible to operate these nine bundles at full 
power for about three to four sec into the blowdown transient and obtain 
a full test of fuel cladding behavior as well as system behavior. The 
power level on the nine bundles could then be reduced appropriate to 
decay heat levels. This would amount to about 18.4 MW (i.e., 10$ of 
the 18k MW). 

A total of 5 to 10$ of normal reactor power is required to produce 
steam to simulate the steam coming from the core region after about six 
sec. This steam would be produced external to the plant and added some-
where to the reactor vessel (alternative no. l). This is one possible 
way of adding steam to simulate the back pressure against which the in-
jection system must operate. Other methods involve use of nuclear heat, 
alternative no. 2, or to simulate the full core using electrical heaters, 
alternative no. 3* Neither of these alternatives have been seriously 
considered at this time. 
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The initial phase of this program would be to use the best codes 
available to calculate the related trade-off involved with heater power, 
number of heaters used, and need for steam addition. 

3-3 Hydrodynamic Effects 

The hydrodynamic effects near the heated section during depressuri-
zation would be simulated because the flow direction through the core 
would be axial during and after the time the depressurization was started. 
Since the flow prior to blowdown would be directed only through the heated 
bundles, the flow velocities and major momentum effects at the initiation 
of blowdown would be represented. As mentioned previously, this program 
would begin with a large analytical effort to establish the effect of 
deviations from complete simulation such as smaller flow through the 
system at the initiation of the test. 

3.4 Analysis and Interpretation of Data 

The information that will be obtained in these tests will be invalu-
able as a source of data for establishing the validity of the computer 
programs being utilized to analyze the performance of reactor plants in 
accident situations. In particular, the computer programs RELAP III15 

and THETA IB18 have been developed for this purpose by Aerojet Nuclear 
Company (formerly Idaho Nuclear Corporation) and the IWR manufacturers, 
although the latter programs are proprietary. The former computer pro-
grams will be used to obtain estimates of behavior and to locate meas-
uring instruments to observe critical events such as flow reversals, 
pressure response, and peak cladding temperature. 

In addition, these programs will be utilized in designing the details 
of the experiment to make sure the validity of the tests is not violated 
by an inadvertent choice of blowdown line location, steam addition lines, 
or steam generator treatment. 

ASSESSMENT OF BLOWDOWN TRANSIENT ON PLANT SYSTEMS 

It is essential to the concept of this proposed test that the reactor 
vessel and the primary system, as well as all other components and systems 
that would be subjected to the blowdown transient, not be damaged and be 
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capable of being placed back into operation with a minimum of delay fol-
lowing the test. Although we have not addressed ourselves to this point 
in a comprehensive manner, we have examined both the code requirements 
for such vessels and components as well as the vendor's analysis. 

Reactor manufacturers have analyzed the loss-of-coolant accident for 
a double-ended rupture of a coolant pipe and calculated the stresses 
caused by the thermal shock from operation of the emergency core cooling 
system combined with stresses from simultaneous pressure, earthquake, 
and pipe rupture loadings. Reports of these analyses are incorporated 
by reference into the license applications filed by the plant owners. 
We have also examined these analyses regarding the integrity of the pres-
sure vessel, internals, the primary system piping, and other components 
and systems with respect to their capability to withstand the blowdown 
transient. 

4.1 Code Requirements 

Reactor cooling systems are designed to meet the requirements of 
the ASME Boiler and Pressure Vessel Code — Section III — Class I for 
Nuclear Power Plant Components.19 The requirements for Class I components 
vary with four specified operating conditions. Condition I, Normal Con-
dition, and Condition II, Upset Conditions, are associated with system 
startup, operation in the design power range, hot standby and system 
shutdown, and deviations from normal conditions which must be managed 
without operational impairment. 

Condition III, Emergency Condition (infrequent Incidents), is de-
fined as "Those deviations from Normal Conditions which require shutdown 
for correction of the condition or repair of damage in the system." 
These conditions have a low probability of occurrence but are included 
to provide assurance that no gross loss of structural integrity will 
result as a concomitant effect of any damage developed in the system. 
The total number of postulated occurrences for such events shall not 
cause more than 25 stress cycles. The code provides that for this con-
dition the primary stress intensities may equal the greater of 150$ of 
the yield strength or 120$ of the primary stress intensities permitted 
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for Conditions I and II. In addition, the secondary and peak stresses 
due to thermal cycling, discontinuities, etc., need not be evaluated. 

Condition IV, Faulted Condition (Limiting Faults), is defined as 
"Those combinations of conditions associated with extremely-low-proba-
bility, postulated events whose consequences are such that the integrity 
and operability of the nuclear energy system may be impaired to the ex-
tent that considerations of public health and safety are involved. Such 
considerations require compliance with safety criteria as may be speci-
fied by jurisdictional authorities." The Code requires that limit analy-
sis or plastic analysis be used to demonstrate that system integrity is 
maintained to permit a safe shutdown, 

Pressure Vessel 

Reports by General Electric,20 Babcock & Wilcox,21 and Combustion 
Engineering22 about the structural integrity of reactor pressure vessels 
during emergency core cooling were reviewed to determine if the resulting 
stresses and deformation precluded returning the plant to service with 
only moderate repair and inspection. 

