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FOREWORD

This document has been submitted to the Advisory Comnittee on
Reactor Safeguards to the Atomic Energy Commission for use in evaluating
the safety of the FWR Reactor Flant (Shippingport Atomic Power Station).
As such, this information is supplemental to the PWR Hazards Sumary
Report, WAPD~SC-5h1.

LEGAL NOTICE

This report was prepared as an account of Government sponsored
work, - Neither the United States, nor the Commission, nor any person
acting on behalf of the Commission:

A, Makes any warranty or representation, express or implied,
with respect to the accuracy, completeness, or usefulness of the
information contained in this report, or that the use of any
information, apparatus, method, or process disclosed in this
report may not infringe privately owned rights; or

B. Assumes any lisbilities with respect to the use of, or for
damages resulting from the use of any information, apparatus,
method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission®
includes any employee or contractor of the Commission to the extent that
such employee or contractor prepares, handles or distributes, or provides
access to, any information pursuant to his employment or contract with the
Commission.




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
original document.



Distribution

Aberdeen Proving Ground

Alco Products, Inc,

Argonne National Laboratory

Armed Forces Special Weapon Project, Washington
Armed Services Technical Information Agency, Dayton
Atlantic Fleet

Atomic Energy Commission, Patent Branch
Atomic Energy Commission, Technical lerary
Atomies Internationsi

Battelle Memorial Institule

Bettis Plant

Brookhaven National Laboratory

Brush Beryllium Company

Bureau of Medicine and Surgery

Bureau of Ships {Code 590)

Chicago Patent Group

Combustion Bnginsering, Inc.

Consolidated Vultee Alrcraft Corporation
Convair-General Dynamics

Defence Research Member

Department of Food Technology (MIT)
Department of Navy (Code L22)

Department of the Army, G-2

Division of Raw Materials, Denver

Dow Chemical Company (Rocky Flats)

Du Pont de Nemours and Company, Aiken

Du Pont de Nemours and Company, Wilmington
Frankford Arsenal

General Electric Company (ANPP)

General Blectric Company, Richland

General Nuclear Engineering Corporation
Iowa State College

Kirtland Air Force Base

Knolls Atemic Power Laboratory

Lockheed Adrcraft Corporation {(Bauer)

Los Alanos Scilentific Laboratory
Mallineckrodt Chemical Works

Massachusetts Institute of Technology (Dr, Hardy)
Mound Laboratory

National Advisory Committee for Aeronautics, Cleveland
National Bureau of Btanderds, Atomic Energy Project
National Buresu of Standards, (Library)
National Lead Company, Inc., Winchester
Naval Research Laboratory

New York Operations Office

New York University (Dr. Richtmyer)

Nuclear Development Corporation of America
Nuclear Metels, Ince

QOak Ridge Institute of Nuclear Studies

Oak Ridge National Laboratory

Office of Naval Research

- iid =

WAPBuSC_Shh”

Noe of Copiles

H R NN R NN R EEN N WHEUE D Hw

o
P

P WH R R DR

e
O




Distribution

Phillips Petroleum Company

Public Health Service

RAND Corporation

Sandisa Corporation

Signal Corps Center

Sylvania Electric Products, Inc.

Technical Operations; Incorporated

Union Carbide Nuclear Company (K-25 Plant)

United Aircraft Corporation

Us 5. Geological Survey, Denver

Us 8, Naval Ordnance Laboratory

Ue 8. Naval Postgraduate School

U, S, Naval Radiological Defense Laboratory

Ue 8, Patent Qffice

University of California Radiation Laboratory, Berkeley
University of California Radiation Laboratory, Livermore
University of Rochester, Atomic Energy Project
University of Rochester (Dr. Marshak)

Vitro Engineering Division

Walter Reed Army Medical Center

Watertown Arsenal

Weil, Dr, George L.

Westinghouse Electric Corporation

Technical Information Service Extension, Oak Ridge
Office of Technical Services, Washington

Manager, Pittsburgh Area Office
WAPD Distribution XIV

WAPD=SC=5lly

No., of Copies

ROHFHMPDHROMD RN WD N DO

W
(o]
(&

100
29




WAPD=SC=5L);

TABLE OF CONTENTS

Page
Ia ABSTRACTaoaoa»aanaooonaoaco0ooaooooooaauuooneo0;3<>~oa~ovo-crooov)ocmoﬁﬂl

II. SCOPE OF THIS REPORT sco000o0ceco0eeco0000a00s0sessscscsascsonosssl
IIT. STATEMENT OF THE PROBLEM. ..ococcoceossccsscoocoosoasaseansasessed
IV, REACTOR DESCRIPTION. ococeoooscoaossscesscosacsoassosasssseosonsel
V, SAFETY INJECTION SYSTEM DESCRIPTION. . .o coaoscceseossccsossnsesssall
VI. THE LOSS-QF~COOLANT ACCIDENT ¢ e oo0o00o00a000000a00s000abssconcsscscd

A, Rup‘bure ard BloWdoW e 000000600000 0020000006 060 0mEesmeoo oo so T
Bo Reacter Shut-Down Following a 15 ine ID BreaKsocsceccscsoosed
Co C}peratian of Safety Injectian syst*emooooooeoouoooooooaooaoea9
Do GOT@ Tem@rai}we EX@WSiOﬂQaaaaooaacaoaoceabaoaeaoouaeaooooll
E;} Mathematical Analyfiis of Pr@bl@mwooooenoaooocoeaavoonoﬁoooolh
F, Cases Calculated and Results Obtainedeccecesscescosssssesssld
G, Effsectivensss of Safety Injection Systvemaoocoaooacaaaaoaoqazo

APPENDIX A PHYSICAL AND THERMODYNAMIC PROPERTIES
DF REACTOR mTEE{IAL‘SQQQOOGO&\OOGOOOOOOOGQO@GOG”QOOOO’OOQBé

APPENDIX B REACTOR BLOWDOWN AND ADDITION OF
CDOLING ‘LqATEROS«30000000090OO00C‘O0OGOQOOOOGOGOEGQOGGOooOhZ

APPENDIX € HEAT TRANSFER CORFFICTIENTS v ooecoosoonoosooanssocasasssiill
APPENDIX D DECAY HEAT FLUX DISTRIBUTIONG . cvoocccesasacsooossesoosslld

APPENDIX E INITIAL TEMPERATURE GHADIENTS AT SCRAM...ooeccencescsoold
APPENDIX F ANALYSIS OF TEMPERATURE DISTRIBUTION IN A

BLANKET ROT DURING THE FIRST 15 SECONDS

AE‘TE:Z?» SGR‘M&} (PHASE I}&Oﬂﬁaoﬁwa604}0GQQQOQGOOGQOQOOO@GQQL‘*?

APPENDIX G ANALYSIS OF THE TEMPERATURE DISTRIBUTION IN A
BLANKET ROD FROM 15 SECONDS AFTER SCRAM TO MELT-
DOWN ASSUMING NO WATER ADDITION TO THE CORE
(PH&SE II!)ooooeocooaaacouooroaoaoao‘abuoooaoocoooaoaeoeotsé

APPENDIX H ANALYSIS OF THE TEMPERATURE DISTRIBUTION IN A
BLANKET ROD FROM 26 SECONDS AFTER SCRAM TO MELT -
DOWN ASSUMING WATER ADDED TO THE CORE (PHASE III)soseeeebl
APPENDIX I APPLICATION OF MATHEMATICAL ANALYSIS TO THE CALe |
CULATION OF TEMPERATURE IN THE SEED PLATE:.cccoceecooasTh
l
1

w Y e




b

[S LTS A e VT

10

11

12

i3

1k
15

16

17

18

LIST OF ILLUSTRATIONS

Title
PWR Reactor Fluid Systems
Details of Seed Cluster and Fuel Plate
Blanket Fuel Bundle
FWR U0 Fuel Rod
Seed and Blanket Reglons

Minimum Times to Urnicover Core for Various
Pipe Break Sizes

Longitudinal Section through Reactor Vessel:

and Core

Interconnection Between PWR Auxiliary and
Reactor Containers

Cumulative Hydrogen Generation for Seed

Cumulative Hydrogen Generation for
Blanket Region 1

Cumulative Hydrogen Generation for
Blanket Region 2

Cumulative Hydrogen Generation for
Blanket Region 3

Cumulative Hydrogen Generation for
Blanket Region L

Percent Zircaloy-2 Melted from Seed

Percent Zircaloy-2 Melted from Blanket
Region 1

Percent Zircaloy-2 Melted from Blanketb
Region 2

Percent Zircaloy-2 Melted from Blanket
Region 3

Percent Zircaloy-?2 Melted from Blanket
Region L

- YL e

WAPD-SC-5hl

Page Negative
3 20611

5 18901

6 18874

7 18818

8 14170
10 13247
12 18367-1
13 20572

27 20431-2
27 20431~1
28 204313
28 20431-L
29 20431-6
29 204315
30 20L31-7
30 20431-8
31 20431~10
31 20L31-9




F. _1;5__* ;

19

20

21

22

23 A

25
26

=2

Fe3

F-l
G-1

H=1.

H-2

~Vessel

Title

Cumulative Hydrogen Generation, Total Core

Temperature of Gas Stream leaving Reactor

Rate of Energy Release from Reactor Vessel

Composition of Gas Stream leaving Reactor
Vessel

Rate of as Flow From Reactor Vessel

< Cumulative Gag Released from Reactor Vessel

Cumulative Erergy Released from Beactor Vessel

Temperature of Cumulative Gas Released from
Reactor Vegsel

Variation of Decay Heat With Time
Axial Variation of Neutron Flux in Blanket Rod

Variation of Water-Steam Terperature With
Time After Scram

Comparison of Temperature Distribution

Temperature Distribution in Blanket Hod,
Phase T1

Temperature Distribution in Blanket Rod,
26 Seconds After Scram

Temperature Distribution in Blanket Rod,
Phase III (Region 2)

Distribution of Temperature in Gas Surrounding
Blanket Rod, Phase III (Region 2)

Evolution of Hydrogen From Une Stesm Charnnel
In Blanket (Region 2)

= yido=

VAPD=SC=51;

tage

32
32

33
33
3L
3h

35
35

5k
54
55

55
60

72
72
73

73

Negative

20h31-11

20431-12

204311k

20L31-13

20431-16

20431-15
20L31-17
20431-18

20431-23
20l31-28

20L31-22

20L31-20
20L31-25

20L31-26
20h31-27
20431~29

20h31-3L




Title

Temperature Distribution In Seed Flate,
Phase II

Temperature Distribution In Seed Plate
26 Seconds After Scram

Temperature Distribution In Seed Flate,
Fhase III

Temperature Distribution In Gas Surrounding
Seed Flates, FPhase IIT

Evolution of Hydrogen From One Steam Channel

In Seed

- viii -

WAPD~SC=5Ll

g

78

78

9

79

80

Negative
20431~33

20431-31

20431-20

20l31-21

20431~-19




- chemical reaction will be Iimited to a small amount in blanket regions 1 and he

VA PD-S5-5hls

FWR 1088 OF COOLANT ACCIDENT -
CORE_MELTDOWN CAIGULATIONS

L M, Swartsz
Bettis Flant
and
Ao We Temmon, Jr, and L. E. Halbert
Battelle Memorial Institute

T. ABSTRACT .

This report presents the results of a study made of the possible extent }[j
of pirconium-water reaction and core meltdown following a postulated loss-of- L//‘
coolant accident in the PR plant, Zirconiim-~water chemicsl reaction and core
melitdown oceur in the course of the core temperature excursion which could

follow a loss-of-coolant if no cooling were provided after an uncovering of the core,
An analysis of the temperature excursion involves consideration of the compiex
relationships between core geometry, decay heating rates, water (or steam) flow
through the core, and the thermodynamic and chemical properties of water, steam,

and the core materials,

Parametric studies of the temperature excursion are used in evaluaﬁlng the
effectiveness of the R Safety Injection System in prevention of core chemical
reaction and meltdown, Combinations of delay time in operation and rate of injection
are considered,

Assuming a severe casualty has occurred, and assuming that the piant has
been operating at 75 Mw net electrical output for 600 hours and that safety injection
water 1s being supplied to the core at the maximumm rate of 3000 gm, it is concluded
that no meltdown will occur except for a small amount in blanket region 1, and
Delay times up to 90 seconds in operation of the Safety Injection System will not,
in general, jeopardize the effectiveness of cooling of the core, but will allow &
small increase in the extent of meltdown in blanket region 1, and reaction in
regions 1 and L,

For other cases studied, where less than 10% of the maximum 3000 gm is
agsumed to be injected, only about welight per cent of the Zircaloy in the cors
heat transfer surfaces would react, ®®

Ii, SCOM OF THIS REFORT

This report covers the calculation of the FWR core temperature excursion
which would follow an uncovering of the core because of the loss of primary coolant
water, 1If a large primary system rupture occurred in the right location a loss of
primary coolant water could result,

In order to accurately define the safeguards problems associated witha
loss-of-coolant accident, Bettis Flant engaged Battelle Memorial Institute to
perform the necessary experimental work and detailed caleulations. The results
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of the calculational work were reported in a detailed reportl which is reproduced
here with the addition of introductory material and editorial changes to make this
a self-contained PWR Safeguards document,

Based on the results of these calculations, conclusions are drawn as to
the effectiveness of the PWR Safety Injection System in averting a core meltdown
following a loss of coolant,

ITI. STATEMENT OF THE PROBLEM

In the event of a primary system rupture, primary coolant water is lost
from the reactor to the plant container, If the rupture is large in area, and/or
is located below the reactor core, essentially all of the coolant is lost from
the reactor vessel, and no cooling (to remove decay heat) is available to the core
unless emergency measures are taken to supply water to re-cover the core, or at
least to flow through the core,

To evaluate the effectiveness of the Safety Injection System, which is
designed to supply water to the core in this emergency, it was necessary to make
an adequate estimate of the progress of the core temperature excursion following
the loss of coolant and the thermodynamic behavior of the hot channel fuel elements
of the PWR seed and blanket regions, 1If no cooling is available to the fuel
elements, the decay heating, which continues long after the reactor is shut down,
can cause the hottest portions of the PWR plate-~type seed elements to reach the
melting temperature of 3350°F within 5 minutes, and the hottest portions of the FWR
blanket rods to reach the melting temperature within 20 minutes. These ealeculations
have neglected the possible burnout at local hot spots, occuring due to statistical
variations in fuel element dimensions; fuel loading, etc, The integrated melting of
hot spots would be negligible compared to the bulk melting as may occur later. (The
fission product release due to hot spot melting is expected to be of the same order
of magnitude as the maximum expected activity which could be in the coolant during
normal operation with defected cladding of U0, fuel elements, )

The rapidity of the temperature rise may be accelerated if water, or
steam, is supplied to the fuel elements at certain rates, after the Zircaloy fuel
elements have reached an elevated temperature of about 2000°F, An exothermic
chemical reaction® between zirconium and water or steam could then occur causing
an accelerated temperature rise in the fuel plates,

TV, REACTOR DESCRIPTION3

The PWR is a pressurized water nuclear reactor in which primary coolant
water at 5230F and 2000 psi is circulated through the active core to remove the
heat generated, The heat is transferred from the primary coolant in heat ex-
changers, or boilers, to generated steam which flows to a turbo-generator in a
secondary loop, Figure 1 shows the PWR reactor and main coolant system,

1. Lemmon, A, W,, Jr., Hulbert; L, E., and Filbert, R, B., Jr., "Analysis of the
Efficacy of Cooling and the Extent of Reaction in the PWR¥, Battelle Memorial
Institute, Columbus, Ohio (February 15, 1957).

