COMPARIsGN Gr WERICAL RESULTS Wi ROt
FOR SINGLE~PHASE NATURAL CONVECTIuN
EXPERIMENTAL SODIUM LOOP*

Submitrze! ©.r sresentation at Snwceialists' YMeetina on Decav Heat
T . : Latural Convection in FBRs, February 286—29, 1979,
>, wong Island, N.Y., USA

R. J. Ribando

NI PSRN

Daly wattarny ewprest ne

Dbty nr respunshility ber the seonacs
o wertudness of ary niIpaten. sppants g
l provess di v, e repesents ar s e ot
l infzinge privalely owned nghits B

0AK RIDGE NATIONAL LABGRATORY
i Ridge, Tennessee 37830

Now at: University of Virginia
Charlottesville, VA

By acceptance of this article, the publisher or recipient acknowl-
edges the U.S5. Goveranent's right to retain a non-exclusive, royalty-
free licease in and to any copyright covering the article.

*Research sponsorad by the Division of Reactor Research and Tech-

nology, U.S. Department of Energy under coatract W-7405-eng-26 with
the Union Carbide Corporation.

NOTICE

et ags prepared an b accud

weplie t

Eaa

Y

Voah

by the ool Stye, Goenmeny Seates the
4 Grares en the Urate? States Depatment
o anv -1 ther s phaers ot 3oy ot thet
er then emplwers makes



MASTER

ABSTRACT

A comparison is made between computed results and experimental
data for a single=phase natural convection test in an experimental
sodium loop. The tovs wo.: conducted in the Thermal~Hydraulic Qut—of-
Reactor Safety (THORS) facilitv, an engineering-scale high temperature
sodiun loop at the Oak Ridge National laboratory (ORNL) used for
thernal-hydraulic testing of simulated Liquid Metal Fast Breeder Re-
actur (LMFBR) subassemblies at normal and off-normal operating con—
ditions. Heat generation in the 19 pin assembly during the test was
typical of decay heat levels. The test chosen for analysis in this
paper was one of seven natural cunvection runs conducted in the
facility using a variety of initial conditions and testing parameters.
Specifically, in this test the bypass line was open to simulate a
parallel heated assembly and the test was begun with a pump coastdown
from a small initial forced flow. The computer program used to
analyze the test, LONAC (LOw flow and NAtural Convection) is an ORNL=
developed, fast-running, one-dimensional, single-phase, finite-
difference model used for simulating forced and free convection tran-
sients in tie THORS loop. In addition to simulating this particular
run, the code has been used to predict results for other runs and for
some hypothetical cases involving higher heat generation rates, less
heat transfer through the test section walls, etc.

Comparison of LONAC results with experimental data shows fairly
good agreement early in the transient, but shows the need for better
thermal models of the heat dump, pump and other loop components if

long transients are to be simulated. While the THORS loop is only
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would be produced bv 2ot motor operation alone. In fact, in current
designs buoyancy-driven flow should cool a shutdown reactor enough to

give a sufficient marein of =afut in the unlikely event of a complera
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for predicting plant operation when making the transition to and oper~

from a series

alvzed in this 2up
conducted in the Thermal-Hvdraulic Out—of-Reactor Safety (THORS)
v This loop is

facility at the Oak Ridge National Laboratory (QRSL).

used for thermal-hydraulic testing of simulated L!FBR subassemblies at
normal and off-normal operating conditions. While not considered a
valid surrogate for a reactor primary loop, a comparison of THORS data
has been made with results obtained using LONAC (LOw flow and NAtural
Convection),5 an ORNL-developed one-dimensional system—type, single=~

phase, finite~difference numerical model used for simulating THORS



oparation, The exercise has given valuable insights into the pr..
of establishing natural convection ag a viable neans of removing Go..g

e Sy enem = pel,

heat in the event of loss 7 Doroed Dlow Lo Donp—ogpe LU



2. DESCRIPTION

2.1 Test Facility

The test discuss..) in this paper was conducted in the THORS [form-
erly the F... railure Mockup (FFM)] faciiity. An isometric drawing of
primary piping and major components as they were at the time of the
test is given in Fig. 2.1. Forced flow is provided by a de-motor-
driven vertical-shaft centrifugal pump capable of delivering 40
liters/sec (600 gpm) at a pressure difference of 960 kPa (140 psi).
Heat generation in the sinulated LMFBR subassemblies 1s provided by
electrically heated fuel pin simulator (FPS) units. Pressure trans-
mitters, flow meters, and thermocouples are installed to measure the
system operating param=t.rs, Electrical trace heaters are installed
on all system lines to preheat the system and minimize heat losses
during operation.