All of the reports were based on a detailed thermal-hydraulic analy-
sis to establish the temperature profile in the vessel at various times 
up to 50 min after the accident. Thermal stresses were calculated to be 
a maximum of approximately 70,000 psi occurring about 8 min after the 
accident. Pressure stresses at the start of the accident, of course, 
are less than the design stress intensity of 26,700 psi for the ASTM 
A533 material and decrease rapidly as system pressure is lost. Stresses 
due to seismic and jet loads were relatively small ranging from 1000 to 
2000 psi. The stresses reported by the different manufacturers were 
surprisingly consistent especially since General Electric's reactor is 
a EWR and the others are IWRs. 

The main concern in the vessel analyses was that the high thermal 
stresses would cause a critical flaw to propagate and rupture after a 
l*0-year fluence had decreased the fracture toughness of the material. 
Fracture mechanics techniques demonstrated that a crack would be self-
arresting before the vessel integrity was imperiled. This would be even 
less a consideration for this test because the new vessel would just have 
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completed extensive radiography and other examination and not likely to 
have developed any serious flaw and would have great fracture toughness 
since there would be no irradiation damage. 

The vessel analyses are based on maintaining the vessel integrity 
for safe shutdown with operating Condition IV. To resume operation after 
this test with a minimum of repair and inspection, design should meet the 
Code requirements of Condition III which would use one of the permitted 
25 cycles. The primary stresses from the loss-of-coolant accident are 
below those allowed. The secondary and peak (thermal) stresses are not 
required to be evaluated because of the low number of cycles permitted. 
No deformations were given in the reports, but it is not believed they 
could be significant at the calculated thermal stresses and temperatures 
for the short stress duration. 

h.3 Pressure Vessel Internals 

Babcock & Wilcox23 has analyzed the stresses and deflections for 
reactor vessel internals due to the loss-of-coolant accident and maximum 
allowable hypothetical earthquake. Following the accident, the reactor, 
including the internals and the core, is subjected to two major types of 
loadings. The first is a horizontal shaking due to the side thrust re-
sulting from the rupture of a reactor coolant pipe in which the resultant 
motion of the vessel is transmitted to the internals. The second type 
of loading results from transient differential pressures that are applied 
to the core and internals. Examples of this type of loading are the 
vertical pressure difference across the core and the external pressure 
load on the core support shield resulting from a rupture of the reactor 
coolant piping in the hot leg. 

Similar loads result from an earthquake. Horizontal shaking from 
the ground motion excites the reactor through the vessel support skirt. 
Vertical ground motion produces inertial loading of the core on the lower 
grid plate, which is qualitatively comparable to the core pressure drop 
load. 

The reactor internals were analyzed to determine the magnitudes and 
the effects of all these loads, including simultaneous occurrences. Sum-
maries of the stresses, deflections, and their locations are shown in 
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Tables 2 and 3 and Fig. 4 from Reference 23. Table 2 indicates that the 
primary stresses under the design loads plus LOCA condition are below 
the design stress intensities permitted by the Code for Condition III, 
the Emergency Condition. 

Although these reports are not applicable to any specific reactor, 
the results are typical for the stresses that would be developed in the 
reactor vessel and internals as a result of the loss-of-coolant accident. 

4.4 Other Components and Systems 

The Watt's Bar PSAR9 indicates that components in the primary coolant 
system satisfy the "Faulted Condition" requirements for the loss-of-
coolant accident without giving any of the resulting stresses or deforma-
tions. The FSAR for the Donald C. Cook Plant,24 of comparable size to 
Watt's Bar, does give a partial report of stresses in the steam generator, 
pressurizer, and coolant pump due to the LOCA. Although the manufacturer 
is only striving to meet ".faulted Condition" requirements, the reported 
stresses appear to satisfy the more stringent "Unergency Condition" re-
quirement s. 

Insufficient data were available in the Safety Analysis Reports to 
determine all the effects of the LOCA on the secondary system components, 
particularly the steam generator. Stresses due to the transient pressure 
differentials in the steam generator do not appear to be excessive, but 
no information is given about tube vibration, pressure shocks, deforma-
tions, etc. 

4.5 Conclusion 

It is concluded from this brief review of manufacturers analyses of 
the effects from the loss-of-coolant accident that it is certainly feasible 
to consider using an operable full-size reactor to conduct an in situ 
emergency core cooling test. The analysis performed by the manufacturer 
in support of licensing applications establishes the design adequacy for 
the Faulted Condition of all components and for several components at 
the Emergency Condition. If complete stress data were available, it 
might possibly show that Emergency Condition requirements are satisfied 
or could be with modest equipment modifications. Should the manufacturers 
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Table Deflection Summary (from Ref. 23) 

Dc f lect ion . 

Component 

Core support shield 

Core barrel 

Upper plenum 
as sembly 

Safety implication 

Mode 1 — Outward def lect ion of the 
she l l wi l l reduce the e f f ec t iveness of 
the internals vent va lves , resulting 
in increased probability of uncover-
ing the core during blowdown. 
a . Uniform radial expansion uf the 
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U> 

1 - 1 / 2 

2 - 7 / 1 6 4 - 7 / 8 

(See note 11 

(b) 1 / 8 

Negligible 

—3/8 

^ I n c l u d e s 0 .062- inch uniform d e c r e a s e in barre l diameter plus 0.146«inch 
local inward def lect ion of baff les a c r o s s a d iameter . 