2, For additional information on the zirconium-water reaction, the reader is
referred to WAPD-SC-5L3, YZirconium-Water Reaction Data and Application to
PWR Loss~of-Coolant Accident®, B, ITmstman (May 1957).

3o For a more detailed description see WAFD-FWR-970 WDescription of the
Shippingport Atomic Power Station®,
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During rated operation of the plant at 60 Mw net electrical gutput
on 3 of the L primary loops, the core is producing a total of 790 x 10 Btu/hr.
On li loop operation the rated output is about 25% higher, Plant pressure,
temperatures, and heat transfer characteristics have been selected to avoid hot
channel local boiling in the core during steady state operation, and to aveoid
hot ‘channel bulk boiling during operating transients,

The core is a seed and blanket type, roughly a 6' x 6' right circular -
cylinder. There are 32 seed assemblies, each consisting of four subassemblies, .
Each subassenbly (see Figure 2) contains 15 fuel plates. The fuel plates contain
an active fuel zone of highly enriched vranium alloyed with zirqonium. The fuel .
is completely enclosed in a Zircaloy clads »

There are 113 blanket assenmblies each containing 7 rod bundles placed
end-to-end, Each bundle {see Figure 3) contains 120 rods arranged in an 11 x 11
square arrangement with one corper rod removed to allow space for an ingtrumenta-
tion tube. Each fuel rod (see Figure li) contains 26 U0s pellets clad in an
0,030 ine. thick Zircsleoy tube

Out of a total of 15.68tons of zirconium in the PWR core, 1,11 tons
are used in the seed plate cladding, with an additional 3.L tons in the side
plates and extension brackets of the seed assemblies.  The blanket rod cladding
and end caps contain L.87tons of zirconium, and the blanket shells contain
6.3 tons of zirconium,

Vo  SAFETY INJECTION SYSTEM DESCRIPTION

The Safety Injection System which is provided for the loss-of-coolant
accident makes use of the boiler feed pumps of the secondary system to supply
water to the primary loops between the stop valves on the reactor vessel outlet
piping, An arrangement of valves and electrical interlocks will switch the
beiler feed pumps from normal operation to Safeby Injection System operation
when the operator pushes a Safety Injection System button on the control panel.
The operation of the system is delayed by the interlocks until the reactor
coolant system pressure has dropped to 500 psi.

The Safety Injection water flows into the reactor through the outlet
(upper) pipes and through the holes provided in the hold-down barrel to the core.
The core hold-down barrel has two rows each drilled radially, 2 holes directed
toward each of the 32 seed control-rod shrouds. Jets of safety injection water
would splash against the shrouds, flowing downward into the fuel elements., In
addition to cooling the seed region, it is expected (and assumed for the
calculations herein) that the splashing would adequately cool the adjacent .
blanket regions 2 and 3 (see Figure 5), which would otherwise be the first to -
melt after the seed region. Although some additional splashing might be -
expected, resultant ccoling of the low-power slower-heating blanket regions
1 and % has not been estimated (and no cooling assumed for the calculations
herein).
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FIGURE 3
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VI. THE LOSS-0F-COULANT ACCIDENT

A Rupture and Blowdown

In the postulated loss of covlant accident it iz assumed that the coolant
water from the primary reactor coolant system is lost due to the rupture of some
component part,  The time reguirved for the coovlant to be lost from the systenm
is, of course, dependent upon the location and size of the rupture. Dependent
somewhat upon the rupture sige, the coclant water would be lost more rapidiy for
a rupture in a low position because of & higher fluid density in the escaping
fiuid, However, for the selected Yworst case" bresk, involving & pipe splif
equivalent in flow ares to a complete shear of the 15 in. ID wain coolant piping,
litile difference would exist for top end botlom rupture because of the extrene
rapidity of blowdown, and because of the aprroximately equal fluid denzities in
those two cases, Blowdown curves for different break sizes are given in Figure 6,
Although a rupture of the pressure vessel itself 1s not reviewed, & similar blow-
dowrt would occur, the rale of Dblowdoun being devendent uUpon the size of the Tlow
area, For sizes of pressure vessel rupture larger than the assumed "worst
case" the results would be little different from those reported in the ensuing
discussion, e & ightly

If wa the pregsure vessel following a large rupbuwre in the
inlet pipe near the botlom of the vessel, this water will run oub through the
opening; with the result that core dmmersion will nob ccour until the water level
in the spherical reactor chamber of the resctor plant container rises to the
core level. In the case of an elevated rupture, the added water would refill the
pressure vessel before leaking out,  Bince the events following a large rupture
below the reactor core are more difficult to control, this condition is assumed
for the "worst case’ studies,

B.  Reactor Shut-Down Following a 15 in. ID Break

During the loss of pressure in the reschor vessely an sutomstic alarm is
given at 1850 psi and an automatic scram insertion of the control rods will occur
when the pressure reaches approximately 1600 psi. Both the alarm and the scram
will occur within 1 second of the occurrence of the assumed 15 in. ID pipe rupture,
The insertion of control rods will gquickly lower the fission heating rate to zero,
The heating due to decay of fission products will, of course, continue at a de~
creasing rate. The formation of a two-phase mixture of steam and water sarly in
this transient, is expected to cause a substantial reduction in the fission powsy,
even before the oceurrence of the scram, but no benefit of this effect is taken in
the calculations,

C. OUperation of the Safety Injection System

Subseguent bto the occwrence of the rupture and Yscram", remedial action
is taken to continue to cool the core if it becomes uncovered.

Immediately after the occurrence of the low pressure scram, the operstor can
put the Safety Injection System into an operative arrangement by pushing the
safety injection butbon, The system will automatically supply water to the core
when the system pressure drops to 500 psi, at about 15 seconds after the occurrence
of a 15 in. ID break,

e
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This system would supply from 1500 to 3000 gpm of boiler feed water,
from the boiler feed pumps which are automatlcally valved over from the 3
regular service in the secondary steam system. The water is introduced to -
the hot leg (upper) portion of the main coolant pipes, from where it flows |
doewnward into the pressure vesgsel through thﬁ outlet (upper) nozzles. The
water flow is then distributed, by the holes™ in the hold-down barrel, o %
provide a stream of water to strike each of the 32 control rod shrouds above |
the respective seed assemblies. As g result of splashing of ‘the water from #
the shrouds approximately 1/2 of the water may be expected to go imto the
adjacent blanket assemblies {in regions 2 and 3) with the remainder flowing
directly through the seed assemblies, No significant amount of water is ex-
pected to reach the majority of the assemblies in blarnket regions 1 and L
by thils arrangement. , , ,

The rate of supply will vary from 1500 gpm to 3000 gpm depending upon the
availability of one or both of the boiler feed pumps. Since operstion at
powers above 55 Mw net electrical output requires the use of two boiler feed
pumps, it is assured that both boiler feed pumps will be available to the Safety
Injection System when the plant is operating above this power level., However,
 the plant could be operating at less than 55 Mw using one boiler feed pump,
the other boiler fesd pump belng down for maintenance, In this case only one
boiler feed pump would be available to the Safety Injection System. Since the

delivery of each boiler feed pump is 1500 gpm, safety injection water will be
~ supplied at either 1500 gpm or 3000 gpm. Both cases are covered in the cal-
culations which follow, as well as lower flov rates.

After a sufficlently long period of Safety Injection System operation,
water will fill the spherical reactor chamber and back up into the pressure
vessel, The water would continue to rise until it reached the level of the inter-
connection between the reactor chamber and the auxiliary chamber, at which level
the excess water will spill over into the auxdliary chamber as it is added
(see Figure 8). The level of this spill over point is 8 in. below the top of
the active core, and will be reached in 25 min with two boiler feed pumps
operating and 50 min with one boiler feed pump in operation.

D.  Core Temperature Excursion

During normal operation of the reactor, large temperature differences exist
between the interior and exterior of the fuel elements because of the high rates
of heat generation, These temperature differences are particularly high for
the blanket rods because of their greater thickness and lower thermal conductivity.

Ii. These holes are located in two rows of 32 each; the bottom row of holes, 1-1 /8
in. diameter, are located 6 in. below the oenterilna of the pressure vessel
outlet nozzles, and the second row, 1-3/L in, in diameter are located 12 in,
higher and staggered with respect to the bottom row of holes to avoid any
interference of the streams issuing from the upper and lower holes.(See Figure 7)

-~ 11 =
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As indicated in Appendix E of this report, interior temperatures of about

3000°F have been computed. The result of these high interior temperatures is
that there is a high sensible heat content in the reactor core, relative to

the coolant temperature, at all times during normal operation. This high
sensible heat, the radiocactive heat decay being produced, and the possibility

of ‘chemical reaction heat being produced if the temperature becomes sufficiently
high, required that an analysis of the effectiveness of cooling be performed

for the loss~of-coolant accident.

The analysis requires that the temperatures in all parts of the resctor core
be kriown as a functlion of time. A heat talance which included consideration of
sensible heat effects in core materials and adjacent fiuids, heat transfer rates,
radicactive decay heating rates, and reiease of heat by chemical reaction was
found necessary. During the period immediately after "scram", the sensible
heat contained in the reactor core was found to be most important., For a long
period after the core was uncovered, the decay heating effects and the convective
heat transfer to the steam were found to be most important. Finally, as the
temperatures reached a high level, the rate of heat release by chemical reaction
was found to be most important.

Heat capacity, thermal conductivity, heat of reaction, and reaction rate
data are tabulated and discussed in Appendix A, Appendix C gives a discussion
of the heat transfer coefficients used, Radiocactive decay heating levels in
various parts of the core are discussed in Appendix D.

E.  Mathematical Analysis of Problem

For purposes of the mathematical analysis performed, 1t was convenient to
divide arbitrarily the temperature excursion into three distinct phases. The
"wlowdown period, when ot compressed reactor coclant water is escaping from
the Reactor Cooclant System, was designated as Fhese I. The period between the
time the core is uncovered at the end of the "blowdown" period and before the
start of injection of cooling water was called Fhase II or the adiabatic period.
Fhase 11T was defined as the period after the start of water injection,

1. Phase I - Blowdown Feriod

Under the "worst case" conditions selected, i,e., & bottom break of
a 15 in, ID main coolant pipe, calculations used to obtain the blowdown curves
(see Figure 6) indicate that the water remaining in the reactor, if solid, would
fall below the top of the core about 15 seconds after the time of rupture. To
be cor=ervative, a maximum blowdown period of 15 seconds was assumed in the
calceulations.
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Using the temperature distribution for a blanket rod in regjon 2 as

obtalned for rod temperatures as a function of the axial and radial positions
in the rod, and as a function of time, as described in Appendix F. An analytical

,approxgmaﬁlon.of the axial distribution of decay heating vwas used. This

distribution is campareé with the steady state axial distribution of heat ganeratlun
in Figure F-2,

The type of solution which was possible for this period required that
constant values for heat-transfer coefficients, thermal conductivities, etc., be
used, Consequently, the initial solution was based on average values for these
quantities which were considered to be those most representative.  Subsequently,
more conservabive values were used for additional solutions. The conditions for
the cases computed are summarized in Table F-1,

In general, all solutions indicated that the temperature difference
between blanket rod surface and centerline at 15 seconds after secram would be
small, i.e.,, a maximum value of the order of 200°F, so that for subsequent
perlodb an average value could be used for the radlai temperature and thus only
the axial temperature variation needed to be considered. This spproximation
greatly reduced the complexity of the subseguent calculations.

2. thase T1 - Adiabatic leriod

From 15 sec after scram, when the core would become uncovered, until

such time as the safety injection water or other cooling water would be added, the

reasctor ecore would be esgentially in an adisbatic condition, Radistion from the

ends (top and bottom) of the core would be small, as would any heat losses by

natural convection of steam through the core, Bven for long periods, with no
cocling water added, the supply of steam available would be too small to permit
any significant contribution to heating by chemical reaction. Thus, radiocactive
decay would contribute heat to the system, bub the losses would be insignificant.
However, the heat produced by radicsctive decay would be sufficiently high to
cause melting of the hotter portions of the seed plates in aboubt 200 sec and meit-
ing o the hotter portions of the blanket rods in 1100 sec, as shown in Table 1.
Details of calculations made for rthase 11 are given in Appendix G. Since this
phase can be considered as a specisl case of tre rhnase T11, 1t will be treated
further after the method of solution of that case is discussed.

3. Tthase 111 - Heating and Reaclion after Water Addition

At some time in the Phase 11 rperiod, water is assumed to be supplied
to the core by the Safety Injection System, or other means, and heat removal by
the fluid will ocecur. - Depending upon the rate of supply of the water and the
temperature of the plate (or rod) when the water is introduced, chemical reaction
conld oceur, To permit the simultaneous evelustion of ‘heat transfer, chemical

T
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reaction, radioactive decay heating, and system point-to-point temperature, a

heat balance was written. This heat balance was written in differential form

for a radial cross-section of a blanket rod and its associated fluid, Heating
effects due to radicactive decay and chemical reaction were included, as was

heat transfer by conduction and convection., Radiation heat transfer was con-
sidered to be of negligible benefit to the centers of the plates because the
individual rods (and plates) were essentially perfectly shielded., Similarly,
edgewise conduction was congsidered to be of negligible benefit. Check calculations,
not appearing in this report, were made verifying the assumptions on radiation

and edpewlse conduction.

It should be noted that the inbroduction of liguid water cannot be
guaranteed to enter every fuel assembly. It was assumed, for the cases
investigated where only small amounts of liquid water were available, that

the water injected is vaporized bv coming in contact with hot metal anywhere
in the reactor and that the steam penerated flows through the eoolant channels
in the same distribution as the water in normal reactor operation.