A test-section inlet valve is available for simulating the pres-
sure drop of the reactor inlet flow paths but was kept fully open in
this test. A bypass line with a control valve which can be adjusted
to give hydrodynamic simulation af other assemblies in a reactor core
is in parallel with the test section. The hot sodium from the test
section and sodium from the bypass line mix in the expansion tank.
The expansion tank and the piping to it were designed to simulate the
hvdraulic characteristics downstream of a reactor core, and the ex~
pansion tank serves to mix hot and cold sodium, thus protecting the
remainder of the loop from excessive temperatures. The ratio of by-

pass cross—sectional area to that in the test section is approximately



13:1. Programmahle power control and pump-speed control capabilities
%~ =uzravided so that prescribed and reproducible flow and/or power
transients can be parformed.

The pressure nf t..: cover gas above the free surface in the punp
bowl is normally regulated at a fixed level [34 kPa (5 psigll. The
pressuri: of the cover zas above the free surface in the expansion tank
may be either fixed at the same level (by opening the cover gas

equalizing valve HV-256) or allowed to float {(HV-255 closed).

2.2 Bundle Description

The test section (referred to as Bundle 6A in this discussion) is
a full-length sinulated LMFBR fuel subassembly. It consists of 19
electrically~heated pins 5.84 mm (0.230 in.) in diameter spaced by

;39=11.) helical wire-wrap spacers on a 305.-mom (12.0-

lead=mm-diam (U.u

(93]

in.) helical pitch. The gap between the bundle and its containing
hexcan I: .71 =m (0.028 in.), one-half the nominal pin-to-pin
spacing. This configuration is used to flatten the sodium temperature
across the bundle. In order to give a better simulation of the
central region of a full reactor subassembly, appreciable effort was
expended in designing and fabricating a low thermal inertia bundle
housing. The bundle hexcan is 0.51 mm (0.020 in.) thick type 316
stainless steel backed by ~20 mm (~! in.) of calcium silicate block
insulation contained in a stainless steel jacket (Fig. 2.2). Early
tests, however, indicated higher values for hexcan thermal inertia

than expected and a post-test examinatlon revealed that sodium had
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indeed permeated the insulation region. The impact of this sodium

akage 0 Chie tests will be discubsed later.
leakag at Lest i1l pe di ssed later

. : N ]
The heated oo b of Twil: »v iy L% 0 (36,0 in.) with variable-
niteh heater windling: on i, Ll mepi-no-mean 200l gele

cosine power distribution. Downstream of the heated length, a nickel

reflector and a simulate? Jlision gas plenum have < - same length and
thermal inertia as an FFTF fuel ausently. Axnial dimensicns oi the

bundle are shown in Fig. 2.3.

Both the heated length and the simulated fission gas plenunm are
instrunanted with wire-wrap thermocouples and duct-wall thermocouples.
In 2idi7 ..y, the heated length is instrumented with heater-internal
thermocoupi=.. "z ~-%1llation of heater-internal and wire-wrap
thermocouples I35 indicated in Fig. 2.4. Juct-wall o mocouples ars

Y,

inserted inco holes bored to within 0.121-0.25 on (0.033-5.012 4ia.) of

the inside surface of tie hexcan, At the time of the tests discussed
nere, there were approvimiteiy 45 duct~wail, 33 wire-wrap, and 43
heater internal thermocouples operating reliably in the bundle. Ap-
proximately 27 additional thermocouples were strapped to loop piping.
Data from these thermocouples and other instrumentation was recorded

using 2 fast response Data Aciuisision Svstem (DAS) controlled by a
P I 1 -

PDP-3E computer. Other details of the THORS DAS may be found in

Ref. H.