"'' includes 0 .011- inch radial expansion of the upper plenum a s s e m b l y and 
0 .070- inch d e c r e a s e in d iameter of the c o r e support shield. 
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Table (continued) 
Deflect ion 

Component 

Control rod 
guide a s s e m b l y 

Safety impl icat ion 

Fuel a s s e m b l y 
guide tube 

Lower grid 
p l a t ! a s s e m b l y 

Thermal sh ie ld 

Flow dis tr ibutor 

Note 1 

Mode I — Limit axial def lect ion to 
ensure engagement of the fuel a s s e m -
bl ies in the upper grid plate. 
Mode 2 — Bending a s a beam—con-
tact between the guide tube and the 
control rod resul t ing f rom def lect ion 
of the guide—tube must be l imi ted 
so that the resultant frict ional drag 
on the control rod wi l l be smal l 
enough to p e r m i t control rod i n s e r -
tion-
Mode 3 — C r o s s - s e c t i o n a l distort ion 
of individual tubes is l imi ted to main-
tain c l e a r a n c e between the guide 
tubes and the control p ins . 
Mode 4 — Bending a s a beam of indi-
vidual tubes i s l i m i t e d to maintain 
c l e a r a n c e between the guide tubes 
and the control p ins . 

Mode 1 — The c r o s s - s e c t i o n a l d i s -
tortion of guide tubes i s l imited to 
maintain c l e a r a n c e between the tube 
and the control pin. 

Mode 1 — Downward def lect ion a s a 
plate i s l imi ted to e n s u r e engagement 
of the fuel a s s e m b l i e s in the grid 
p lates . 

No sa fe ty impl icat ion . 

No sa fe ty impl icat ion . 

The combined axial d i sp lacement of 
the lower grid plate , the core barre l , 
the core support sh ie ld , the upper 
plenum a s s e m b l y , and the control rod 
guide a s s e m b l y i s l imi ted to prevent 
d i sengagement of the fuel a s s e m b l i e s 
from the grid p la te s . 

Al lowable , No l o s s of 
in. function, in. 

1/4 

(See note 1) 

1/2 

Calculated, 
in. 

Negl ig ib le 

1/16 

0.014 

0 .022 

0 .013 

0.029 

0.045 

0.027 

(See note 1) 

Negl ig ible 

0.017 

Negl ig ible 

+15 /64 

+19/64 <c> 

1 - 3 / 4 - 3 / 8 (O 

Sum of c a l c u l a t e d d e f l e c t i o n s . 
+ i m p l i e s s e p a r a t i o n at the u p p e r g r i d p l a t e . 
— i m p l i e s s e p a r a t i o n a t the lower g r id p l a t e . 
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Fig. b. Location of Stresses (from Ref. 23). 
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or the AEC Division of Reactor Licensing cooperate in furnishing this 
information, it could he that the only additional analysis required would 
be for the modifications and additional components involved with the test. 
Provision should be made for checking deformations of critical ports fol-
lowing the test and using strain gages at high stress areas for monitoring 
during the test. 

Since the coolant systems are designed for a safe shutdown rather 
than recovery after the LOCA, there could be places where large deforma-
tions would be permitted under the Faulted Condition which would not 
permit immediate recovery following the LOCA test. This could involve 
such things as misalignment of pump parts, damage to valves, misalign-
ment of control rods and drives. If the component manufacturers have 
not investigated these conditions, a very large amount of work could be 
involved in determining if all the equipment were operable following the 
test. 

5- MAJOR DESIGN REQUIREMENTS FOR COMPONENTS OF THE TEST 

In the design of the additional apparatus which will be required 
for the simulated blowdown test of the emergency core cooling system 
(ECCS) of a IWR, there are six major components which must be considered. 
These include (l) a complete hydraulic simulation of the nuclear fuel 
for the core loading with an electrically-heated section, (2) tempera-
ture distribution simulation attainable with electrical heaters, (3) a 
flow restrictor for this core simulator that will be used prior to the 
initiation of the test to establish the proper temperature, pressure, 
and flow conditions in the primary system, (4) appropriate conduit through 
which the fluid from the simulated rupture may be carried outside of the 
containment structure, (5) power supply for core heating, and (6) proper 
instrumentation to determine the pressure, temperature, and flow distri-
butions throughout the system during the test in order to permit meaning-
ful analyses of the simulated transient. 

The operation requirements of these major components together with 
any particular considerations which must be given to their design are 
presented in this section in the order listed above. It should not be 
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inferred from this listing that these are the only design problems that 
one will encounter, but rather that these are the main areas upon which 
the success or failure of this proposal hinges. 

5«1 Core Hydraulic Simulation with a Heated Section 

Since one of the major objectives of the test is to determine the 
amount of coolant which flows through the core and the amount of coolant 
which is retained in the core during the blowdown sequence, it is neces-
sary to have a complete hydraulic simulation of the entire structure. 
The remainder of the primary system consists of the actual components; 
therefore, an actual hydraulic simulation of the fuel will duplicate the 
flow paths and pressure distributions in the primary system. In addition 
to the hydraulic simulation of the fuel, it is also desirable to simulate, 
as well as possible, the thermal response of the fuel. This thermal re-
sponse, however, presents one of the major design considerations. 

Thermal input from the simulated core section serves two purposes 
in the test. First, before the initiation of the test, this thermal in-
put will be used to create the difference in temperature of the circu-
lating water from the inlet plenum below the core to the outlet plenum 
above the core. Second, during the blowdown the heat input from this 
section can be used either to approximate the heat input to the system 
from delayed neutron fissions and fission-product decay from the entire 
core or to simulate cladding response in the heated section itself. 