Since an analytical solution of this complex system of equations was
considered impossible, it was programmed for solution on the IBM 650 digital
computer, Details of the methods used are given in Appendix H,

Essentially, the solution was performed in the following manner, To
initiate the computation of a case, a heat flux level representative of the
particular blanket rod (or seed plate) of interest, a steam rate, and an axial
temperature profile for a chosen time from a FPhase II caleculation were selected.
Using the values given, the machine computed for 31 equally spaced points on
each blanket rod (or seed plate) the temperatures for the next time interval.
Each solution for the next time interval was based on the previous temperature
profile, In addition to the rod (or plate) temperature, the fluid temperature,
the mole-fraction of the gas reacted, and the amount of reaction on the rod at
each point along the length were computed and tabulated., The cumulative amount
of hydrogen produced was also recorded,

Computations were continued until chemical reaction ceased, either by
having the rod {or plate) cool to an inactive temperature level, or by having
the cladding of one portion of the rod melt and the remainder of the rod cool to
an inactive temperature, The vccurrence of one or the other of the above results
depends upon the heat flux level and the rate of supply of steam chosen for the
particular case, A comparison of the resulis for a series of these cases led to
the stated conclusions as to the effectiveness of the Safety Injection System in
avoiding fuel element melting.

For the computation of Phase II, the same program was utilized, but

modified to prohibit convective heat transfer and chemical reaction, Results
of these computations are reported along with those of Thase TIII,

16 -
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L.  Over-all Conditicns Computed

It became evident early iv this work that the prediction of the
ooceurrences in the reactor core after loss of coolant must be based on ree
presentative conditions. This was because any computation for each blanket rod and
seed plate for an over-all assumed condition wonld have been too time-consuming,
Since a knowledge of the "worst®™ conditions were desired, representative rods (or
plates) could be used, providing the flux level chosen was sufficiently high. As
a result of these considerations, a blanket rod having an average flux 1.4l times
the average for the region was chosen to vrepregent ‘esch region. A seed plate having
an average flux 1.15 times the average flux for the seed region was also chosen.

In addition, the axial wvariation in heat generation equivalent to that which occurs

during reactor operaticn iy assumed. For the seed the pssk-to-average ratic

taken to be 2.0, and for the blanket it ig taken to be 1.77« These caleulabl
have neglected the possible burnout at local hot spots, occurring due %o sbatbis
variations in fuel element dimensions, fuel losding, etc. The integrated mel
of hot spots would be negligible comparsd to the bulk meliting as may ocour la
(The fission product release due to hot spot melting is expected to be of the
order of magnitude as the maximum expected activity which could be in the coo
during normal operation with defected cladding of UOy elements.)

cal

Por the Phase II calculations, the stepwise machine computation was
started at 15 sec and the temperature as a function of time was computed. The
calculation was continued until the melting bemperature wss resched.  The time
to- reach melting tempersture for these cases providing base values on which To
compare the results for other conditions.  For Phase 111, a series of delay times
and constant rates of steanm supply were -agsumed in an effort bto find the necessary
gtesm supply rates to turn back the tenperature excursion without a significant
amount of reaction. 1t was assumed further that the wabter would be supplied to the
individual blanket rods and seed plates in the form of gteam and in the same pro-
porticn as the coolant during normal operating conditions. Two other steam flow
aasumptions were used to evalvabe the extent of chemical reaction and core meibdown.
A strictly "worst case® situation would occeour if steam were supplied to each paint
~of the core surfaces at a rete which wonld just suppeort ithe maximum rate of chemical
reaction, which depends partly upon the temperature of the cors metal. <This is known
as the Y“stoichiometric case®, reported in Case 2 of Table l. Certain aspects of the
~assumption of a stoichiometric rate of steam supply are considered unreasonsbly
pesgimistic for various reasons. opecifically, it is virtually impossible to maich
the supply of steam to each point of the core surface to the rates indicated for the
temperatures, which vary widely over the length of a plate (or rod) due to the vari-
able axial distribution of hea’t flux. It was felt that a wore reasonable. yet con-
servative, evaluation of the situation would be obtained by assuming that 1/3 of the
decay hest as produced would be used to generate steam by bolling of the water cub-
side of the fuel assembly shells, which might flow back from the loop piping into
the spaces between assemblies and within the core cage. It 1s assumed that no
~effective core cooling is provided to all fuel elements except by the convective
transfer due to steam flowing through the reactor channels, that is, the Safety
Injection System 1s not assumed to be in operation. This case was based on the fTact
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that 39 of the 120 rods in each blanket fuel rod bundle are in the outer row,
These rods, in the outer row will radiate possibly all thelir decay heat to the
cooler blanket assembly shell, if these shells are kept in contact with waber
in the spaces between assemblies, At the same time radiation from the inner
rods- 1o the shell would be negligible because these rods would be well shielded,
Since the Zircaloy heats up moreslowly for this case, as compared to the
"stoichiometric! case, the metal remains a longer time at high temperatures be-
fore melting occurs, and & more extensive zirconimm-water reaction oceurs. There-
fore, if the total amount of zirconium-water reaction (or the resulting heat or
hydrogen release) is the basis of comparison, this case is worse than the
"gtoichiometric case", The "1/3 decay heat" case has therefore been selected as
a basis for evaluating the worst case gituabtion, - Extensive calculations based
on the "1/3 decay heat!" case are sumarized in Table 1 as case 3.

Since the heat of vaporization of water would involve a complicated
discontinuity in the computer calculation, it did not prove feagible to consider
the effect of the addition of water, rather than steam, to the elements computed.
The cooling effects on the fuel elements reached by safety injection water would
therefore be greatly increased. The results reported in Table 1 are therefore
conservative in this respect. : :

Fo Casges Caleulated and Results Obtaipsd

The conditions computed and the resulis obtalned are summarized in Table 1.
A1l cases assumed the decay heat generation rates which would be applied after
600 hours of operation at about 75 Mw net electrical output of the plant. The
assumed rate of steam flow and the time delay in supplying the stedm were varied
in an effort to answer the following questions:

(1) What is the raximum extent of core meltdown, wmirconium-water
reaction, hydrogen production, and heat release that could occur?

(2) What is the minimum amount of steam which must be supplied to
cocol the core and prevent chemical reaction?

(3) What delay time for the addition of safety injection water would
cause & worst condition than would be caused by not adding water?

(i) Are the rates and location of cooling water addition by the Safety
Injection System sufficient to prevent core meltdown and significant
chemical reaction?

The heating process is a delicate balance between the release of heat by
radiocactive decay, the carrying away of heat by the steam, and at the higher
temperatures, the heat generated by chemical reaction, TFortunately, the chemical
reaction is somewhat self-retarding. The reaction product, Zr0Os, which builds up
on the rod or plate surface, interferes with the supply of reagent to the point
of action.

- 18 -
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An additional amount of reaction would take place, however, if it is assumed
zireonivm ledves the core and falls into a steam-walter envirvorment in the bottom
plenum chamber of the reactor vessel, Experimental results for chemical reaction
of Zircaloy droplets falling through steam or water indicate that only about
12 w/o of the Zircaloy will be reacted for the limited distance of fall and the
droplet size expected in ‘the FWR.

Results, indicating the amount of reaction and extent of melbing over tinme,
are presented in Figures 9 through 26 for the "1/3 decay heat" case., The power
history assumed, as stated earlier, are 600 hours at full power of 75 Mw net
electrical output,

A summation of hydrogen generated, for the whole core, is shown in Figure 19
where it was assumed that the behavior of all rods (or plates) in each region is
represented by the one rod (or plate) computed for each region, for the 1/3
decay heat case, The extent of reaction, shown at 3700 sec., amounts te about 16.5%
on the average for all regions, It was assumed, for analyses of energy and
fission product release, that the seed side plates would receive enough heat by
conduction from the melting fuel plate to react chemically in the came mamer
as the adjacent fuel plates,  The amounts of Zircaloy in-the field of action,
L.Bltons in the seed and L.8ltons in the blanket, would produce 67.5 lb-moles
of H on the basis of alb.5% reaction,

The above assumption that the seed side plates would come into the reaction
is conservative, Even a small amount of heat transfer, by radiation or boiling
of water between assemblies, from the side plates would prevent extensive chemical
resction in these plates, If it had been assumed that the seed side plates do
- not enter the chemical reaction, the total extent of reaction would be about 20%

less, resulting in a total hydrogen productlan of about 54 lb-moles instead of
67,5 1bo-moles,

~Information obtained from the stepwise machine caleulations is used to
develop additional results; in particular, those needed to evaluate the design of
the reactor plant container surrounding the reactor pressure vessel. Figures 19
through 26 indicate the quantities of reaction products and energy releaged as
a function of time for the "1/3 decay heat" case,

To obtain these curves, use was made of the data which gave the amount of
reaction and amount of meltdown cccourring in the core as a functiocn of time. FProw
the information on mole~fraction of the gas shream reacted, the sbteam input rate,
and the temperature of the existing gas stream, it was possible to determine the
hydrogen and steam flow in the exit gas stream., Then, by using the calculated
amounts of zircomium melbed as-a function of time it was possible to compute the
hydrogen generated by the additional 12% reaction of the molten zirconiwm in the
gteam-water enviroment of the bottom plenmum chamber of the reactor vessel.
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For this purpose, it was considered that a pool of water existed in the
bottom of the reactor vessel at all times, that 12% of the Zirecaloy reacted upon
falling into this pool, and that the hydrogen and steam produced in the reaction
and in cooling the reaction system to the boiling point of the water, 281°F,
produced steam and hydrogen at 281°F, (At an assumed plant container pressure of
approximately 35 psigy the boiling point is 281°E) Summing the products of
reaction and the engrgy released from these two sources led to the composite
curves shown, Figures 20, 21, 22 and 23 show the rates while Figures 19, 2L, 25,
and 26 show the integrated guantities as a function of time,

(2]

The peaks on the rate curves are a direct result of the fashion in which
core reaction and meltdown occur when no safety injection water is added., This -
can be seen by inspection of the reaction and melting times in Table 1, Figures 19,
2L, 25, and 26 give the cumulative gas release, energy release, and temperatures
in the steam~hydrogen mixture issuing from the core. This information was
necessary for the evaluvation of the pressures within the reactor plant container
due to the heat released from the zirconium-water reaction and from combustion
of hydrogen, This data was also used to assess the possibility of the hydrogen-
alr-steam mixture burning or detonating in the plant container., These evaluations
are reported in WAFD=-SC-5L45, "Hydrogen Flammability Data and Application to
AR Loss~of«Cooclant Accident®, May, 1957,

G, - Effectiveness of the Safety Injection System

The consequences of any loss-of -coolant accident are, of course, dependent
upon the rupture size, location, and reactor power level, as well as the rate of
supply and distribution of the water from the Safety Injection System,

As indicated in Figure 1 and Figure 8 only a small fraction of the primary
system plping is located at levels below the active core, All valves, pumps,
and boilers, as well as the taps for pressurizer lines and other fluid systems
are so located that failures of these components would not lead to loss of safety
injection water from the pressure vessel until the core is re-immersed.

Other things being equal the relatively small fraction of the primary system
piping which is below the level of the core makes the probability of the "worst
case" (bottom) break correspondingly small.

Moreover, the "worst case" discussion assumes that the Safety Injection System
is not in operation to supply water flow through the reactor channels,

The "worst case" discussed below, is therefore not a plausible case, but
it is dncluded to provide an estimate of the "worst case" results which might
oceur if the BSafety Injection System does not operate,

1. Worst Case Break

Examination of Table 1 shows that 3000 gmm maximum capacity of the
Safety Injection System for cocling of the FWR core after a loss-of-coolant accident

- 20 =
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following a "worst case" break and 600 full power hours at about 75 Mw is vastly
in excess of the amount reguired if it were distribubed 1o the core in proportion
to-the decay heat generation, However, due to difficulties in obtaining the rroper
distribution, some excess is needed to agssure thal more than the minimum re-
guirement of waler will be supplied to the assemblies in the seed and in blanket
regions 2 and 3, A sm&ll amount of reaction would begin in regions 1 and |} of

the blanket before all assemblies are immersed, because no significant amount of
water 1s exrected to splash onto the majority of the assemblies in these two
regions,

With 3000 gpm supplied, immersion of the core to within 8 in., of the
top is expected at 1500 seconds. The level is expected to reach the midline of the
core at 1260 seconds, at which time boiling in the channels of regions 1 and 4
would provide cooling for the hotter portions of the rodsxwﬁ¥; is indicated in
Table 1, for the "1/3 decay heat' case, that the axial hot spor of the hottest
(radially) rods in region 1 would begin melting in 1162 seconds. Therefore, some
reaction could be expected in regions 1 and L, At the most, the reaction could not
involve more than48w/o of the Zircaloy-2 cladding in region 1 and 1.0 w/o of the
cladding in region L if all the rods in the system were equivalent to the rod
computed, Since this is not the case, a lower amount of reaction would be expected,

It should be noted that in region 1 thed4.Bw/o of reaction is not
uniformly distributed over the length of a rod, and that only approximately 2-1/2%
of the length of a rod would have the cladding completely melted away, thereby
exposing the UO, fuel in that portion of the rod, and resulting in a corresponding
release of the %ission products to the pressure vessel and through the rupture 1o
the plant container, No melting would occur in region i because the assemblies in
region I would be cooled by re-immersion before the melting peint is reached,

: If a delay up to 1-1/2 minutes in the initiation of operation of the
Safety Injection System is assumed, the exlent of reaciion in region 1 i5 ine
creased from4.8%to 6.7%and the extent of melting in region 1 is increased from
2-1/2% to 8-1/2%. The reaction in region L is increased from 1.0% to 1.4%, with
no melting occurring. '

Finally, it should be recognized that many of the assumed condi tions
used in performing the analysis were conservative, i.e., led to results which are
worse than can be expected in any loss-of-coolant accident, Thus, any Safety
Injection System which, as a minimum meets the requirements imposed by these
results, may be considered to have a design factor of safety inherently included.

e Effectiveness Under Other Assumed Conditions

All of the preceding conclusions were based on the assumption of the
worst combination of power level, rupture size, and rupture location. Any
variation of these would, of course; result in a reduced amount of reaction and
meltdown, Also, a smaller leak, or a rupture at other locations is much more
probable, The effects of such variations from the worst cese study are discussed
separately in the following ssctions,
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a, Smaller Rupture Sizes

All of the calculations described herein assume the rupture is
a pipe split equivalent in flow area to a 15 in, ID pipe shear, (Since the
primary coolant system piping is made of stainless steel, a ductile material,
a brittle shear is not believed to be possible.) If the rupture were assumed to
be of smaller size, the core would remain covered for a much longer period, as
indimted by the curves of Figure 6, As a result, the rate of decay heat
production would be lower when the core became uncovered, causing slower initial
heating of the core than calculated herein as Fhase II,