2.3 Test Procedure

In addition to the test discussed in this paper (referred to here-
after as Test 39), there were one preliminary test and six other

natural convection tests run in this phase of the Bundle 6A test



series. Earlier single-phase steady-state forced flow tests run as
part of the Bundle 6A test program are reported in Ref. 7; later
transient boiling tests are reported in Ref. 8. In the preliminary

test, loop trace heater settings were determined so as to minimize

heat losses from =z%2 :. - ... in the temperature range of interaest. The
other six natural coavection tf2sts Isvolved changes in the initial
conditions (whether a low forced flow or a zero flow), trace heater

settings, the state of the cover gas equalization valve, and power
skew in the bundle. Details of the other tests may be found in Ref.
a9,

Test 39, the one to be analyzed here in some detail, was the only
test in which the bypass leg was open to simulate a parallel bundle.
Under isothermal conditions the valwve in the bypass was placed at a
getz. : which was thought to give cpproximately equal pressure drops
in the test sectien and bypass for equal flows, and then the pump
speed was ad justed to give about .13 lirers/sec (2 gpm) through the
test section. The pressure drop coefficient for this valve setting
had been measured earlier at higher flows but existing instrumentation
was not sensitive enough to make this measurement in the flow range of
interest. As in all runs the test section inlet valve was full open.
The bundle power was set to 7.3 kW total, while the trace heaters in
the bypass leg were set at their maximum output (6.6 kW) to simulate a
parallel heated assembly. Once temperatures had stabilized, the pump
was stopped and the cover gas equalization valve (HV~-256) was opened

to begin the test. Approximately two hours later the test was

concluded.



3. EXPERIMENTAL RESULTS
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Plaots have la of tne cemperature trace in tha
(Fig. 3.1) duriaz the early nars of the transicns and of the tempara-

ture trace around the loop at various times during the whole traasient

(Fig. 3.2). The abscissa in both plots is distance along the loop in
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counles near tha ceooern Sf i o 1T 7L,a., thermocouples on pins
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later wha= zhev 7o 2omsared o nussrical ored
flowmeters will not be presented because of strong reservaticns about
their validity at such léow Zlayis. Experimental heat balances using
the indicated flow, temperature increase across the test section, and
the bt 2 poweY waras made throuzhout the transient. Those nade to-
ward the end of the run, when transient heat storage effects in the
bundle should be at a mininmum, sugzest flow meters generally reading
sorie 30~307 hizh. The quorted accuracy of the flowneters iIs zbout
+70% of the flow pradicted bv the LONAC code for this case.

Since Test 39 began with a pump coast down from approximately 3J.13

liters/sec (2 gpm, 5% nominal flow) peak temperatures initially are

ceat

b



At

recorded toward the ond of the heated sectilon {7 iz, 2.'5. Turing
transitional periad oo - sad T = 150 sec, the peak temperature

is found nearer tae bundle midpoint. wnere the heat generation is at

Finally 2

been =2t wn, u¥2 neal gzain is recorded toward the end of the heated
section, Other pazacni-mon 1o7ar 0T in the plot of lo&p,thermocouplas
vs tize (Fi 2.2) is the very iarge thermal inertia of the expansion
tank as evidenced by the delay iIn the response of the thermououple

Tr i3 alsn readilv apparent that the very

just dewnstirean Hf Lo,

large heat loss in the area of the heat dump affects -the inlet ther-

mocouple as well as the ane at the outlet.



4. CANALYSIS

Analvsis of the sunile oa aatural convdsuisn t=o7e has been bdased

on use of LO}ZAC,5 a one dimensional, single p!
model for predicting THORS transients. The early vzrsion of this code

had no provision for chermal inertia of piping and loop compcnents

mio, v Uvied no heat losses. Inclusion of structure

tharmsl i v 'ipinz losses and a fairly detailed model for the

- B B Y p -
LasuLation ang confa

e

nment aryund the test bundle itself was essential
to the i~ % o7 .7 the Bundle 6A tests. As noted earlier, sodium
had permeated the insulation surrounding the test bundle and the

resultine "cat sink nad to be fairly carefully modeled since it was in

such close proxinic- . Zae pin bundle. Other structural componsnt:s

exchanger were

such as »iping, the pump, exgansion

thermally modeled simply as single nodes in intimate coﬂfgé; with‘the -\

adjacent sodium node (c.f. Ref. 10). - ;: -
Since a fairly deatailed discussion of the LONAC sdlution algorithm

. s R I P

Nas been given pravi 1 few points will Dbe made here.

e
I
o
c
U
v
.