In addition to the obvious expense of these simulated fuel bundles, 
there are several major design problems associated with the design and 
fabrication of this component. Most of the problems are associated with 
the simulation of the heat input during the blowdown period. If elec-
trical resistance heaters in the simulated fuel rods are to be used to 
supply this heat, then there must be (l) a sufficient supply of electri-
cal power at the test site, (2) a.n adequate heater connection arrangement 
within the pressure vessel that will supply energy to the simulated fuel 
rods and, at the sains cime, not significantly affect the hydraulic re-
sponse of the simulated core, and (3) properly designed heating units 
within the rods to simulate the power distribution which will exist in 
the core. 
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The thermal rating of the core of the Watts Bar ll80 MW(e) Plant 
during normal operation is 3^11 MW(t).9 Following a reactor trip, the 
heat generated by the fuel comes from two sources. These are the fis-
sions resulting during the reactor shutdown, including the fissions re-
sulting from delayed neutrons, and the decay heat liberated by the fis-
sion products. The heat generated during the reactor transient depends 
upon the negative reactivity insertion and the mean neutron lifetime plus 
the delayed neutron fission power. The fission-product decay power can 
be expressed as a percentage of the normal operating power as a function 
of time following the reactor trip. The total control rod worth of the 
Watts Bar Plant is 9•75?' at beginning of life. At various times during 
the reactor lifetime, the rods will be at varying positions, so that only 
part of this shutdown worth will be available. The effective worth of 
these rods at any time, however, should be greater than 5$* For a nega-
tive reactivity insertion of approximately 6$ and for a mean neutron life-
time of 10~4 sec, the prompt step in reactor power should be to ~10$ of 
the initial operating power. At 10 sec following reactor trip, the 
fission-power source will have decayed to and at 50 sec to ~1$.25 

Fission-product decay heat will be equivalent to of reactor power at 
the time of reactor trip, about 5$ 10 sec later, and about 3.8$ in 50 sec. 
It will decay exponentially going through 3-3$ at 100 sec after the reac-
tor trip.26 

For the entire core, the summation of these power sources will result 
in the generation of power at 17$ of normal following the prompt step, 
10$ of normal in 5 sec, 8$ of normal in 10 sec, and 7$ of normal in 15 
sec. If a mean heat generation rate of 10$ of normal power is considered 
to be an effective value during the blowdown period, then a power of 
3^0 MW will be required in the heated section of the core to duplicate 
this power insertion. This requirement would obviously put extreme de-
mands on the design for both the power source and the electrical heater 
connections within the pressure vessel. In addition, if all of this 
power were to be added during the blowdown test, then all of this power 
would have to be distributed throughout the core simulator so that the 
blowdown conditions would be adequately represented. The fraction of 
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the power which will be required is therefore directly dependent upon 
that fraction of the core simulator which is to be heated. 

If the effective cooling of a fuel rod is to be investigated during 
the blowdown period, then a fuel bundle must be heated in the center of 
the core simulator. So that the effects of radial flow within the core 
can be investigated, some number of fuel bundles, in a symmetrical array, 
around this central bundle must be heated. To make a symmetrical array 
around a single bundle, the group of bundles should have an odd number 
in a square array, such as 3 X 3* 5 X 5, etc. If a 5 X 5 grouping is 
selected, then the required electrical heating load may be estimated as 
follows. There are 193 fuel bundles in the Watts Bar Plant; for a total 
power input representing 340 MW, the power per bundle is 1.77 MW. For 
a maximum radial to average power ratio of 1.26, which occurs at beginning 
of life in the center of the core, the pcwer per bundle is 2.23 MW. A 
3 X 3 array would therefore require a total power input of 20.0 MW, and 
a 5 X 5 array would require 55*7 MW of power input. If the four corner 
bundles were omitted, thus giving approximate cylindrical symmetry, the 
heat required for 21 bundles would be 46.7 MW. 

The total power of 2.23 MW per bundle could easily be supplied by 
electrical heaters. There are 204 fuel rods with an outside diameter 
of 0.422 in. per bundle, and the active fuel length is 12 ft. This would 
correspond to only 0.91 kW/ft of rod as the heat generation rate. Even 
if it was desired to represent the axial power distribution in the fuel 
rod by generating the maximum power near the midpoint, this maximum rate 
would only be 1.2 kW/ft; this is a heating rate which can easily be ob-
tained from commercially available electric heaters. 

The final choice on the total number of fuel bundles which are to 
be heated will depend upon the nature of the available power source and 
the design of the electrical heater connections within the pressure vessel, 
as well as the total heat requirements and design loading of the heaters. 

5.2 Temperature Distribution Simulation with Electrical Heaters 

The normal inlet water temperature to the core in the Watts Bar Plant 
design is 557*5°F and the normal outlet temperature from the core is 
621.2°F.. It is very important to represent these temperatures during 
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the blew down test "because, as the mean system pressure decreases, the 
water in the outlet plenum will reach its saturation pressure first. At 
this point it will begin to flash and the steam that is generated will 
be ejected through the outlet vessel piping and downward through the core 
if the pressure differentials around the loop permit. 

If this temperature difference of 63-T°F is to be obtained, prior 
to the initiation of the test, through the heat input of the electrically 
heated section of the core region, then two points must be considered. 
First of all, the coolant flow rate must be considerably less than any 
normal flow rate in the core, and flow must be prevented from flowing 
around the hsated section of the core, that is, through the unheated 
portion of the core simulator. The allowable flow will, of course, de-
pend upon the total power input of the electrical heaters which will, in 
turn, depend upon the number of fuel bundles which are chosen to be heated 
during the simulation. 