Equivalent effects would occur should a rupture occur in one of
the many auxiliary connections to the main coolant loops. The largest effective
areéa of such a rupture could be no greater than the flow area of the awd liary
line involved. The largest comecting pipe is the 6 in. schedule 160 surge and
ressure relief system line. All others are 3 in., schedule 160 or smaller,

b, FElevated Rupture Locations

After a rupture of the Reactor Coolant System above the elevation
of the top of the active core, the Safety Injection System could guickly flood
the reactor vessel and cover the core, preventing any significant core meltdown
or zirconium-water reaction regardless of the size of rupture. If the safety
injection water is supplied at 3000 gpm, the core would be completely immersed in
2-1/2 minutes, or in 5 minutes of only one 1500 gpm boiler feed pump is available.
Even with only one boiler feed pump operating, and a rupture in one reactor outlet
line permitting 750 gmm of the safety injection water to escape without entering the
reactor vessel, the core would be completely immersed within 10 minutes, well be-~
fore any significant chemical reaction or core melitdown should occur, The seed
region and blanket regions 2 and 3 are calculated to be adequately cooled by tle
flow of safety injection water during the filling of the reactor vessel, and
regions 1 and L would not reach melting (if left uncovered) until about £0 minutes.
Therefore, it is concluded the core can be adequately protected by the Safety
Injection System in.case of rupture above the level of the core,

All auxiliary pipe connections to the main coolant system are
either above the elevation of the top of the active core, or outboard of an elevated
portion of the reactor piping (that passes from the reactor chamber to the boiler
chambers), As a result, safety injection water would collect in the reactor
vessel, covering the core before it could flow out the rupture, within the safe
time 1limits mentioned above,

Co lower Powers

If it is postulated that the reactor plant has been operating for
600 hours at the design requirement power of 60 Mw net electrical output on 3 loops,
the decay heating would be 80% of the assumed 75 Mw used in the preceding discussions.
In that case, with the design injection rate of 3000 gmm, no melting and only a
small amount of surface reaction would occur after a ruptuwre of the reactor coclant
system below the level of the core,

= 22 =
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A somewhat worse situation would exist if one boiler feed pump
is, for any reason, not available to the Safety Injection System. Reactor
operation with only one boiler feed pump will be limited to power levels corres-
ponding to the capacity of the secondary system on one feed pump, or about 55 Mw.
This is only about 73% of the power assumed in the calculations., The appropriate
reduction in decay heating extends the time to beginning of melt by a factor
of about 1-1/2, Thus, instead of 1162 seconds for region 1 to reach melting
it would be about 1700 seconds calculated on the "worst case" basis., A compar-
ison of this time with the L2 minutes required to fill the core to midline with
one boiler feed pump, indicates that melting in region 1 could continue for
about 1l minutes. About 44% of the rod cladding would melt in region 1, again
based on the assumptions that all rods behave like the one calculated (heat
generation rate 1.hh times that of the average blanket rod). Some difficulty
is also encountered in region li where melting would begin in about 2350 seconds
(calculated on the “worst case® basis). Melting would continue for about 3
minutes (until the core is submerged) with a melting of about 1/10 of the rod
cladding in region L. The total melting of clads in regions 1 and l represent
about 11% of the total rod cladding in all blanket regions. It should be
emphasized again, here, that this represents essentially an extremely unlikely
condition, i.€.; a boiler feed pump out of service for maintenance, followed
by a rupture accident, of L inch equivalent diameter or larger, and located
below the level of the core on the reactor side of the main stop valves.
Although only one boiler feed pump is required during plant operation below
55 Mw net electrical output, it will be normal procedure to operate both
“boiler feed pumps at plant loads above about 30 Mw net., When operating below
30 Mw with one boiler feed pump, the operator may bring the second pump on
the line almost instantaneously (if the pump is not out of service for
maintenance) by closing a switch located on the conirol console.

- 23 =




' TABLE'R

SUMMARY OF CASES GOMPUTED AND RESULTS WHEN SAFETI ECTION WATER IS ADDED TO PWR CORE
— S -
Time Measured After Scram,sec Amount - - :
Total Injec~ : % of Steam Flow = __ _{(Time at Scram = O sec) of Zr Chemical Reaction Oceurring per Begion
tion Water Region Total Rate to Iime to Present Total Solid Phase Liquid Phase
. Added to Considered  Vater Each Time Water- ‘Reach Time Which is ~ Reaction At Reaction Total
Case HReactor Core in Added to . Element First - ¥elting Melting Me;l.tedG #nd of Melting in Droplet, Reaction
No. gal/min, Calculations Each Reg. 1b mole/sec Inmtroduced. - Temp, Completed _w/o w/o Zircaloy ¥/o Zirealoy - wfo Zirealey
1 0 Seed — 0 —— P08 amaD ~E 0 £ E
- Blanket Reg.2 == o e 1111.0 i e o e B
2  Stoichjo- Seed i Varianidh 25.8( } 90.L -5 “_FF S -~ F
mtri? { Blanket Reg.2 wew Variablet 25,8 5780 wF e o F e
Seed U7.3 - VarisbleB 24,8 95,1 15L1§* 52 1.8 12 8
1/3 Degay Blanket Reg.l 7.2  Variabled 25,0° - 3162.0 ~ 2800 59 2z 12 28
3 Heat Blanket Reg.2 15,6  Variable 25,0,  610.0 ~1550 57 18 12 25
Blanket Reg.3 236 Variable 25,00 670.0 ~1650 57 19 12 2.
Blanket Reg.i 5.3  Vardable® 25.0°  1567.0 ~ 1600 60 23 12 30
b % BlanketRegi2 156 9.4 x20° 250 6510 L1650 <25 <8 12 <21
5 50 Seed K3 B x m'g 24.8 99.7  118.8 35 1.2 2 S
50 Seed l&?aB 6 X 10‘ lléos 9?-6 Attt asase D it aan. R
50  Blanket Reg.2 15,6 1.88 x 103  160.0  cools No melting 0 5 , 0 5
50 Blanket Reg.2 15.6 1.88 x 102 51,6  &42.0 -~ 80O 430 <18 12 €22
50 Blanket Reg.2 15.6 1.88 x 1072 _691.0 732.1 ~ 1030 <k8 <18 12 <2l
50 Blanket Reg.2 15.6 1,88 x 1075 1108.0  1109.23 ~ 1350 ~56 TS 2 ~8
e, | i, SRR | CHERINOR | AR e ~antiate e JEE o e T i IR e BRAGD RS ccrirmaron | i sl s SO CATRNS  omameesis  AnGmovens | cowwms e S
6 100 Seed LT3  16x10% 16,8  cools Nomelting O 0.3 o 0.3
7 150 Seed L7.3  24ix 101 89.8 = 05,1 - <20 <1 12 €3
. WO seed = L3 2hxl07) 1268 12963 b2y k2 0 12 @61
8 250 Seed 7.3 L x10% 898  edels No meiting o 0.3 P 0.3
250 . Seed 47.3 Lk x10%  126.8 129.9 o <o <1 12 <5.8
; 1 3 § ! ¢
' ./ .
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Notes for Table 1:

(A) Only the amount of steam which would react chemically was added
to the element at any time, i.e., no steam leaving reactor, Flow
through the seed was essentially zero until 50 sec and increased
to 1.16 x 105 1b moles/sec at 116.7 sec., Flow through blanket
region 2 was essentially zero until 200 sec and increased to
5,86 x 100 1b moles/sec at 575 sec.

(B) Steam equivalent to 1/3 the decay heat for each element is
considered to flow past that element, Flow past each elenment
iz as follows:

(1) Seed: 6,82 x 10™> 1b moles/sec at
2,8 sec and 3.40 x 10-5 1b moles/sec
at 200 sec,

(2) Blanket (Region 1): 6.51 x 10~0 1b moles/sec
at 25,0 sec and 2,05 x 100 1b moles/sec
at 1200 sec,

(3) Blanket (Region 2): 1.24 x 1075 1b moles/sec
at 25,0 sec and ;.66 x 10-6 1b moles/sec
at 600 sec,

(1) Blanket (Region 3): 1,13 x 105 1b moles/sec
at 25,0 sec and Li.23 x 106 1b moles/sec
at 600 sec, ' ;

(5) Blanket (Region L): L.88 x 100 1b moles/sec
at 25,0 sec and 13.5 x 10~ 1b moles/sec
at 2000 gec,

(C) The axial temperature distribution at 25,0 sec was computed
only for Blanket Region 2, This same distribution was
agsumed for the initial temperatures for the Phase I11 cal-
culations for the other blanket regions. Blanket Region 3
should be essentially equivalent to Blanket Region 2, Also,
since Blanket Regions 1 and lj are lower power regions, the
temperatures should be lower than those used,  Therefore, any
error introduced by this assumption is on the conservative
side,

(D) ILast point on rod reaches melting temperatures at time given
but cools below melting point again at 193,26 sec.

- 25 -




(E)

(F)

(6)

(H)

WAPD=-SC=5l);

These cases were not computed beyond the. time the melting polnt
was reached, Based on the assumptions used, no reaction would
occur in the core but all Zircaloy cladding would be expected
to melt from radiocactive decay heating. If water were present
in the bottom of the reactor vessel, 12 w/c of the Zircaloy
would be expected to react as melting occurred.

These cases were not computed beyond the time the melting point
was reached, However, since ret heating rates are faster than
any other cases computed and overall behavior is similar to the
1/3 decay heat cases chemical reaction (in solid phase) would
be less than in the corresponding 1/3 decay heat case., Extent
of melting is unknown bub might be somewhat above the corres-
ponding 1/3 decay heat cases.

Values given indicate per cent of length of rod or plate from
which the Zircaloy cladding has completely melted. For pur-
poses of further computations based on the per cent melted
values, it was considered that the active Zircaloy in the seed
was Li,51 tons and in the blarket, L.87 tons. These values were
obtained from WAFD-PWR-RD-127,

At 151,1 secy; melting is completed for the last complete section
which melts, Partial melting of an additional section occurs

after this time. Approximately 1/2 of this additional section be=
comes molten at 23l.1 sec before it begins to resolidify.
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APFENDIX A

PHYSICAL AND THERMODYNAMIC FROFERTIES OF REACTOR MATERIALS

In making a heat balance on the blanket or seed in the reactor, the
followlng physical property data were used:

Table A~1 Thermal Conductivity

Table A=2 Density ~

Table A3 Specific Heat =
Table A-l; Isothermal Heat of Reaction

Table A-5  Conditions During Discharge of ILiquid From Core

The thermal conductivity data of solids (Table A-1) are given up to
about 3300°F in most cases. For Zr0,, Zr, Zircaloy-2, U, and 55-303 the
thermal conductivities generally increase at high temperatures, However, thg
thermal conductivity of U0, decreases greatly from a value of L.68 Btu/hr-ft~-°F/ft
at 392°F to 0.69 at 3272°F. This makes the conduction heat-transfer calcu-
lations on the UU, rods more complex because of this great variation, The
velues of Zircaloy-2 above 752°F were extrapolated using data on other alloys
of Zr. A correction for porosity of the U0y on thermal conductivity is given
in the table.

The density data in Table A-2 are given for room temperature, These
data were not corrected for temperature changes in the heat balance calculations,

The majority of the Cp data (Table A-3) for the solids were obtained
from the data of Kelley, U. 5. Bureau of Mines, Bulletin 476 and J. Ward,
Battelle Memorial Institute. The C. of H, at 50 psi can be assumed to be the
same as at 1 atm within 0,1% error.” The effect of going from 1 atm to 50 psi
pressure on the C. of HZO gas causes a maximum error of only 0.5%. The iso-
thermal heat of reaction-of

Zr (¢) + 2 HpO(g, 50 psi) —> 7Zr0, (c) + 2 Ho(g, 50 psi)
is given in Table A-l. The data (including heats of transition) can be re-
presented by a straight line within 0.5%,

Resction rates used in the calculations were those obtained by =
Battelle and reported in BMI-115l;. The experiments were made with steam as
the reactant rather than water as in previous studies. Thus, the present assumed o
conditions were well duplicated., It was found that the data for the solid -
phage reactlon could be represented best by the relation:
-3L,000 £ 1440 -
RT

v2 = (0,1132 x 10%) ¢ e
with v = ml hydrogen per sg ¢m

T

i

degrees Kelvin

i

and t geconds
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Reaction rates for the reaction of water (and steam) with molten
Zircaloy-2 could not be correlated in any reasonable manner with temperature,
It was concluded that the conditions within the HIR were best represented by
the experiments reported in Aerojet-General Frogress Report AGC-AE-22,
September 1k, 1956, For a 0,2-in, (5000 microns) diameter droplet, the Aerciet
tests showed that 12 w/o of the Zircaloy-2 would be reacted. This value was
used in predicting the amount of reaction which would occur for the Zircaloy-2
which melted from the reactor core and dropped to the bottom of The reactor
vessel. ‘

A tabulation of conditions in the reactor, during the blow-down
following a pipe rupture equivalent in area to a 15 in. ID pipe shear, is given
in Table A-5., This table, obtained from WAID-SC-5L9, shows that for saturation
conditions, an appreciable fraction of bthe mixture is liquid. However, after
15 seconds when the water level reaches the top of the core, the remaining
liquid may be near the bottom of the tank or may vaporize on cooling the vessel
walls of the shell. Hence, most of this remaining water may not be available
for couling the core after the first 15 seconds following a break and loss of
coolant,
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TABLE A-1 THERMAL CONDUCTIVITIES OF SQLIDS,
Btu/hr-ft°-°"F/ft ~

U0, Zr02(1)<“)

Temperature 5% Porosity 0% Porosity

¢ °F 10.) Density 6.1 Density Zr(B) Zircaloy—2(3> U(B)(h) 88—303(6>

20 sg  L (5) 12,2 8, Ll 1.5 |
100 212 5,50  5.26 1.13 11,5 8,09 15,0 8,71

200 392 L.L5  L.68 1.13 10.8 7.98 16.3 9.19 p
300 572 10,k 8.03 17.6 10.2

e 752 3.2L 3,70 1,19 10.3 8,15 19.1 R

500 932 10.4 (8.17) 20.8 12.3

600 1112 2,45  2.89 1.21 10,3 (8.26) 22,8 13.3

700 1292 10.7 (8.35) 2L.3 14,3

800 172 2,08 2,05 1.27 (11.2) (8.5 ) 27.5 15.5

900 1652 - 1.91 30.2
1000 - 1832 9 1,79 1.32 (12,2) (8.7 ) 33.5 16.5
1200 2192 1,39 1.38  (13.5) (8.9 ) (39.7)
100 2552 1.10 Ll (1h.7)  (9.1) (L6.5)
1600 2912 0.867  (1.bk)  (16.3) (9.3 ) (53.5)
1800 3272 0,694 (L.48)  (17.3) (9.5 ) (60.6)
2000 3632 0.520 (1.52) (9.8 ) (68.5)
2200 3992 0.L05

%3 gér?ﬁc%?éncgg} gggégg §:§Zﬂui€§p£§9§§iﬁes of 0% porosity by (1l-fraction
porosity). )

Deem, Battelle,

k is unstable and generally increases on thermal cycling.