The loop and bundle are divided ianto 36 energy nodes, 34 of,whichkdre‘
of fixed volume, The other two represent the sodium in the pump bowl
and expansion tank. The soaium levels in these two nodes zre pre=—
dicted by the ccde. Accurate prediction of these levels is‘gérticu—
larly important because, for example, in the case of the pipe run
betwecen the expansion tank and pump bowl, the temperature field in

this line normally would tend to drive the flow in the negative
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where

A = cross-sectional area,

d = hydraulic diameter,

£ = Iriccion dactor,
G = Mass Iaow, ilwa,

g = gravitational acceleration,
h = enthalpy,

hg = enthalpy of structure,

Z = coordinate in flow direction,
p = densitv,
T = time, and

% = heat source tern,

(1)

(3)



A five node rfuel pin o . ....:on nmodel {s coupled to each

sodium node in the heated zone. Sianflarly a five node radial -

dunt i modes Lol Lie LaSULATINT <Irrouidilg Lihe Lest Duildie L .-
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fhark 4n +hn hagred cacrinon and ia the simulated rission gas plesun
sectiar), Runs wer: cnousing manufacturer's data for the
insulation thermal properties and using estimated properties for the
qoiivm—sysurated insulatinn.® Gcher than {n the test section, pip-

< cther o unents were assuned to be at the same temperature as

»ipe heat capacity is less than half

the conticaous sndiam,

0l
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o

the large pipes use! in a full
reactor, 12 pipe heat capacity ranges from 80 to 120% of the sodium

i the snall diameter pipes in ThURS. Tne estimated ur coei.ulated
masses of other loop components which were Included in the thermal
analysis were: heat Zdump {but not i{ts support structure), 279 kz;
expansion tank, 261 kg; top and bottom flanges of test section, 45

kg; and pump (impeller and bowl only), 241 kg.

Losses from loop piping and other components were estimated using
the results of the preliminary test mentioned earlier. An analytical
dererminatica of the heat losses would have been difficult if not
inpossibhle because of the large number of protuberances such as valves
and flowmeters as well as the irregular geometry of elbows, tees and
the pump. A scheme was developed for allocating the trace heat be-
tween losses to ambient and gains to the flowing sodium based on a
comparison between the computed sodium temperature and the temperature

for which the trace heater setting had been made. The resulting addi-

tional term in the energy eguation for the flowing sodium is:



Ttrs = 1o
Frow Touse 539 Ten, o Leoremmarature onroTiooumaintg fo o th:r trials
v -

heater settinu)was 450°C (YUUTF) in the hot lee and 320°C (7.7, .
the cold lez. Aahient fomporsrnse oo o.out 46°C (115°F).  Totar
ryace ot Looer thaa in the bypass was about 12.1 kW, This is nearly
equial to the combined electrical input to the test section and the
heated hypass. Assnaing abont 1 350°C (ABN®F) hot leg temperature
early in the tran=sient, about 1/3 nf the trace heat in the hot leq
waould Tlow ifato the sodium; later the fraction would bo aheut /10,
e cobd Lez docs o aot deviate much from the 320°C (A00°F) temperature;
therefore, the additional heat input due to the trace heat would be
small. Other details on the schenme for allocating the trace heat may
be found in Ref. 9.

The monentus equations arc set up using the momentum integral
method discussed by Hayar.lB “wmentun nodes are set up in a stag-
gered arrangement so that mass flows are computed at the edges of the
mass/energy nodes rather than at their centers where thermodynanic
properties {density anl enerzy) are defined. Frictional losses, ther-
mal heads, etc., are computed locally at each momentum node. Since
the flow through a line at any point may be expressed in terms of the
flow at rhe inlet te that line plus a correction because of thermal
expansion or contraction up to that point, it is possible to combine
the momentum equations for a series of nodes into one equation for the
whole string., When the bypass line is open, four separate momentum

equations result: one each for the main line from the pump to the



tee, <he bypdss line from the tee to the expansion tank, the Lest sec—
tion lime from v - L2 eXpansion tank and tne main line from
.3 :i..asion tank back turoagit Tue heal dump to the pucp bowl,  These

N - R U B, 1. . fl e
GdelePeadlea. LY ne pPlessdare a4l

- e
2oladlons ale dadueiland san
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the tee. The iy oo 7Dy Yor transiont flow sedistraonuzo

ra

because of different thermzl heads in the bvpass and the test section.
For other tests with the bypass line closed. there are basically only

were us-ad for

laminar und transition o9 fictors Ia the pin bundle, The
stonned=raotor nrossare Adrep o of tho onunp was assumed te be neglible.