For a heating rate of 20.0 MW, the corresponding flow rate of water 
to obtain these temperatures would be O.358 million pounds per hour (mpph). 
For a heating rate of k6.7 MW, the flow is 0.837 mpph; and for a heating 
rate of 55.7 MW, the flow rate would be O.997 mpph. The normal flow 
through the reactor during operation is 138.4 mpph. 

5-3 Flow Restrictor for Use Prior to Blowdown 

As indicated in the previous section, if the desired temperature 
distribution is to be obtained with the indicated power and flow rates, 
water must be prevented from bypassing the heated section of the core 
simulator prior to initiation of the blowdown sequence. It is equally 
important that coolant flow through all sections of the core simulator 
during the blowdown. A flow distributor, therefore, must be in place 
prior to the test, and it must be effectively removed from the flow 
channels at the time that the test begins. 

This device will require considerable design study. At present, it 
appears that a mechanical flow restrictor can be designed to provide ade-
quate flow distribution prior to the test and that this flow restrictor 
can be moved out of the flow path by some mechanism, which operates through 
the control rod drive ports, just prior to the test. 
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An alternative suggestion involves the placing of a thin membrane 
over those channels where flow was not desired prior to the test. Since 
the pressure differential is not great over the core at the proposed flow 
rates, this membrane would prevent flow during the initial heating period. 
Just before the initiation of the blowdown test, or perhaps simply the 
initiation of the blowdown test, a pressure pulse would cause this mem-
brane to rupture. 

5.4 Blowdown Piping 

Since it is proposed to perform this test on an actual reactor faci-
lity which has not yet been put into nuclear operation, it is desirable 
that the test not damage the plant facilities. One criterion is that the 
mixture of steam and water which issues from the simulated rupture not 
be allowed to expand into the containment structure. It will be neces-
sary therefore to conduct this fluid to a point outside of the contain-
ment. A restriction on the design of this blowdown piping is that a 
backpressure should not be created at the point of the simulated rupture 
that will significantly affect the blowdown sequence. 

From a brief study of the drawings of the containment structure for 
the Watts Bar Plant, it appears that relatively large diameter pipe (6, 
8, or 10 ft in inside diameter) can be installed from a point in the cold 
leg of one of the loops, up through two of the pump removal hatches, and 
out through the equipment hatch without requiring any significant altera-
tions in the building structure.' 

'The sizing of this blowdown,piping must be studied in detail to 
determine that size which will accommodate the blowdown flow without 
creating a substantial backpressure. If the piping size requirement 
appears to be too large, then it is possible to inject cold water at the 
simulated rupture point to limit downstream vaporization of the ejected 
fluid. A point that complicates the calculation of the required pipe 
size is that the initial heat content of the system fluid is not suffi-
cient to convert all of the effluent to steam at near atmospheric pres-
sures. The blowdown fluid will be a mixture of both steam and water, 
and the pressure losses in streams which have both a vapor and a liquid 
phase are very sensitive to the type of flow that is developed. This 
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flow may be annular with the liquid being forced to an outer ring and 
the steam flowing in the center of the pipe, or it may be a bubble type 
flow with the steam dispersed in the water, or it may be a mist flow 
with a continuous vapor phase containing droplets of water, or it might 
be any of these at different points in the piping. Internal deflectors 

V 
can be designed to promote the most desirable flow mode. 

5.5 Power Supply for Core Heating 

It is assumed that any power plant, such as the Watts Bar Plant, 
will be constructed so that the electrical output of the plant can be 
added to the grid of an electrical distribution system. These connec-
tions to the grid should be completed by the time that the proposed test 
is to be conducted. Sufficient electrical power can be obtained from 
this grid to supply the power needs of the test. 

In addition, power producing facilities which are part of the normal 
plant design can be used to supply the required energy input for the test. 
Emergency diesel-driven generators will supply some electrical power, and 
the axuiliary boilers which will be used for normal plant startup can be 
used to supply steam to bring the primary coolant system to its normal 
operating temperature and pressure. This axuiliary steam can be intro-
duced on the steam-side of the regular steam generators, and the heat 
that is transferred through the tubes will bring the system to its mean 
operating temperature. The system pressurizers will function in their 
normal manner to develop and maintain the primary system operating pres-
sure. 

5.6 Instrumentation 

The instrumentation for the test will require considerable investi-
gation and design. It will be necessary to determine the instantaneous 
temperature, pressure, and flows at various points in the primary system. 
It will also be necessary to measure the surface temperature of the heated 
fuel rods in the central bundles. These measurements can be made con-
veniently with differential pressure cells and thermocouples; however, 
careful attention must be given to eliminate sources of time lag in the 
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circuits. It will also be desirable to fix strain gages to many points 
in the system piping and components. 

The measurements of flows will be the most difficult task. Pitot 
tubes or hot wire anemometers are two instruments which can determine 
both the direction and amount of flow within the core. Flow reversals 
will occur in the system piping so that either orifice or venturi meters 
would be desirable in each piping branch. It is doubtful if space is 
available for these devices, or whether or not they could be installed 
and removed without leaving a question about the result system integrity. 
All of these flow measurements would require some sort of coincidental 
density measurement since most of the flow stream will be a mixture of 
both steam and water. 