Vasilos, MIT, Unpublished work.

J. App. Fhys., L3, 177 (1952).

Note: Values in parentheses are extrapolated.

E
(
(
(
(

UL
i Nt NP NS

(73

BN SR AR SR A T (U -
WS W W LW W R W
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n

TABLE A~-2 DENSITIES OF SOLIDS AT ROOM TEMPERATURE

Material Density, lb/cu ft Source .
U0s 675 (0% porosity) Jr, of Am, Cer. Soc., 37,
‘ 108 (195L) )
6Ll (5% porosity) Ditto

Zr0, (Hf free) 380 (0% porosity) r
330 (13.5% porosity) n

Viau 105 Boulger
Zircaloy-2 (Los) Estimated
U 1200 Materials and Methods, 5/5l
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Btu/1b-mole-°F

 TABIE A- 3 SPECIFIC HEAT, cp,
T="K Range
Solids g 5
T{e) O, = 3.39 +B.02 x 1072 T +0.70x 10° x TT 298° to 935°K
u(B8) Cp = 10. 18 , 935° 4o 10L5°K
u(Y ) G, = 9,20 ' | 1045° to 1300°K
Cp = 9.20 (Extrapolated) Above 1300°K
Note: AH (Transition ex~wg ) = +700 cal/gm atm (935°K)
AH (Transition B-»=~v ) = +111)5 cal/gm atm (10L5°K)
o (The AH transition can be neglected)
10, G = 19.20 + 1.62 x 10~3 T - 3.96 x 10° 12 298° o 1500°K
Extrapolate above equation 5 Avove 1500°K
7r (o) Cp = 6,83 + 1,12 x 103 T - 0.87 x 105 T= 298° to 1135°K
Zr (B ) 0. = T.27 ; - 11357 to 1L00°K
= 7,27 (Bxtrapolated) 1L00° to 2125°%K
Note: AH (Transitionqt-=B ) = +920 cal/gn atm (1135°K)
' (The AH transition can be neglected since its
value is only about 1% of the AH reaction of
ZI' + 2H2O )
7r0s (e ) C,, = 16,6l + 1,80 x 10'3 T - 3,36 % 105 -2 298° to 1478°K
r0s (B ) Cpfm 17.80 1478° to 1850°K
- Gy = 17.80 (Extrapolated) i : ~ 1BB0° to 2950°K

Noter AH (Transition&—=pB ) = +1,20 cal/gm«mole
' (Thls AH can be neglected) '

Zircaloy-2 Assume same as Zr .o¢andB .

Gas
B, (Ideal gas, 1 atm, 50 psi)

¥

Cp
H,0 (Ideal gas, 1 atm)

= 6,52 + 0.78 x 1073 T + 0,12 x 105 7.2 298° t6 3000°K

= 7.17 + 2,56 x 1073 T + 0.08 x 10° T2 298° to 2500°K

Hy0 (50 psi) As an estimate the above Cp at I atm pressure can be uéed with é.
maximum error of 0.5%.
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i

TABLE A-l, ISOTHERMAL HEAT OF REACTION

Zr(e) + 2Hs0(g) —»Zr0s(c) + 2Ho(g)
Values at 50 psi and Reantants and Products at the
Same Temperature as Given Below:

K Hp, Calories/gm mole

298 -1145,900

600 ' ~-14l,120
1000 : -141,880
1135 (Zr ) -141,180
1135 (zr 8 ) | | -142,130
1200 -141,750
1300 ' -141,260
14,00 -140,720
1478 (Zro, <) -140, 360
178 (2r0, B) k . ~138,910
1500 ’ o -138,820
1600 " B 138,470
1700 -138,160
1800 -137,780
1900 - -137,490
2000 ' -137,180

The above data can be approximately represented within an
error of 0,6% by the following equation:

Hp = -147,600 + 5,347 (T = °K)

Note: The effect of pressure on the C,. of Hé and H20

was neglected but introduces anperror of less
than 0.5%. -
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TABLE A-5 CONDITIONS DURING DISCHARGE OF FLUID FROM CORE FOR A 15-INCH BREAK

Rate Average
\ of  Vapor-Liguid
Time, Water and Steam Remaiming. Upstream Temp., Flow, Density,
sec: in Reactor, Ibs Pressure, psia °F 1bs/sec 1bs/cu £t
0 (at scram) 108,300 930 535 5400 46,8
1 101,500 893 531 5150 .8
2 9L, 700 880 529 5000 1.8
3 88,000 866 527 L1850 38,8
kL 81,400 850 525 Ltoo 36,0
5 755000 830 523 1500 33.1
6 68,800 810 520 L1350 30,4
7 62,700 786 516 L150 27.7
8 56,600 760 512 3900 25.0
9 51,200 730 509 3700 22,6
10 145,600 708 sol 3550 20.1
11 Lo, oo 662 497 3250 17.8
12 35,700 622 193 3025 15.7
13 31,200 578 482 2750 13,8
1L 27,200 53 L7k 2500 12,0
15 23,300 187 L6k 2250 10.3
16 19,600 L3k 153 2000 8.65
17 16,400 389 hh2 1800 7,23
18 1k, 000 350 431 1600 6,18
19 11,100 300 127 1400 1. 90
20 8,900 250 Lo1 1200 3,93
21 7,000 200 382 950 3.08
22 5,400 150 358 750 2.38
23 11,300 100 328 500 1.90
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APFENDIX B
REACTOR BLOWDOWN AND ADDITION OF COOLING WATER

During normal operation of the reactor, cooling water is flowing
from the bottom inlet pipes, through the flow baffle, through the fuel
assemblies, and then out of the reactor via the 15 in, ID outlet nozzles. If
a rupture should occur in the 15 in, ID bottom inlet piping, the primary coolant
water would drain out through the opening. VWhen the primary system pressure
is reduced to 1600 psi, safety shutdown of the reactor (scram) would automatically
occur, When the pressure is reduced to 500 psi, safety injection water can
be injected through the top 15 in ID (exit) coolant pipes into the reactor
veéssel,  The maximum safety injection rate is 3000 gpm.* The question arises
as to the distribution of this water over the core and the level of water in
the core,

Two calculations were made:

(1) To determine the extent to which the water supplied would
develop a full head to the top of the core and maintain a full flow of water
downward through the assemblies, ,

(2) To determine the trajectories of the jets of water issuing from
the holes in the hold~down barrel, This provides an estimate of the distribution
of the injection water to the assemblies.

B-1. Flow of Water to Completely Cover Core

At low injection rates, the liquid head in a fuel assembly is dependent
upon the water flow in that assembly, By making use of the pressure drop character-
istics of the fuel elements, the flow of water required to completely cover the

core was calculated and is tabulated below in Table B-=1.
TABIE B-1, FLOW OF WATER TO COVER CORE
No, of Water Flow Water Flow/Assembly
Region Assemblies _gpm gom
1 21 755 35.7
2 2h 1,870 : 77.8
3 Lo 2,500 62,5
L 28 670 18,1
Seed 32 5,680 182

Total 11,475 gmm

# See WAPD-PWR-970, "Description of the §hippingport Atomic Power Station®,
for details concerning the Safety Injection System design and operation.

- L2 -
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This shows that the maximum injection rate of 3000 gpm will not provide a
positive full flow through all assenblies in the core, Since it is considered
unregsonable to supply 12000gpm to the core, other means of achieving a satis-
factory distribution were provided; as discussed in the next section.

B-2. Trajectory of the Injection Water from the Hold-Down Barrel

As .indicated in the introduction of this report and discussed more
completely in WAPD-PWR-970#, the cooling water injected into the reactor enters
the reactor via the two rows of holes in the hold-down barrel. The lower row
includes 32 holes of 1-1/8 in, diameter located 6 in. below the centerline of
the outlet nozzles., Each of the holes in the lower row is located to direct a
stream of water to a single control rod shroud. '

The upper row includes 32 holes; 1-3/h in. in diameter and located 12 in.
above the first rows The holes in the upper row are located to avoid interw
ference of the jets from the upper and lower holes.

If no control rods or shrouds were present, and the maximum expected
amount of water; 3000 gpm, is injected, water from the lower holes would strike
the upper grid plate 48 in, from the hold-down barrel (nearly the center of the
~reactor); at the same time wabter from the upper holes would strike the upper
grid plate L3 in, from the hold-down barrel. However, the control rod shrouds
are at a maximum distance of 19 in, from the hold-down barrel. Hence, the jets
of water from both rows of holes will strike the shrouds before fzlling to the
upper grid plate., At the minimum injection rate of 1500 gpm the jets from the
lower row of holes will reach the seed; bub the jets from the upper row will
fall short of the more remote seed assemblies, just reaching the blanket
assemblies in region 3.

In either case, about half of the water striking the shrouds is expected
to splash off to the adjacent assemblies in regions 2 and 3, and possibly
farther., If evenly distributed, the amounts flowing through each assembly of
the seed and regions 2 and 3 would be in excess of the amount required for
cooling by a factor of at least L. This factor provides a margin to cover any
non-uniformity of distribution of the injection water to the assemblies.

% BSee previous pages
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APPENDIX C

HEAT-TRANSFER COEFFICIENTS

To make & heat balance on the reactor core, it was necessary to
have heat-transfer coefficients for the steam and steam-water mixtures passing
through the channels in the blanket fuel bundles and the seed plate assemblies.
During, the normal operation of the reactor, the heat genersted is removed by

~cooling water flowing up through the reactors The problem of estimating the

heat-transfer coefficients between the single-phsse waler and seed plates and
blanket is a relatively straight-forward calculation. The equation of Dittus
and Boelter {(McAdams, Heat Transmission, 3rd edition, p. 219) can be used
employing a sultable equivalent or hydrsulic radius for the noncircular channels.
Coefficients, based on this equation, are used in the thermal and hydraulic
design of the PR core.

For the present problem, if a 15 in., break occurs in the bottom inlet
piping, the water (and steam) would flow out this opening. During the first
26 second period after the bresk occurred, the fluid would discharge from the
core as given in Table A-5., A portion of the discharging fluid would flow
through the blanket and seed channels and provide some cooling for the reactor
core, At the time of the break (zero seconds), the fluid in the channels
would be entirely liquid water, After about 15 seconds the fluid would be a
mixture of about one-fifth water and four-fifts steam., The per cent of water
in the mixture would continue to decresse as further time elapsed,

The problem is first to determine or estimate a suitable heagt-
transfer coefficient for the varying steam~-water mixbture during the first few
seconds after the break occurs for the transient condition when the water
begins to "uncover® the core. The only comparable data available for two-
phase heat-transfer coefficients are given by McAdams (Heat Transmission, 3rd
edsy Do 397, Fig, 14=2L). He correlates the heat-transfer coefficient, h,
Btu/hresq £t-OF, with the volumetric ratio, air/water, for various liquid water
rates, In the reactor during the first 15 seconds period, the average ratio
of steam/water is slightly less than 1/le From the correlation, the h is
estimated for this condition as about 800 Btu/hr-sq ft-CF, This value is some=
what conservative since steam-water mixture should give higher h values than
air-water mixtures, Also, the cross-sectional areas for flow in the core are
much smaller than that of the tubes used in McAdams., Smaller areas should
give greater bturbulence and, hence, higher h values. Constant values for h .
of 500 and 1000 were used for the analysis reported in Appendix F. Using
the value of 1000 should be reasonable and that of 500 provides a check of
the sensitivity of the resulting temperature distribution to the input values
chosen.
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During Phase 111 (26 seconds after "scram" to meltdown assuming
water addition to the core) calculations were made assuming the fluid in the
blanket and seed channels was all gas phase consisting of steam and the hydrogen
- produced by chemical reaction. The heat-transfer coefficient used is the
standard equation of McAdams (p. 219) for heat transfer to ligquids or gases as
- followss ~

5 , .8 O.Li
hg o (0.76) (0.023) [PV Eﬁff%
ke Aghty kg

The nomenclature is as in Appendix G. The factor of 0.76 was used since passage
having cross sections other than circular give h values about 2L% below those
for circular passages (McAdams, p. 2U8).

~ APFENDIX D
DECAY HFAT FLUX DISTRIBUTION

The decay heat generation (after shutdown) varies with pesition in
the core in spproximately the same proportion sg the heat generation during
normal reactor operation. Both axial and radial variastions cccur., Also, the
variastions in the blanket and seed regions differ somewhat from each other.

Axial variations, over the length of the fuel elements, are discussed
further in Appendices F and I, where analytical approximations are used for com-
putational purposes, For purposes of these calculations, peak-to-average ratios
of 2,00 in the seed and 1,77 in the blanket were chosen.

Radial variations likewise occur. The 7 blanket rods placed end-to-end
in the core are assumed to constitute one long rod with the axial flux variation
as mentioned above, To be conservative, this rod is assumed to have hear
fluxes l.hli times the average, thus applying an over-all peaking factor of 2,55.
Similarly, a radial factor of 1,15 was used for the seed, or an over-all peak-
ing factor of 2,30 for the seed., The average heat generation by regions (per
rod or per plate) were based on PWR operating parameters.
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AFPENDIX E
INITIAL TEMPERATURE GRADIENTS AT SCRAM

The radial temperature gradients in the blanket rod in region 2 before
seram were calceulated and the data are shown in Table E-1l, These temperatures
are for the hottest portion of the blanket or the hottest rod. The geak heat
flux from the outside of the clad surface used was 348,000 Btu/hr-ft<, It is
assumed all of this heat is generated in the UOp rod.

Starting with the T4 or surface temperatures which occur in normal
operation of FWR, the radial temperature drop of the Zircaloy cladding was cal-
culated at the 77 cm point longitudinally in the rod. The usual equations for
steady-state heat transfer through a hollew cylinder were used, This calculation
was repeated for different heat fluxes., Then the temperature drop through the
helium gap was calculated. The heat transferred by radiation was only about 1%
of the heat transferred by conduction and was neglected. Using the eguation
for heat gemeration in cylinders, temperatures were calculated for the intericr
of the U0y rods. The thermal conductivity varied greatly and allowance was made
for this. The longitudinal heat transfer was about 1% of the radial and, hence,
was neglected. The temperatures in this table are those used in Phase I when
the reactor is scrammed and the decay heat is being generated.