-.2 Results

A LONAC simulation of Test 39 was made using the estimated
degraded test section insulation thermal properties. In addition,
simulacions were made using the Test 39 procedure with both degraded
and "as built" insulation properties and at several bundle powers in
addition to the acrual one. Simulations of several other tests were
made and are discussed in Ref. 9. Weighted averages of the nearest
experimentally measured temperatures were used to determine initial
tenperatures for each of the finite-difference volumes. Since the
argon cover gas in the expansion tank was pressured at T < 0, it was

assunad that whea the two free surfaces were at the equilibrium

no-fiow level and the loop was at 320°C (600°F), the cover gas gauge
—

-

pressure was 34 kPa (5 psig). Pressure changes due to heating 6% to

&

>

level changes could then be computed. This calee=iitional procedure

N
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has some basis in the experimental.procedure used and was necessitated

;

by the lack of pressure and temperature measuring devices in the cov:s
gas spdace at the Cidies

as noted earlier Test 3% was the only run in which the bypass iine
was open to simulate a parallel heated assembly. The pressure irup
coefi{icient, determined as noted on Sect. 2.3, was used for the bypass
ling +..va in the simulation; and, under isothermal conditions, the
pump head was itarated until the desired 0,13 liters/sec (2 gpa) flow
was ohtained in the test section. The corresponding computed flow in

the bypass was about 2.4 times this rather being equal as desired.

Trace heat in the bypass was set at its maximum value { 6.6 kW).

Computed temperatures in the cost section and around the loop and
flows are shown in Figs. 4.1, 4.2, and 4.3, Figures 4.1 and 4.2 mav
be compared to Figs. 3.1 and 3.2 which show the corresponding ex-
perimental data. The circled numbers on Fig. 4.2 show the time it
would take a parcel of fluid leaving the beginning of the test section
at t = 0 to reach the station indicated. From the expansion tank
downstream the flow is, of course, augmented by the bypass flow. The
computed flows (Fig. 4.3) for this run are particularly interesting
because the experimental procedure involved a simultaneous pump
coastdown and expansion tank cover gas depressurization. The effects
are particularly apparent in the lightly damped flow oscillation
through the heat dunmp.

Individual thermocouple traces and corresponding LONAC results
have been plotted as a function of time for a number of positions
around the loop. These are depicted in Figs. 4.4 through 4.7. In

most cases the center of the LONAC node did not fall at a thermocouple
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within the heated section (location 1) and at the end of the heated

section (location 2). The peak temperature predicted by LONAC was

462°C at 5974 sec v~ the 558°C obszrved in the loop at about 609 sec.
At a representative point in the simulazed 70 o, .5 plenum (loca-

tion 3) the noanarisnn is somewhat hetter, At location 4, which is

commonly referred to a "test section wut... is actually much

closer vo ¢ wwm o0 0 o Leon inlet, the prototype is seen to respond
more slugzishly thaa ©.. .- "~tion, It must be noted that the heat
capacity 7 . .n: nardware in this urca, west ootably the flow neter,

was not included in this simulaticn and could account for the

rzac.

Q.
e
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At the next location (4, expansion tank cutlet) LONAC first over-

predicts and after about 3000 sec underpredicts. It is highly likely
that the discrepancy is caused by the fact that the fluid in the
expansion tank is thermally stratified, while in the one node LONAC

assuned to be well-mixed. For this reason the

s
V7]

representation, it
LONAC outlet value is representative of the mean rather than of the
temperature at the bottom of the tank. The characteristic thermal
diffusion time computed for a layer of sodium of thickness equal to
the frec surface height in the expansion tank 1s about 900 seconds.
This is virtually the same as the time it would take to flush the