6. DISCUSSION OF WORK NEEDED TO SUBSTANTIATE 
PROPOSED TEST 

While the preceding sections of this report have outlined a proposal 
for the in situ testing of emergency core cooling systems in a pressurized 
water reactor, we are not in a position to contend that the test can in-
deed achieve the objectives we suggest for it. However, we can say, on 
the basis of the limited study summarized in this document, that we have 
not uncovered any fundamental deficiency which would either preclude the 
conduct of the test as proposed or which would indicate that the results 
would not be as definitive as desired. Accordingly, it appears to us to 
be justified to pursue the concepts outlined in this document to the point 
of a conceptual design for a nuclear plant in which the major technical 
issues in this document will have been resolved. Such a conceptual de-
sign should permit a preliminary cost estimate of the cost involved in 
the conduct of such a test. 

Other ramifications of this proposal — but which would not neces-
sarily have to be resolved during this next phase — would include arrange-
ments with one or more utilities for the conduct of such a test, as well 
as the answers to sucli questions as could the same equipment be used in 
the test of more than one facility?; would it be necessary to test more 
than one reactor of a given design?; would it be possible to test a 
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facility more than once in its life?; who should, pay for the test?; etc. 
While we have not even attempted to answer such questions, we are aware 
that they are real questions which would have to be answered should the 
test prove to be meaningful and feasible. For the time being, however, 
we have confined our concerns to the technical issues which would have 
to be resolved in order to assess the value of the proposed experiment 
and/or the alternatives. 

The following paragraphs indicate work which would be required be-
fore the presentation could be made of a detailed description of the test 
equipment, the test procedure, and the analysis of the test results. It 
is not intended to include the detailed engineering design that is neces-
sary to prepare the construction drawing of the test equipment or the 
detailed analysis of the effect of the testing on the integrity of the 
reactor plant. The results of this work will indicate the features of 
the test equipment which will be required, the nature of the results of 
the test, and the applicability of these results to the specification of 
the performance of the emergency core cooling system of other similar 
reactors. 

6.1 System Integrity Following Blowdown Transient 

The published information reviewed for this preliminary assessment 
of blowdown transient on plant systems indicated that the concept of an 
in situ emergency core cooling test in a 1000-MW(e) reactor may be feasible. 
Sufficient information was not available to show that all components in 
the primary and secondary systems would be operable without repair fol-
lowing such a test. This information would, of course, have to be known 
before proceeding with test plans. Since it is indefinite how much of 
this information has been developed by component manufacturers or how 
willing they would be to make it available, it appears prudent to get 
the necessary information from them or to develop it independently. Af-
ter this evaluation, if the test still appeared feasible, a more realistic 
appraisal of the effort and cost could be presented. 
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6.2 Specification of the Core Flow Simulator 

The hydraulic simulation of the core structure has been studied for 
almost all of the new reactor concepts. For cases where clean fuel is 
not used, exact simulation is possible, since the construction of the 
simulator would be identical to the construction of the fuel bundles 
except that an iuert material would replace the fuel. A point for study, 
however, would be the simulation of the core hydraulic behavior without 
the cost of exactly reproducing the geometry of all of the fuel bundles. 
Because the fuel bundles which are proposed for the Watts Bar Plant are 
unshrouded bundles, there will be, in the blowdown situation, signifi-
cant transverse flow in the core due to the power density gradients in 
the radial directions. Since the main point of study will involve a 
limited number of heated fuel rods at the center of the core, the exact 
core geometry may not need to be duplicated beyond the effects of these 
transverse flows. 

After the extent of the simulation has been evaluated, then the re-
quirements and procedures for representing the response to the blowdown 
sequence of the remainder of the core simulator can be determined. If 
the central bundles are to be heated electrically, then some considera-
tion must be given to methods of introducing this electrical power into 
the structure without interferring with the hydraulic simulation. 

6.3 Design of the Heated Section of the Core Simulator 

Electrically-heated rods have been installed in limited scale mock-
ups of core sections at ORNL for gas, water, and sodium-cooled systems. 
A heater with the dimensions and power ratings which were cited in Sec-
tion 5 of this report has been considered in previous evaluations of test 
loops, and confirmation has been obtained from commercial vendors that 
heaters of this type can be obtained. A preliminary estimate indicates 
that the desired heaters might cost approximately $200 each with a 12-ft 
heated length. To represent nine bundles with 204 rods per bundle, the 
total cost of the heaters would be approximately $367,200. 

Because of the previous experience in this field, no further evalua-
tion of the heated section would be required with the exception of the 



COPY ORNL/TM-5032 

electrical connections between heaters and the power distribution system 
(bus bars) required to bring this power into the core simulator. These 
power leads might well replace the control rod drive mechanism which 
would normally be installed in this part of the core. 

6 . 4 Design of the Flow Distributor 

Possible designs for the flow diverter which would force most of the 
circulating coolant through the heated section of the core prior to the 
test and which would not influence the flow patterns during the test 
would require considerable investigation. Two possibilities have been 
cited. One design would incorporate a flow distributor wnich would be 
moved by mechanical linkage at the time that the test was initiated. 
Another design would incorporate a rupture membrane that would be de-
stroyed by a pressure pulse or simply the initiation of the test. Both 
of these designs have the potential, if not properly designed, of in-
fluencing the blowdown sequence. This potential will have to be evaluated 
and, if significant, eliminated by design investigation. Other systems 
exist, such as hydraulically actuated baffles, which might be considered. 