TABLE E~1, RADIAL TEMPERATURE GRADIENT IN BLANKET ROD BEFORE SCRAM

Local Zzones of
Lverage m Equal Cross Sec. Area (1)
Distance Thermal Thermal Clad He gap s I IT IIT IV V{2)
7, cm Flux  Ts Flug/1.77 AL,°F A1,°F  Wo ep op ep op o op
150 0.18 599  0.102 11 30 6L0 655 72 700 721 75h
137 Ouli 600 0,226 2l 67 691 730 770 812 861 9L2
117 1.2 607 068 71 203 881 998 1146 1311 1519 1902
90 1,52 629 0,86 89 256 97h 1131 1333 1568 1879 2183
77 1.77 630 1,0 L 298 1032 12231472 1775 2186 3062
60 1.68 620 0,95 99 . 283 1002 11781409 168l 2051 2802
Lo 1.36 59L - 0.77 80 230 90L 10381207 1402 1661 2131
7 0.6 5L0 0.3k 35 101 676 727 787 851 926 1053
0 0.75 540 o.k2 L 125 709 773 8L9 931 1029 1198
(1) Diameter of U0, section, in, Zone
- 0.3555 I
0.3192 II
0.276L IIT
0.2257 v
0.1596 v

(2) Center-line temperature.
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ANALYSIS OF TEMPERATURE DISTRIBUTION IN A BLANKET ROD
DURING THE FIRST 15 SECONDS AFTER "SCRAM", (PHASE I)

The study of the temperature distributions in a blanket reod at
any time has been broken up into three fairly natural divisions., The first
part, called Phase I and considered in this Appendix F, is concerned with the
temperature distribution in the rod during the time that the core is covered
with water, It is estimated that this condition will persist for about 15
seconds after scram, assuming a 15 in, break occurs., Appendix G is concerned
with the temperature distribution in the rvod during such time as there might
be no water added to the core, (Phase II)., Appendix H is concerned with the
temperature distribution in the event that water is added to the core;, (Phase 111).

Certain assumptions were made in order to obtain an analytic solution
for the temperature distribution in the rod during the first 15 seconds. In
each of these assumptions an effort was made to state the assumption in such a
way as to lead to a conservabive (i.e., high) estimate of the temperature
distribution at the end of 15 seconds,

The gssumptions that were made are given as follows:

(1) The initial temperature distribution at scram (0 seconds) was that
given in Appendix E. These temperatures were calculated on the basis
of an average heat generation in the hottest rod of blanket vegion 2
of 318,000 Btu/hr-ft2 at scram. This includes a peaking factor of 1.hlL
and is for the case where the reactor was at a power of Th.l Mw net
electrical output.

In order to simplify the mathematical expression of the solution, this
temperature distribution was approximated by g relation of the form

T{r, z, 0) = A [% + D cos {gﬁz 22} E:%n Jg (A nt),

where A and D are given by 563,28 and 0,70123 respectively and ay, are
determined for each case, The cases are given in Table F-l,

The heat of the chemical reaction is nepgligible for this time
intervel and was neglected,

Heat loss by radiation from a tube to adjacent tubes was neglected
since it 1s expected that any two adjacent tubes will be at asboub
the same temperature, In addition, during this first phase, the
liquid between the tubes effectively stops any radiation that
might be present.
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(L) The convective heat transfer coefficient, h, was assumed to be constant.
Two values of hy 500 and 1000 Btu/hr~ft23 were assumed, based on the
heat transfer from a rod to boiling water. (See Appendix G) (It was
assumed that the water is boiling during the first phase.)

(5) The reactor power generation after "scram" or shutdown was that given in
Figure F-l, The average h$at generation at full power in the hottest rod
of region 2 was 1.227 x.10 Btu/hr-ft3 at scram. No credit was taken for
shutdown effects which would result from the formation of steam voids,

In this graph, the generation drops to about 10% of full power in the
first second and then drops gradually (Figure F-l), The same amount of
heat generation would be obtained if full power were continued 1/2 second
beyond scram and then decreased instantaneocusly to about 11.2L% of full
power where it would begin & gradual decline, Instead of this, it was
assumed that power decreases instantaneously at scram to 11,2L% of full
power, Tb compensate for this the temperature in the rod was calculated
at 1lli.5 seconds instead of 15 seconds, The variation of heat generation
with respect to time for Phase I for times less than 15 seconds was then
given by ’

Fraction full power = 0,1124 AR
Where ¥ = 0,050467
if £t is given in seconds,

~The longitudinal or axial variation of the heat generation, during normal
operation, and assumed for all times in this transient is shown in Figure F-2,

Again in order to simplify the numerical solution for Phase I, this was
approximated by an expression of the form

q{z,t) = (B + C cos 2 irz) A’

where z is the distance measured from the center of the rod and B and C
were chosen so that f (z,t) was conservative. Values chosen were:

1.65528 x 185 Btu/hr-t3

B
C = 8,276l x 10° Btu/hr-ft3 (Figure P-2

- #

This corresponds to a peak/average flux of 1.80 instead of the 1,77
predicted for PWR operation, The use of the higher peaking factor does
not introduce an error but makes the calculations slightly more conserva-
tives '

(6) In order to obtain an analytic solution for Phase I, it was necessary to
consider the conductivity to be constant with respect to temperature and
uniform over the rod (including the Zr cladding and the He gap). However,
it was determined that the average conductivity of the He gap and the Zr
cladding together is about equal to the conductivity of the U0, core,

- 18 -
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making‘this éssumpﬁion more reascnable, Two values were used for conduc-
tivity, 1.8 and 2,6 Btu/hr-ft¢ °F/ft, An average value of Cpp for the
whole rod was taken to be li3.5 Btu/ft3 °F.

Ment Toss a4t the ends of ihe rod was sssumed zevo.

The temperature of the boiling water was given as a function of time in
Table 5 of Appendix A. From this table the variation of water temperature
with time for Phase I was determined to be T (t) = F-Ge Pt where

F o= 518,347, G = 13.3)7, and B = 0.120075 if t is in seconds, (Figure F-3).

With these assumptions, the boundary value problem for the first phase
was to find the temperature T(r, z, t) from the relations:

/f’ o7 o
Cop 2% = kv?T + qlr, 2z, t)

T
k (‘%‘E} :;:h [:T(a, z, 1) - Ts(tﬂ
F}T - ~
k E;E)‘ ¢ =0
2=l
2

\?(I‘, oy 0) = To(r: z)

where

Cp = average specific heat of rod.

aversge density of rod.

#

average conductivity of rod, (given in assumption 6).

MR D
#

£

temperature of rod,

4 time,

H

T, = temperature of rod at time O; (given in assumptign 1).

L = total length of rod.  § 

a = radius of the rod,

27 u‘:.agT' . 527 L _‘8_9_‘2
3z dr? r 3r

qlz, £) = heat generation‘(giﬁen in assumption 5).

h = convection coefficient (given in assumption L).

- 49 -
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T, = steam-water coolant temperature (given in assumption 8).

The solution of this problem was obtained in three stages:

(1) First, let T(r, 2, t) = ™ (r, z, t) + U(r, z, t)
where T is 1o be chosen in such a way that

(2) Cpp DT+ =k VET* + (B + C cos 21r) b, ir Te(r,z,t) is defined by -
T
3 . : = - -
(_)) i T% (I‘, Zs t) "C;—P_ e c)’e T + cos 2£Tz Rt zanJo(%nI‘) :
v
where A, is the nth solution of
(L) -k {g__ ENEN nr)]} =h J_(A 48)
ar
a

and a, is given by

(5) a, = 2C ah/k
2 2 -RCpf22 2 7%
kA + k Prila h™ +a N J N &)
We have that U satisfies the systems:
~
Cp U = KV 24U
ot
k\aU) =-h [ Ula, z t)- B - Rt
P it d s LSRR w T (‘b)]
(?r r=a CpPHl °
'_3_‘2) =0
(az 7z = + 1/2
U(r, z, 0) = T.(r, 2) + _B . cos 2T J(Ar)=U(r, »

s 2y oM\ W cos ! 7 zan o( r) O(r, 2 ) .
Lot U(r, 1, t) = B(r, 7, 8) + U(r, 5, B .
where [A - T (0)] ‘

2
(6) Ux(r, z, t) = b, + 22 exp [:-k?\nt} J (A r)
3 Z_[ f;_zl_l__ + 327\2 J (7\ a) _5;5'_- o n
2
+ CcOS E (~a + Db ) exp [ 2 + EI_TTZ_)] Jo(7\ nr)
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where bnare determined from the equation

(7) T,(ryz) = 4+ (140D cos g%-z-);ano(xnr) with A subject to Equation Ls

V is then the solution of the following set of equations:

(¥

) z =+L/2"

rl

/
Cp Bt = kY

II1 J k{%}) = ~h E’(aﬁat) - CP(t)] wiere ¢(t) =

a

V{r,z,0) = 0

The function

s :
(8) Vir,z,t) = j o(t=-1) ¥¥(r,2,%) dr + 9(0)

o

= 0

B
c H
R

1A 1D=50-51k

Rt 7 (t)

Will be a solution of system III if v (r,z ,t) is a solution of

P

=
A

dz

Nl

This g,ives

where

(10) a.

(av

C o

ar

f

= =h [V*(a;z'!t') "ﬂ

V*, . 2yx
3% ko V
% g

V*(T!Zso) = 0

( av*}

= + L/2

(ah
k

251141( |

(9) v (r,z,'b) =1 - Z;a J (x r) e

n-o

22) 4 O a)

£
- e

mﬁt
Gpp
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Summarizing these results we have that

4

(11) T(r,z,t) = T¥(r,z,t) + ¥(r,2,t) +fq>'(t - ) V¥(r,2,t) dv + ¢(o)
\ [o]

Now, if we let Tg (t‘) = F -GePt (see assumption 8) the integral can be
evaluated. Adding the results and collécting terms then gives finally‘: <
(12) T(r,z,t) = F-GeP? + cos -2—;?- exp (=} t) Sa eh ()\ r)

g[bn + (A~F «+ G."')V un] exp ( ?zt) J ()\ r)
p

+cos-——-—2(-a -t~I)b)exp[kt (l +---)] J()\ r)

L
+ Z a J ( r){ k)\z [;XP (= gﬁgf’.) - GXP("W;]
, R
kA
- - [exp(- 5;? ) - exp(pt)]}
13.‘*0'9

p

Where ah; bnian are given by Equations 5,7, and 10 respectively, )‘n is
given by Equation 4. F, G, B are given in assumption 85 X , B, and C are ‘
given in assumption 55 A and D are given in assumption 1; and k and C_p are
given in assumption 6. | |

Calculations were made with Equation 12 for the following cases:

Case , 1 2 ~ 3 . |
Diameter Rod, (in) 0.413 0.413 | 0.413
Rty i H e 2.6 26 1.8
h, (Btu/hr-£t3 °F 500 1000 1000
Cps (Blu/et3°F) b3 3.5 13.5 ;.
Time after scram, (sec) 15 15 R 1 o
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 Sowe temperatures calculated from Eguation 12 for these conditions at
different points in the rod are as follows: Water Temperature at this time

is L72°F.
TABLE F-1
.- UTMYERATURES AT VARIOUS FOSITIONS OF BLANKET ROD AT 15 SECONDS AFTER SCRAM
. Care
21 Z -
Axiel pistance Ragial Uistance
from Center of Hod, ft, from Axis of Rod, in, Temperature, °F
0 (center of rod) Q(c&nt@r) 682 618 720
(max temp) Oelid3/h 6L16 58l 661
_______________________________ 0.L13/2 (surface) ~ Shy 501 511
1.5 © : . g . AIB™ " 87R T TTTUBRTT
0.L13/k 59L 553 602
_________ G «.....__._....-_.,......._....__..__._Q!.‘L,&l_i/{.%.._______._--._-..,..5.%5_.____ligs._w_,uhgg.-_
5 {end of rod) 0 55 531 563
9.b13/h she 523 Shik
0.h13/2 503  L8B  L8e

These data are plotted in Figures P-L(a), F-li(b), and F-li(c). These
temperatures are to form the basis for choosing initial Temperatures for tLhe
second part (Phase II). To reduce the magnitude of the Phase II and Phase II1
calculations, it was necessary tc assume that the temperature of the rod is
independent of the vadius of the rod. This seems justified in view of the
rather small temperature gradient from the center to the outside of the rod
found in the above three cases. This maximum gradient was 209°F in case 3.
However, it was desirable to use a temperature averaged over the radius of the
rod as a bagis for choosing the initial temperature for Fhase 11,

The average chosen was as follovs:

o . a 4 ; 8
(13) T (2, 1l.5) = 277)(0 r T0r, 7, 1.5) dr/ o[ war

wihich gives for the three cases considered the averaped temperature T
2y

- (1li) Case 1. T (2, 15) = 570.52 + 41,6k cos { —T—)
: o b : o - 2=
= (15) Case 2. T (z, 1h.5) = 533,61 + 22,82 cos { gr )

567,60 + 12.35 cos ( 22y

i

3]

(16) Case 3. T (z, 14.5)

For the initial temperatures of lhase 11 considered in Appendix G, it
was decided to use the temperatures of Case 1 for an h value of 500 and k of 2.6.

=
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APIRNDIX G

ANALYSIS CF THE TEMFERATURE DISTRIBUTION IN A BLANKET RCD FROM 15 SECONDS
AFTER SCRAM T¢ MELTDOWN ASSUMING NO WATER ADDITION TU THE CCRE (FHASE II).

At about 15 seconds after “scram¥, with a rupture equivalent in
flow area to a complete 15 in. break, the water begins to “uncover" the core.
However, because of the rapid boiling of the water, it would appear that at
least some, if not all, of the water in the core is in the form of foam, There
is no clear interface between water and vapor, OSince it is not known exactly
how much foam or water is present at any time it was decided to use the
conservative assumption that no water is present and that the blanket rods are
surrounded by stagnant steam. This implies that there is no heat lost by con-
vection from the rods during this phase, except for a negligible amount of
radiation loss. The following assumptions were used in msking the calculations
for this phase:

(1) The initial temperature distribution at 15 seconds after "scram" was
given by Equation F-1lli of Appendix F.

P
T (z, 15) = 570.2 + 4L1.6L cos ( g-z)

(2) There is no heat lost by the rods.

(3) Since stagnant steam surrounds the rods, only a negligible amount
of reaction between steam and zirconium will occur.

(L) Again, the variation of heat generation with time was that given in
Figure F-l. The varistion after 15 seconds was approximated in two
steps -and led to the following two-equations:s

Por t = 15 sec to 240 sec after scram,

aq = LSS.L75 +-1/3 £ () Btu/rt -sec.