expansion tank sodium inventory given the computed test section aad

bypass line flows. It sugsests that insufficient time for thermal



.y~sriibration is allowed and that hot fluild is added to the top while
Locanion b0 1 Seed Cidsel soae df ocince upstrean [rom tie neadd
dump because Lid¢ LucliluCudpac juse ao Che inlel rerlects the e
losses fa the Loeat domp and lts vicinity rather than heing represenii-
tive of the incominyg fluid. Io cther words the losses at the heat
dump are really not confined to the dump per se while in the LONAC
simulztion they ara, With this provise Lae LONAC resulls are oo.. -

oo Lo BITAZLDLCAfLsn 10 faoe

1

B, %, and 12 sbow fairly good agreement although it

Locasinas 7y
must be pointed out that trace heat in the cold leg of the loop was
to maintain 600°F (3207°C) teaperabtures throughout =..
transient. Recorded values did not deviate much from this. In con=-
trast Dot measured and computed tempavatures in the hot leg did vary
significantlv from the 900°F (480°C) trace heater set point.

The location in the bypass (11 and 12) scems to indicate that the
flow in the bypass has been overpredicted somewhat. This is presum~-
ably the result of poor characterization of the valve pressure drop
coerfficient under low flow conditions. The slower transient response
seen in both the experimental data and the simulatioa is directly
attributable to the greater sodium inventory in the bypass line as
opposed to the test section.

Friction and form losses as well as thermal head for this case are
plotted as a function of time in Fig. 4.8. The thermal heads have

been computed as fpgdz around the loop with the path taken through the



test section in the one case and through the bypass in the other. Hy-

Tava toan gomencad poc Lt <00 Eor the bvpass, the foa

section and the remainder of tie loope. Losses in the remainuer 0 Lue

Lo T2 seen to Do ainimal aund, wcther chan at very early times, cea-
periL anlel z : ' SIS S
Imoomder o assecs toe alfeccs of nighor tunile pover and of ine-

Thesa f-tluda 0o runs ma

thermal progevzies bat hizher poszrs (b, the bundle only, not the
Neanod Moooos e s aere s made Al the fhree hundloe powers hus
us1ny "as tuiie” insalation gheraal propertics. Tae resulis are

.
ERR R ‘. 4.9 which shows the peak bundle tenperature and
¥iz. 4,10 which shows the t.wu. to reach the peak temperature. Note

that Fiz. 4,10 shows an srder o7 mapnit:? . difference between “"as
built” and degraded cases. In the former case, temperatures and flowe

v and in the case of the flow there is even an overshoot

rise guickly

before it damps out. Test 39 data are seen to compare quite favorably

with the degraded insulation results at the same power,



5. COLCLUSIONS
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In a large-scale reactor L2 Fluw en the side of
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trast tiue sadiun flow choounzic Sihe GHURS Na=dil .5 % Heif dump 15 10
5

nearly the corizontal direetlo . .+ the crudeness of the heat dump
ther-al mad:l g nor felr until the thermal pulse reaches a vertioal
les,  Furtiar reflnement of the heat ducp model would be difficult be-
cause wila Che Diower oii 2ad .o i .pzr closed, the heat dump was
operazing at only a few percent of its design rating. As noted
earlier trace heaters on the heat dump tubes and supplementary radi-
ator heaters were off during these tests. A more sophisticated model
would also have to include at least part of the massive heat dump sup—
port structure. Sodium flow in the new 2.0 MW heat dump to be usad
for future THORS tests with larger bundles will be upward rather than
downward as in the primary side of a reactor IHX. The 0.3 MW heat
dump used in these tests will continue to be available.

For similar reasons the crude pump thernal model does not atffect
the early part of the transisat, Future THORS natural convection
tests would involve a new electromagnetic (EM} pump which will be lo-

cated in a vertical piping leg. When not operating, the EM pump may
Pif g S I 12X} ¥



be characterized hydraulically as simply another length of straignt

pipe. Its vh == 7 Sohavior shioul i be somewnin - © . laalracieérice
than toas o - =z zencrifugal pump.
te Tilnaere o S0 4.9 and &Lk, the ol Pooraneralsg of

the insulation surraundine the test bundle play a dominant role in the
fent, Marfi-eus -t - i3 available for the "as built” in-

sulation, but L ro ey .io5 of the desraded insulation could only be

catad -0 worosity of the

e

ectimated. The manufacturer's data ind
naterial was 537, Tfndar the assumption that all pore space was fuil
of sodium, a thermal cnnductivity which was 53% that of pure sodium

(and aver 200 <inoz thas of £he "as bailt

e

insnlation) was usad €or
the degraded insulation. Similarly the heat capacity was computed on

tae c...3 of 537 sodiun and 47% insulation. Clearly the agreement (or

disagreezent) between cxuparimental and L2NAS wirlus: icaen in Figse 4.9
& g
and 4,173 is a str.ug funzoion of this assunption, Tn a full-scale

reactor the henrzon will and adjacent subassentlies, if coosler, would
have important effects as heat sinks during a slow natural convection
transient.