6 . 5 Design of the Blowdown System 

In the design of the blowdown piping, the piping must be sized so 
that backpressures at the simulated rupture will not affect the blowdown 
process. Since the heat content of the water in the system at normal 
operating temperatures and pressures is not sufficient to supply all of 
the heat of vaporization for the mass of coolant which will be discharged 
during the blowdown, the fluid in the blowdown piping will be a mixture 
of both steam and water. Two-phase flow is difficult to characterize, 
and the character of the mixture must be known before flow rates and 
pressure losses can be determined. 

The design of this piping must also depend upon a rather careful 
analysis of the adjacent primary-loop piping and the flow characteris-
tics in that section. The validity of the entire test will depend upon 
the accurate evaluation of these effects. If a water-injection system 
is required to restrict the size requirements of the blowdown piping, 
then sources of water and injection mechanisms must be investigated. 
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6.6 Design of the Power Supply System 
The power supply system which is outside of the pressure vessel will 

consist of conventional equipment. The design of the power distribution 
within the pressure vessel will be associated with the design of the core 
heater. Other than determining that access to the required power is 
available, no future preliminary work will be required. 

6 . 7 Design of Test Instrumentation 

Again, the design of instrumentation will be one of the more impor-
tant aspects that will affect the value of the test results. The problems 
related to proper instrumentation have been noted in Section 5» When the 
problems of obtaining recording equipment which will follow the very 
short-time transient effects of the test are added to the problems of the 
design of the instruments of measurement, a major effort is involved. 

6.8 Analytical Studies and Treatment of Experimental 
Measurements from Test 

If all important system operating variables are adequately repre-
sented by the test, then this test will provide proof concerning the 
performance of the ECCS for this particular reactor design. A result 
that would be of more general interest is that experimental measurements 
would be available for the evaluation of predictions produced by calcu-
lational techniques based on analytical representations of the system 
components. Analytical techniques have been developed both under the 
sponsorship of the AEC safety program and the manufacturers. The ref-
erence AEC code is RELA.P III 1 2 - 1 5 which calculates the flow and tempera-
ture distribution throughout the reactor system during the LOCA and in-
cludes the THETA IB18 which calculates fuel, temperature, and heat trans-
fer effects. Most likely, the manufacturers would be requested to pre-
dict results with their proprietary codes also. Prior to this test, the 
LOFT program will serve as a check on the calculational ability of the 
codes, but is neither large enough nor has the proper geometry to simu-
late a 1000-MW(e) FWR. Critical parameters appear to be the length of 
the fuel, the height of the core-barrel annulus, and the distribution of 
liquid and vapor in the core and annulus. These factors can best be 
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investigated by fall-scale tests after the capabilities of small-scale 
tests, visualization tests with simulant fluids (such as Freon), and 
partial-core tests out of pile have been exhausted. The verification or 
the development of such calculational techniques would provide a method 
for the evaluation of the blowdown performance of other existing reactor 
designs or of future design concepts. 

The cooling system design variables which would be most influential 
in dictating the course of the blowdown sequence would be indicated by 
the test; and, where necessary, design changes could be made which would 
result in the most favorable sequence of events. 

6.9 Cost of Further Analyses of the Experimental Proposals 

It is difficult in a study of the nature discussed in this memoran-
dum to estimate precisely what would be required to establish adequate 
justification for conducting the proposed tests, not only because the 
objective in question is somewhat subjective, but also because many unan-
ticipated problems may arise. For the purpose of the following cost 
estimate for further study of this proposal, we have provided for no con-
tingencies; e.g., we assume that the work to be done is as outlined in 
the preceding discussion. We have also assumed that related programs 
will have developed the computer programs which would provide the basis 
for the interpretation of the test as well as for defining its potential. 
Within those bounds, we can readily see that at least four man-years of 
effort ($150,000) are required. Since this four man-years of work repre-
sents the part time input from a large number of persons, it could be 
completed in nine months. 

7. CONCLUSIONS AND RECOMMENDATIONS 

On the bases of the limited studies which are described herein, it 
appears perfectly feasible to conduct an in situ test of emergency core 
cooling systems with- an unfueled reactor core. Temperature distribution 
in the primary system could be attained with electrically-heated rod 
bundles simulating fuel rod bundles in only the central 5 to 10$ portion 
of the core. The control of the flow and its distribution in the remainder 
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of the core during both the pre-transient phase and the transient phase 
constitutes one of the more important design requirements of this test 
since this is essential to LOCA simulation in the test. Assuming that 
the flow can be reproduced, the test will inherently diverge from LOCA 
conditions as regards heat input as a function of time since with only 
a portion of the fuel rods electrically simulated it is extremely diffi-
cult to reproduce heat quantities and distributions (after heat and stored 
energy in the reactor core) as a function of time. However, we suspect 
that this is not important to the simulation of system behavior during 
the first 15 to 30 sec, which is the critical period as far as core cool-
ing by the accumulators. At the same time, precise heat simulation as 
a function of time in the electrically simulated core section could pro-
vide meaningful data on the transient behavior of those rods for longer 
periods of time. In any event, an integrated test of this nature would 
provide the initial conditions for a separate effect test of the rods. 