For t = 240 to t = 10,000 sec after scram,
qq = 286,432 g1/l g (z) Btu/ft -sec

where f (2z) is the longitudinal variation of the decay heat and for
which the actuasl distribution shown in Figure F-2 of Appendix F was used,

(5) The rod was assumed to be at a uniform temperature over any cross section
taken perpendicular to its axis.

(6) The longitudinal coefficient of conductivity was obtained by taking an

average between the conductivities of UO, and Zircaloy-2 (given in
Table A<l of Appendix A welghted according to the cross-sectional areas

- 56 -
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of each material in the blanket rod. (The conductivity or helium is
assumed zero), A quadratic equation was fitted to the resulting data
giving conductivity as a function of rod temperature. This relation is:

k = 1.9150 x 107 - 7.3208 x 10°7 T, + 1.6963 x 10710 1 °

where k is given as Btu/sec-ftZ-F/ft and T, is the rod temperature at
any point in °F.

(7) The heat capacity of the rod (C ) was found from Tables A-2 and A-3
of Appendix A by the szme methcg as that used to obtain thermal con-
ductivity. The expression used for Gpp wast

CpP = L1.369 + 1,559 x 1073 (T, + L£9,608)
“2.237 x 106 (T, + 158.666)-2

Where Cpp ig in Btu/f@-l“ and Ta is in °F. (It should be noted that in
obtaining this eguation the wvalue of G of 7,27 wasg used for Z:ch'aloy-z
below 1583°F as well as above., This leads to less than a 1% error in cal-
culating CPP for temperatures under 1583 P and has the advantage of
permitting a single equation to be uspd for C ,0 over thewhole range of
temperatures, )

The differential equation used for Fhase 1I vass
0 [C PT] = el [k 0Ty ]+ q4 (2, 1) (6-1)
3t LP o s L —§ed ¢

Since by assumption (7), Cpp ig a function of T only we can write

3 [G P] 2 [CPP] 3T, and equation (G~1) becomess:
at aTa at

Ty 2(c,P) + CppP 0T, = 2 [k aT] * qglz,t) (6-2)
aTa ‘ 3t Q% ,
The boundary value problem made up of Equation (G-2) and assumptions 1-7

was solved by numerical methods, The rod was divided into 30 equal segments
between points z = 0, 0.2, O.li, ceseb.0 feet,

The differential ecuation, Equation (G-2), was replaced by the difference

equation: .

{T é.[.?.ﬂ'fl__ +{3pp] Ty (21, b3 + 84)-Ta (21, t3) = | (G-3)
dfa Az
= k(zi + bz, ti) = k<ziy tj_) p Tg;,{zi + Az, ti) - Ta(?ij_; Vti)
Ay bz
s k(zi, ‘ti) Ty (Zi + bz, ti) - QTa(Zj_g t:i) + T, (Zi ~ bz, ti)
Az‘?‘
+ qq (a4, )

w B7 -
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simplifying and solving for Ty (23, t; + Ot) gives:
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'l

L k(Zi*‘AZ,ti) ’I‘a(zi+Az,’oi)—Ta(zi,ti)]

t
Ta[a_EEﬂ + Cp (Az) 2
EBT
a -4 k(zi,ti) ‘El‘a(zi,'ti)-Ta(Zi—AZ, ti)]
(dz)

Ay (Zisti)

+ T& (Zl’ti)
In this equation: ‘ (a-1) »

k(z,t) = the average conductivity of rod (given in assumption 6)

Az = distance between chosen points of the rod = 0,2 feet

i

At =.interval in time

Ta(z,t) = Temperature of the rod at point z, time t.

qd(z,t) = decay heat generation (given in assumption l). .

Ta 3‘—9;9 Pl + CPP = 39.61i8+3.183 x 1073(T,+159.688)+2.237 x 10°(T4-L59.688)

Ty | (T, + 459.688)3

(This expression is derived from the equation for Cpf7 given in assumption 7)

Using equation O~li, the temperatures in the rod at the selected points
as a function of time were calculated on the IBM 650 Electronic computer in
the following manner:

Beginning at the point (z5,t0)s (20 = Oyt = 15 sec), Equation G-l was
used to calculate the temperature at the point (zg, t, + At). (Here, the
points (2gyte)s (205 te + At) are points in the space-time region,) Then
temperatures at the points (zy, t, + t), (i = 1,2,...30), were calculated in
order, When the temperature at the point (Z3O,t + At) was found, the tempera-
tures at the next time were calculated, beginning agsin with the first point
and using the temperatures calculated for time t, + At, This process was then
repeated as long as necessary. In this way, beginning with the initial tempera-
ture and moving forward step wise with respect to time, the temperatures at the
points of the rod were determined as functions of time,
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It should be pointed out that in caleculating the temperature at
the point (z,,ts + At), use was made of temperatures at the points (z4,%4)
and (z_1,%t;). However, since the point (z,,t,) is at one end of the rod
the point %zmlﬁﬁo) lies outside the rod. A fictitious temperature was
gssipned to the point in the following manner, Since 1t wag assumed fthat the
rod was everywhere insulated, it follows that the gradient at the point
(265t1) is zero., This can be approximated either by setting the temperatures
at (zo,t3) and (z,%t;) equal to one another or by setting the temperature at the
point (z_q,%5) equal to the temperature at the point (zo,ti). It was decided
to use the Jatier wethod since 1t was easier to fit into t%a sutomatic machine
method of calculation used., The same relation holds at the other end of the rod
between points (zpg,t3), (z3psti), and the fictitious point (zBl,ﬁi)»

Some system had 1o be used in choosing the size of At in poing from
one time to the next  Instead of choosing At constant for all time, it was
decided to choose a Atg+7 at time bty such that the larpgest rod temperature
change in going from time t;_7 to ts would have been less than 30°F, had
At; .4 been used. This insured that the temperature changes were not significantly
greater than 30°F during any time interval. Again, this method was chosen as
corresponding better to the capabilities of the compulbing machine,

With the foregoing assumptions, calculations were run until the )
hottest spot on the rod reached the melting point of zirconium. This occurred
at 18 min 31 sec after scram at a point 3.4 It from the top of the rod.

Figure G-1 shows the temperature distribution in the rod at 15 sec,
5 min, 10 min, 15 min, and 18 min 31 sec after scram.
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APPENDIX H

ANALYSIS OF THE THEMPERATURE DISTRIBUTION IN A BLANKET ROD
FROM 26 SEC AFTER "SCRAM" TO MELTDOWN ASSUMING WATER
ADDED TO THE CORE (PHASE III)

In this phase it is assumed that a certain amount of water, in the
form of steam, is added to the core. The corresponding heating effects of a
4T <HoO reaction (if it occurs) are taken into account, as well as the cooling
effects of steam convection. By varying the rate of water (or steam) supply
to the core (from an unspecified source) the minimum water requirements for
core cooling are determined,

Beginning at about 26 seconds after Scram during Phase II, it is
possible to inject water into the core and start Phase IIT. With the excep-
tion of areas around the water inlets, the water will begin filling the inlersitices
between the assemblies., As the water hits the hot jacket surrounding the
assemblies, some of it will evaporate, and the steam will pass through the
assemblies, entering at the top and leaving at the bottom. It is assumed that
decay heat generation in the outer row of rods in a blanket assembly is gvail-
able for evaporation of the water in the interstices, This amounts te about
1/3 of the total decay heat generated by the assembly. Since there will be a
certaln amount of heat transfer between the steam and the rod and since there
will be steam available for reaction when the rod becomes hot encughy these
effects must be taken into account in the caleulation of temperatures in the
rod, -This results in a much more complicated problem, which will now be
discussed,

The following nomenclature will be used through this Appendix:
z = distance from top of core (feet)
t = time after scram (sec)
Ty (2,t) = temperature of blanket rod (OF)
Tg (z,t) = temperature of gas stream (°F)
kg = cross-sectional area of steam channel(fta)
A = cross-sectional area of rod (ft2)

be>(Ta) = gverage heat capacity of the rod (Btu/ft> - OF)
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Cg(Tg) = heat capacity of the gas (Btu/lb mole=-OF)
Cs(Tg) = heat capacity of stean (Btu/1b mole-°F)
UHg(Tg) = heat capacity of hydrogen (Btu/lb mole-9F)
F%(Tg) = density of gas (1b mole/ft3)
aq(z,t) = decay heat generation (Btu/ft3-sec)
v = amount of Zirconium reacted (1b moles/ft?)
y' (T sy) = rate of Zr-Hp0 reaction (1b moles/ftl-sec)
OHL(T,) = heat of reaction (Btu/lb mole)
9, (Ta,y) = AHypy' = rate of reaction heat generation (Btu/ft2-sec)
k = average longitudinal thermal conductivity (Btu/ft2-°F/ft)
Wi(t) = inlet velocity of gas stream (moles/sec)
'wgﬁ&i,Ta) = velocity of gas stream (moles/sec)
M = mole fraction of hydrogen in gas stream (moles/mole)
h = hedat transfer coefficient blanket rod to gas stream (Btu/ft2~sec°F)
The following are the equations for this problem:
Heat balance for the blanket rod
ik Ta/az
1) %5 E\.cpp'r] - 2 ah(Tg-Tg) + hmay! (TgCg-T, Cy,) + Aqq + 2maq,

Heat balance for the gas stream

2) 3 [Rc P T = & [Cw.T.] + 24ah (ToeTy) ~ Lqray! (ToCanTaC
)S-E[ggpg;! gz[ggg‘l ah (Tg-Tg) ay*' (TgCs~TaCy,,)

Material balance for the gas stream
3) o [é C ] = liqray' - 9 [W ]
st e gl & gt

L) Ag 26 “‘é‘i&
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(5)

(6)

(7

(8)

gives

(9)

afc.r ac |
—-[-8—&;‘ =C £ 4+ 7T [(c _c )aM + (1-M) -8 4+ acH2]

VA PD-SC-5hL

Combining Equations (3) and (L) gives

M SN
— ! m B —
APy 3y "Llmay' =W, 3

.. . N
Combining Iguetions (2) and (L) gives

ap Felgl [r-1]-Y 3 18t

‘..4”- 3
- 2mah [T --TEJ = Lney! [ To0 T G !
a ,

Now
C =€ (1-M) + MC
g ™ o0 vagy
so that
B[C T] ac, aCH
ol
% St *T[(C "C)a - 53 ]

J

T

oz € 9z dz dz

Substituting these expressions in (6) and using (5) gives
A __E T (1-M) == '
gpg[b + . M) at + Tl ___2] zﬂah(Ta_T )_hnale (6, -€,)
L 2
-h"ay'(TgCS-T )-W [Cg"a‘ + T (l—M)-_ + T M ]
0z

Now since CS and CH are functions of T only we can write

5 g
ac 3Cq a0
-2 . -—&;——lu__ﬂz.'.a.T.g
oz aTg dz dz aTg oz

Substituting these expressions in Equation (8) and using Equation (7)

acC 3
A pb[’c ) (L
P 5+Tg aTg)(l M)+M(CH2+Tg

CH2] oT
B PY 1 T )
3 )'at [27an+hnay Cy,] (T4-Tg)

W [(1-1) ¢ o1 s
& s gaTg

acH
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We now define the functionQKTg,M) as
V’(T M = (1 M)(c +7

HZ)
g .
Substituting this expression in Equation (9) gives finally

ar 3T
(10)  Whze, 535 = 2ma(T,T, ) (h-2y'Cy ) = éy5;§

3C, ac
~—J)+ M(C_, +T
8 aT, Hy "g aT

Again, since Cbp is a function of Ta only, we can write Equation (1) aazf.

5 Co a[K aTaJ

(11) (Ta —L— + C ) o -—-——tm— + Aqd+2naq -2nah(T ~T )+hnay'(T C -T C )

3T,

Further, since pg is a function of Tg only we rewrite Equation (L) as

.
(2) Mg m-h %

g

Phase III was solved by numerical methods in a mamner similar to that
used for Phase II. The rod was again divided into thirty equal segments.

Equations (11), (10), (5), and (12) were then approximated by the following

equationst _ '
3¢ :
(13) <%a %], Té)[?a(zi’ti+At)’Ta(Zi’ti)]
aT At ‘
k(z, REINA )-k{z, Lot );T (z4+82,7, )-T (zi,t M.
[ i i _L 1 r(zi’ti)
&z Az
onah T (2 +02,t, ) -2T (2, )+T (z,-03,t
- Xa El’a(zi,ti) -Tg(zi,ti%k(zi,ti) [:a ? —.l—l ’

(83)2

* h"gy'(zi’ti)[?g(zi’ti)cs'Ta(zi’ti)CHél+ qg(zsty)

) Ap [? (zi,ti+At) T (2%,
‘ g "

ngp[T (zl,t ) -1, (z -zt )]

Az
- 6l -

] ama [h+2cH2y'(zi’tiZl[Ta(zi’ti)-Tg(zi’tiil
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(15) Ao 3[h“zi’ti+At)'M(zi’tiﬂ {ﬂ(zi,ti)—m(zi-Az,tiil
[ ! e ) )
ee bt “"a? (2458) Wy oyt bz
(16) Wg(zimz,ti)-wg(zi,ti) - A apg [Tg(Zi,tii'At) —Tg(zi,ti)]
- AZ aTg At
- Now let zi+Az = Zi41° zi~bz =z, ti+At - ti+l.
solving Equation (13) for Ta(zi’ti+1) and simplifying gives:

~
r .

At
(17) T (z,,%,,.) = <+“ﬂay’[CT(z1-t)-C T (2 .t)]
a‘’i 8 1" Hya 14
i+l T, alcd ‘€ p g 2
aTa P
2ﬂaqr
Lt qd(zi,ti)+ (2,,t,) 3
T
+ a(zl.t'l)
Yhere:
. k(zysts) [ o, ;
R(Zisti)- (Ai’ i [?a(zi*l;ti) - Ta(zi‘l,tif}
and:
k(z, 1,t,) ;
- R - — At
(2art) = oz | TalBiasts) TGapty)
- solving Equation (1L) for T g(zi’ti+l) gives:

ot
A
P

(18)

T ) -

C .
2na [h+2CH2y' (zi’tiﬂ [Ta(zl’ti)—Tg(zi,ti)

- -T
W (z,,t,) Tg(zi,ti) g(zi—l'ti)

T (2.,%,)
\ o J gttt
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solving Equation (15) for M(zi,ti+l) gives:

(19) M(z3,t141) = M(zs5,t5) + A Jhmayt(z4,t5) - Wé(zi’ti)'E%(Zi+1’ti)'M(zi’tiiﬂ'
Agpg Az )

solving equation (1£) for Wy (2541s%5) gives finally

= A
-g T

Equations (17) through (20) will be used in the solution of Phase III,
Certain additional assumption had to be made in order to complete
the definition of the boundary value problem and to permit the calculation of
the values of various quantities appearing in thq, four equations above.