The pressure drops in the bundle and bypass were orders of magni=-
v

it in the rest of the loop. Under

\

T > I -
the decav heat

(o]

tude lavger than ¢
conditions simulated here the flow in the bundle is in the laninar and
transition rezimes. This is also the case for the full-scale reactor
under decay heat conditions; but in the reactor many more, larger as-—
semblies feed the also larger leop piping., The result is that in
THORS the flow in tlie loop piping is in the laminar and potentially
troublesome~to—evaludte transition regimes, while that in reactor pip=

ing would be well inteo the turbulent regime. Again because the bulk



: : wwop is In the hundle where apparently it has been

toeo- : R

well-node. a1l et al, roaale:, - the '

ApPeaCs Gul Ty wsai.z2le Jluladrly tie veglect of tne npamp stenned-
TOLAr Sreeccnre DL et Doonnor prosoien A DN,

The THORS tests discussed {n these tests have panerated a wealth
of loop and intra-n.oohls dawa ander simulated decay heat conditisns.
Tney have demonstrated tie ability of a simpliried computer code to

model tha THORS losn, rhe older seements of which wer: 7. [ -2d nearly

a dacada agn with little anngideration of datailed lnop temperat.c:

measuromaaty roocie e For gty amler v tural convection conditions,
. \ P L .
ol an iy sl Dioras el hoere hoae Dnsminhits wiileh will

be helprful in planning ifubture tests under natural convection

(=1

conditinng and insights which will help in code improve-ents for

simulating long transients.
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Fige. 2.1. Drawing of che Tuurs facility for Bundle oA operdtion.

CiClasd wiubwalo ifldiweru bLoae position of thermacouples dsel o0 cuu

mant1l results with numerical prediztions in Figs.

Fiz. 2.2. Ilo.. sccrion of Bundle bA.

Fig. 2.2, THANS B lle A4 teste-scction assenbly showing axial
dimensions 1L Lae = 2205 o,

Fige 2.% B Tl Toal onin simulator.

Fig. 3.1 <5 ocesorded along ther bundle axis plotted at

selected times ecarly in the transient, (THORS Bundle 6A, Test 39,

initial low forced flew, bypass open).

Fig. 4.1. Computed test section temperatures for various times
early in the transiehc (LONAC simulation of THORS Bundle 6A, Test 39).

Fige. 4.2. Computed loop temperatures for various times during the
transient, (LONAC simulation of THORS Bundle 6A, Test 39). Circled
nunbers indicate the time (sec) it would take a parcel of fluid
leaving the beginning of the heated section at = 0 to reach the
station indicatad.

Fig. 4.3. Conputed flows vs time (LONAC simulation of THORS

Bundle 64A, Test 39).



FPlg, 4.4, Comparison of Test 39 thermocouple daté with LONAC
prediztions at stations | through 3. Position of stations is indi-
cated in Fig. 2.1.

Fig. 4.5, Comparison of Test 33 thermocoupie data with LUNAC
pradictions at stations 4 through 4. Position of stations is indi-
cated in Fig. 2.1.

-

Tiz. 4.6, Comparison of Test 39 thermocouple data with LUNAZ p7.—
dicrcions at stations 7 rthrough 9. Position of statisns is indicated
in Fig. 2.1.

ig. 4.7, Comparison of Test 39 thermocouple data wioch L0700

™

dictions at stations iv through 12, Position of stacinns is indicaced
in Fig. 2.1.

Fig. 4.8, Computed thermcl heads and losses vs time for Test 39,
Fige 4.9, Pose Looyo-iocco oo croeoin Test 39 coapared with
LONAC predictions for this c¢n:c and hypothetical cases using the Test

39 procedure.
Fig. 4.10. Time calculated to reach the peak temperatures plotted
in Fig. 4.9, (LONAC simulation using Test 39 procedure, both with "as

built" and degraded insulation and actual and higher bundle powers).