In addition to the above, there are other technical problems which 
need to be studied at greater length before seriously recommending that 
such a test actually be undertaken. Such additional studies, as are 
discussed in Section 6 of this report, are also needed to obtain a ball-
park estimate of the cost of such a test. In view of the critical im-
portance of emergency core cooling systems to the safety of nuclear power 
plants, the need for electrical energy, the expressed concern for the 
performance of ECCS, and the difficulty of extrapolating of small-scale 
test results to full-scale, we recommend that the in situ ECCS test as 
proposed in this document be further explored in order to better assess 
its merits. We estimate that this will require four man-years. 
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APPENDIX 

ENERGY RELEASE DURING BLOWDOWN SEQUENCE 

For the purpose of estimating the relative influence of til?, various 
energy sources during the blowdown sequence, average values were obtained 
from the proposed operating conditions for the ll80-MW(e) Watts Bar Plant.9 

Under normal operating conditions the inlet temperature of water to the 
core is given as 557«5°F and the temperature rise of this water in passing 
through the core was given as 63-7°F. Based on this information, it was 
assumed that some effective mean temperature for the primary coolant loop 
would be 590°F. The normal operating pressure was about 2250 psia. The 
primary system coolant volume was given as 12,6l2 ft3 with a liquid volume 
of 11,892 ft3. 

Under these conditions of temperature and pressure the enthalpy and 
density of the compressed water that filled the primary cooling system 
were found frcm the ASME Steam Tables27 to be 559 Btu/lb and kk.O lb/ft3, 
respectively. For these values the mass of liquid in the primary coolant 
system would be approximately 5*23 X 10s lb, and the total heat content 
of this liquid, above the datum specified in the steam tables, is 
3 1 3 . 3 X 1 0 s Btu. 

The analysis of the blowdown accident, as given in the Watts Bar 
Preliminary Safety Analysis Report9 (see Fig. 2 of this report), indi-
cates that a system pressure of 100 psia will be reached approximately 
14 sec after the initiation of the blowdown sequence. In addition, blow-
down tests with semiscale apparatus28 have indicated that "vessel fluid 
temperatures decrease uniformly throughout the test to a final tempera-
ture of about 205°F which corresponds to the saturation temperature at 
ambient pressure at the test facility." Again from the Steam Tables,27 

the enthalpy of saturated steam at 100 psia is 1187.2 Btu/lb, and the 
density of this steam is 0.2257 lb/ft3. If it is assumed that most of 
the cooling system voltime is filled with saturated steam at 100 psia at 
the end of the l4-sec period, the mass of coolant remaining in the system 
is 2850 lb, and the heat content is 3*38 X 10s Btu above the datum con-
ditions of the steam tables. 
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The energy loss during blowdown sequence due to fluid leaving the 
system is thus 309-0 x 10s Btu. 

As indicated in Section 5 . 1 of this report, the average energy re-
lease during the blowdown period for a reactor of the thermal power rating 
of the Watts Bar Plant would be expected to be approximately 4 l 0 MW(t) or 
5 . 4 4 x 10s Btu for a l 4 - s e c period. 

Another source of energy during the blowdown sequence is the release 
of the sensible heat that is stored in the fuel during normal operation. 
In a cylindrical rod with uniform heat generation, the temperature dis-
tribution in the rod is in the form of a parabolic function. If a series 
of concentric segments are summed by integrating over the radius of the 
cylinder, then the effective mean temperature is found to be the arithme-
tic average of the center and the surface temperatures; this solution is 
exact for a cylinder with constant thermal properties and uniform heat 
generation. Assuming that the maximum central fuel temperature is 4200°F 
and that the corresponding surface temperature is 660°F, the effective 
mean temperature of the fuel is 2430°F. This is probably a maximum value 
for the fuel rods with the maximum power density. 

If a constant heat capacity for the uranium oxide fuel of 0.077 
Btu/lb'°F is used, and if it is assumed that the effective mean tempera-
ture of the fuel at the end of the blowdown sequence is 2000°F (a para-
bolic distribution will still exist with a maximum and minimum which is 
plus and minus the same number of degrees from this mean), the energy 
released as sensible heat from the fuel can be calculated. The total 
fuel inventory of the Watts Bar Plant is 216,500 lb; therefore, the total 
sensible energy release is 

(216,500)(O.O77)(2430 - 2000) = 7.17 X 10s Btu . 

There will be some energy released (or absorbed) as sensible heat in 
the pressure vessels internals or in the other components of the primary 
coolant system; however, this amount of energy will be small. 
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Of the energy changes which have been noted, it is proposed to repre-
sent that change which is predominently the most important, i.e., the 
energy of the fluid ejected from the system, exactly in the proposed test. 
This energy change is 313*3 MBtu. It is proposed that the energy input 
represented by post shutdown fissions and fission-product decay be repre-
sented by a heat source which is 25$ or less of the actual value. An 80$ 
error in this representation would be about 4.35 MBtu. It is not proposed 
to represent the sensible heat effect in the test. This quantity of 
energy, which is 7*17 MBtu, could be approximated to some degree by pro-
gramming the electric heaters to maintain a higher power than that pro-
portional to the decay heat in the representative rods; this alternative 
would, however, interfere with the measurements to represent the cladding 
temperatures. An alternative representation of either of these last two 
heat sources would be to inject steam from the auxiliary steam supply 
during the blowdown sequence; consideration would have to be given to 
the amount and the point or points of injection to be certain that the 
energy input was accurately represented in quantity and spatial distri-
bution. 

Omission of the decay heat representation would only be ..equivalent 
to about 1.4$ of the energy ejected in the discharged coolant, and omis-
sion of the sensible heat representation would be equivalent to only 
2.3$ of the energy ejected in the coolant. These sources of energy proba-
bly would have only minor effects on the overall system response during 
the blowdown process. 
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