These assumptions follow:

(1) The initial temperature distribution for Phase III at 26 seconds
after scram was that calculated in Phase II and is shown in Figure No. 1.

(2) The decay heat generation qg (z4,t;) was the same as in Assumption l,
of Appendix G.

(3) Assumption 5 of Appendix G also was assumed to hold here,

(4) The longitudinal coefficient of thermal conductivity for the rod was
the same as that given in Assumption 6 of Appendix G.

(5) The heat capacity of the rod was the same as that given in Assumption 7
of Appendix G.

(6) The reaction rate was given by the following equation which was fitted
to the experimental data obtained at Bat%slggé

1.1829 x 1o‘h exp [Ta + h59.688]

Y’(Zi,tj_) =
y(z55%5)
where 4
7' (agsty) = 7(25,26) +f yi(ag,0)an

26
In the numerical calculation, y(zi,ti+1) was obtained from the expression:

¥(zi5t541) = 7(24,t5) + y(z1,t4)0t
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Tt was assumed that at 21 sec, y = 0,000032 1b moles Zr/ft° at all
peints of the blanketl rod,

(7) A, is 0.00059069 £t

(8) 1In eslculating @ tie ideal pas law was assuned, The gas pressure
wag assumed to be 50 psi so that sog is given by

P = .66 lb-moles/ftB

L constant of 1,356 was inadvertently used instead of the l.66 value,
Thisg bad a nepligible effect on the results since the density term is
unimportant.

(9) OH, is given in Table Al of Appendix A. A linear equation fitted to
this data gives Al as:

AH = 263,135 - 5.3 T, (Btu/lb-mole Zr reacted)
By mistake, the equation used in the calculations was
= 268,135 + 5,3, T . This gives a heat of reaction

which is hlgh by 15% at BOO%°F This, of course, would then give
conservative resulis, , :

(10) W 1» in accord with the remarks given at the beginning of this Appendix,

was piven as:
For 15 sec to 2L0 sec,
Wy = 3,6278 x 10-8 t‘l/s 1b-moles/sec
For 210 sec to 10,000 sec
Wy = 2,2977 x 1075 +~1/b ib—moles/sec

(11) The equations for C, and Lq are given in Table A-3 of Appendix A,
These are:

W 10‘3 (T, + 159.686) +
"‘,25 b 1@5 (T + 1159, 658) é

Cy = 6.52 + 0433 x 10°3 (T + hb9 608) +
2 0.389 x 105 (T, + 459, 568)-2

w BT




WAFD-SC~-5h)

(12) The heat transfer coefficient h was given by the equation:

mg = (0.76)(0.023) (Dgwg>o*8 ng ug)g*h

14 .
g
£ Aete kg
vhere D, is the equivalent Diameter ., ., (0,0218 ft for this problem),
is the viscosity of the gas stream, and K, is the thermal
cogductivity of the gasg stream,. Since Ag is &lso a known constant =
0.00059069 f+2, h can be written as:

. - 0.6
h = 14380 1,08 Ok [ kg
= F O
Mg

The quantity C. is obtained from Eguation (7) and assumption (11),
W, is obtained from Equation (20).

_.The quantities k. and M . were obbtained from a paper by Bernard W.
Gamson (i>* In this paper, the reffuced conductivity, ky, and viscosity, U pn,
of a gas mixture are determined as functions of the reduced temperature, T,
of the mixture and are reproduced here in Table k-1. (The reduced conductivity,
viscosity, and temperature of & gas are found by dividing the conductivity,
viscesity, and temperature by the respective values of the gas at its critical
point). Thus, if the critical temperature of a hydrogen-steam mixture is
agsumed gilven by a linear interpolation between the critical temperatures of
hydrogen and steam; the reduced temperature of the mixture can be written as:

(21) T, = Tg *h59.600 . T+ 5L9.688
(1165.30)(1-M)+59.76M  1165,11-1105. 30M

where the critical temperature of steam is 1165,1L°R and that of hydrogen is

0.6
59.76°R. The ratio %r was calculated from the data of Table H-1, and an
T

equation was derived’ “giving this ratio as a function of the reduced temperature,

This expression was fTound to be:

(22) K, 00/ 1 Ol = Lo.10532 + 2.7200 T, + 0.278k0 T,
1+ 2.5283 T, + 0,07153 T,°

The ratio kCD‘é/“~CO'h was correlated with the mole fraction M to give:

(1) Table 1 of YA Generalized Thermal Conductivity Correlation for Gas State!
by Bernard W, Gamson, Chemical IEngineering FProgress, February 1919,

p. 156,
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TABLE H-1, REDUCED THERMAL CONDUCTIVITIES AND REDUCED
VISCOSITIES AT LOW FRESSURES

i 3 1
» TI‘ : kI’< ) /u(.r( )
- Ok 0,100 0.177
0.5 0,145 0.271
0.6 0.193 0.268
0.7 0.212 0,315
0.8 0.290 0.357
1.0 0.385 0.L50
1.2 0.488 O 0.5h0
Lok 0.577 0.620
1.6 0,662 0,700
2'0 00839 0'85
245 1.02 1,02
3,0 1.19 : 1.17
4.0 1.51 1.2
5.0 1.61 1.63
6.0 2.10 1.85
8,0 2,60 2,23
10.0 3,10 2,60
20 5.30 .08
30 7.25 5.37
10 9.0 6.45
(23) 1, 0:0/; Ok = 16103 - 0.25207M-0.12h91M°
Then kgo'éﬂufgo‘h is given by:
0.6 0.6
(2)4) kgOQé/p gOsI-L o kl" . kC
- ‘ 'J‘]»l O‘h
. M. M.

Thus, if the mole fraction of hydrogen in the gas stream and the
temperature of the gas stream are known, Equations (21) through (2L) can be

(1) See footnote previous page.
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Ouls
g

(13) 1t was assumed that the ends of the rods were insulated. This is a
conservative assumption. Thus, in calculating the temperature of the
rod at its two end points the same treatment was used here as that
used in Fhase II (i.e., assuming a fictitious point outside either end
at the same temperature as the first interior point).

». ; 0.6 hs .
used to find the ratio kg /o . Additional assunptions used are:

(11))The inlet temperature of the gas was assumed to be 281°F at all times,
(This is the boiling temperature of water at 50 psia).

(15) The mole fraction of hydrogen at the inlet was O (i.e., the gas is
pure steam). ;

The same system was used in Phagse TII for determining the time
increments as was used in Phase 11,

Once theée calculations were begun, it became apparent that the
specific heat of the gas was so small that unless the time increments, At,
were taken extremely small, the change in the gas temperature and the mole
fractions using Equations (18) and (19) would be extremely large. Although it
would be posgsible to perform the calculation in this manner, the calculation

would take impossibly long,

Thus, it was necessary to develop different procedures for the cal-
culation of Tg and M, - This was.done in the following way:

Since [, is small compared to other factors in the equations, it is
assumed zero in EqUations (14) and (15). The resulting equations are:

-

0=2Ta [P * 2CH2 y*(zi,ﬁi)] [ Ta(zisti)“Tg(Zi’tii] ‘Wg(ﬁi,tiJW[ig(ziyti)-Tg(zi;l,tiﬂ

bz
‘W c s
0 = Lrvay' (z5,t5) - Wg<zl’ i) [M(zi,ti) ‘M(Zi~1’tiﬂ
Az

Solving these equations for Tg(zi,ti) and M(zs,%;) gives:

(25)’Tg(zi,ti) = [slwa(zi,ti) + SQTg(ziul,ti)] /(8] + 5)
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where 8y = ?"H’a [h + ZCH ¥ (zl,t )] and 8, = Wg(‘zi,’ti) P /b,

(26) M(Zi,”bi) . Lhifray! (zlyt Yz

‘ * M(zi-lxti}
» ‘%‘3% (Biyti)

: The se equamons were used in calculating T, and M, instead of
- Equations (19) and (20) and permltted much more raplg completlcn of the .
“ooproblems o

The calculations were again run until the hottest spot reached the
melting point of zirconium. This occurred at 18 min, 113 seconds after scram at
a point li.O feet from the top of the core,

Figure 2 shows the temperature distribution in the rod at 26 seconds,
5 min, 10 min, 15 min, and at 18 min L3 seconds. ‘

Fipure 3 shows the distributions of the temperatures in the gas
stream at 26 seconds, 5 min, 10 min, 15 min, and at 18 min I3 seconds,

Figure li shows the total amount of hydrogen evolved from scram to
time b as a function of t.

c
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~APPENDIX T
APPLICATION OF MATHEMATICAL ANALYSIS TO THE
CAICULATION OF TEMFERATURES IN THE SEED FPLATE
A, Phase I
It-was assumed that because of the thinness of the seed plate and the
large surface area exposed to the water, the temperature in the plate at 15 sec

after scram was equal to the water temperature at that time (i.e., L72°F).

B, Phase II

- Certain changes in the assumptions made in Appendix G were necessary
to permit application of the method outlined there to the calculations of temp-
eratures in the seed plate. The new assumptions, numbered as in Appendix G,

arez

1. The initial temperature distribubtion was assumed to be
L72°F at all points of the plate,

2.  lhere was assumed to be no heat lost by the plates (not changed).

3. There was assumed to be only a negligible amount of reaction
{not changed).

b, The decay heat generation is now given by:

15 sec to 2L sec after "scram!
3

For t
1656,163 £~/ 3 £(g) Btu/ft3-sec)

[

dad
For t = 2L0 sec to 19 000 sec after "scram',
qg = 10L9.1L6 t-1 i £(z) Btu/ft3-sec

where<f(z) is the longitudinal wvariation of the decay heat
and is again teken from Fig, F-2 of Appendix F.

5. The seed was assumed to bhe at a uniform temperature over any
cross-section taken perpendicular to its axis (not changed).

6. The longitudinal ‘coéefficient of conductivity is now given by:

k= 2.2352 x 1073 + (1.3505 x 10-7)T, + (3.73L8 x 107 H)r,2

».




Ta

These were the dnly changes necessary in the discussion presented in
Appendix G to make it applicable to the calculation of the temperatures in the
seed plate if no walter is added to the core.

WAPD-SC-5L1

The heat capacity of thekplata is now glven by:
O, = 29.927 + 33533 x 1073 (T, + L59.688) -
0.2022 x 106(Tg;+ 159 .688)"2 for T, {1583F and

Cp P = 32,70 for T> 1583 F -

With these modifications the calculations were run again until the
hottest spot on the seed plate reached the melting point of zirconium. This
occurred at 3 min 25 sec after "scram" at a point 3.8 ft from the top of the

seed,

Figure I-1 shows the temperature distribution in the seed plate at
15 sec, 1 min, 1-1/2 min, 2 min, 2-1/2 min, 3 min, and 3 min 25 sec after "scran'.

C. Phase III

Again, certain changes were necessary in the assumptions made in
Appendix H to permit application of the method outlined there to the calculation
of temperatures in the seed plate. These new assumptions, numbered as in
Appendix H; are: .

1.

2.

3.

h.’

The initial temperature distribution for Phase III at 26 sec
after "scram" was that calculated in these II and is shown in Fig., 1-2

The decay heat generation q4(z4,t;) was the same as given in
assumption L of part B of this Appendix.

Assumption 5 part B of this Appendix also holds here,
The longitudinal coefficiént of thermal conductivity for the seed plat

was the same as that given in assumption 6 of part B of this
Appendizxe

X

The heat capacity of the seed plate was the same as that given
in assmption 7 of part B of this Appendix, =

The reaction rate was unchanged and 1s given by:

30,800
7' = 1.1829 x 1074 exp \TT, + 159,588

y (Zi’t’i)

7L




9.

10.

11,

12,

AH, = 263,230-5.3L T, Btu/lb-mole Zr reacted.

,Gg was unchanged and is given by

WAFD-SC-5LL

Ay is 0.0010781 £2
ng was unchanged and is given by:
Py = bbb _ Ib-moles/ft’

- Ty 159,688
AHr was unchanged and is given by:
W( is now given by:

26t02M)wcafwf“mwmw
Wi o= 1,9860 x 107H % Ib-mole/sec
210 to 10,000 sec after "scram"

W = 1,2579 x 10k t=2/4 " Ib-mole/sec

~The equations for Cgq and CHg were unchanged, These are again:

= 7.17 + 1. u2? x 103 (T, + u59 688) +
0.259 = 105 (Tg + 159, %88)“

Cy = 6.52 + 0.l 3 x 10-3 (Tg + 159.688) +
2 0,389 x 10 + 1§59, 288)‘2

The ‘equation for the heat transfer coefficient h was
unchanged. It is:

. Ou8 | ' l O‘h
nib : D.W C :
g = (0.76)(0.023) el
g (Aﬁ ) (k )

g g g

However, D_ and A, are now 0,01116 £t and 0.0010781
respectlve%&, so that b is now writtem:

h = 10,189 W08 Ob 0 6

= (1-M) C. + MC
8 Hg
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The quantity ke was unchanged.and is given by equations H 21

through H-2l, of Appendix H. Assumptions (13) thraugh (15) were unchanged .

With these modifications, calculations were performed to obtain
temperatures in the seed plate from 26 sec after "scram” until the hottest point
of the seed plate reached the melting point of zirconium. This occurred at 1

min, 35 sec after scram at a point L.2 £t Trom the top of the seed plate,

Fipure 1-3 shows the temperature distribution in the seed plate at 25
sec, 1 min, 1-1/2 min, 2 mln, and at 2 min 25 sec after scram,

Figure I-l; shows distribution of the temperatures in the gas stream at
25 sec, 1 min, 1-1/2 min, 2 min, and at 2 min 25 sec after scram. '

Figure I-5 shows the total amount of hydrogen evolved from scram to
time t as a function of %.

o
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FIGURE I-2 TEMPERATURE DISTRIBUTION IN SEED FLATE 26 SECONDS AFTER SCRAM
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FIGURE I-1 TEMFERATURE DISTRIBUTION IN SEED PIATE, PHASE II
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FIGURE I-3 TEMPERATURE DISTRIBUTION IN SEED FPIATE, FHASE 111
FIGURE I-), TEMPERATURE DISTRIBUTION IN GAS SURROUNDING SEED FIATES, PHASE 1171

- 79 o




WAFD=SC~5L

I I | | I I
FIGURE 1-5
EVOLUTION OF HYDROGEN
FROM. ONE STEAM
CHANNEL IN'SEED
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FIGURE I-5
EVULUTION OF HYDROGEN FROM ONE STEAM CHANNEL IN SEED
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