Test 39 value is also plotted.
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TEMPERATURES IN THE TEST $ECTION

500.0

( C)

TEMPERATURE

TEST 39 SIMULATION

—-— 0.0 s
R 20.0 s
________ 40.0 s
—_— 60.0 s
— 80.0 s
— 1p0.0 s
. 200.0 s
—_ 300.0 s
. 400.0 s
__ 500.0 s
1000.0
. HEATED SECTICN - FISSION GRS PLENUM
0.0 0.5 1.0 1.5

DISTANCE FROM START OF HEATED SECTION (m)
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early in the transient (LONAC simulation of THORS Buadle 64,
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Test 39).
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Synopsis

The purpose of the study was to examine whether an interaction
between two agents causing alveolar epithelial damage would produce
lung fibrosis. In mouse lung, intraperitoneal injection of the anti-
oxidant butylated hydroxytoluene causes diffuse alveolar type I cell
necrosis, followed by proliferation of type II alveolar cells. In
animals exposed to 70% 02 or 100-200 rad X-rays during the phase of
type II cell proliferation following BHT, diffuse interstitial lung
fibrosis developed within 2 weeks. Quantitative analysis of the
lungs for hydroxyproline showed that the interaction between BHT and
02 or X-rays was synergistic. If exposure to 02 or X-rays was delayed
until epithelial recovery was complete, no fibrosis was seen. Abnormally
high levels of lung collagen persisted up to 6 months after one single
treatment with BHT and 100 rad X-rays. A commonly seen form of chronic
lung damage may thus be caused by an acute interaction between a
bloodborne agent which damages the alveolar cell and a toxic inhalant

or X rays, provided a critically ordered sequence of exposure is observed.



Pathogenetic features common to many forms of interstitial pulmonary
fibrosis are a chronic alveolitis, changes in the cellular composition
gf the alveolar zone and derangement of the interstitial collagen.
%ibrosis often appears to develop as a common sequel Lo injury when
normal tissue repair fails to take place.1 It may be precipitated and
sustained by exposure to a single etiologic agent such as inhaled
particles of silica or irradiation of the thorax. In other fcrms, such
as idiopathic pu]mdnary fibrosis, the etiologic agent remains unknown.
Recently we suggested that pulmonary fibrosis could develop following
the interaction between an agent reaching the lung via the bloodstream
and a toxic inha]ant.2 This speculation was based upon the following
experimental observations.

In mice, the antioxidant butylated hydroxytoluene (BHT) causes
widespread and uniform lung damage. Twenty-four hours after an intra-
peritoneal injection or oral administration of 200-400 mg/kg of BHT,
diffuse necrosis of type I alveolar epithelial cells is seen throughout
the lung. The initia]Adamage is followed by a period of recovery.

On days 2 and 3 after BHT there is intensive ce11.pro1iferation in lung,
and total pulmonary DNA synthesis, measured by incorporation of

3 In the

labelled thymidine into pulmonary DNA, increases 10-15 fold.
early phase of recovery, most dividing cells are type II epithelial
cells. From days 5 to 6 lesions develop in some capillary endothelial
cells and endothelial cell proliferation follows. Interstitial cells
appear not to be damaged, but also proliferate at this time. Six to

10 days after a single injection of BHT, the Tungs regain a virtually



normal appearance. The morphologic sequence of events following CHT
has been fully documented both by 1ight- and electron microscopy.4’5
We subsequently examined the effects of 02 exposure (60 to 100%
for 10 to 24 hrs) upon Tung cell division on different days after BHT.
We found that 0, inhibited cell division 2, 3 and 4 days after BHT,
but no longer on days 5, 6 and 7.6 Since the early phase after BHT
is characterized by primarily division of type II alveolar cells,
whereas interstitial cells divide on days § through 9 after BHT4 we
concluded that dividing epithelial cells might be more susceptible to
the cytotoxic action of 02 than dividing interstitial cells. Selective
killing of epithelial cells by early oxygen exposure after BHT-induced
lung injury could then allow excessive proliferation of interstitial

cells and lead to the development of fibrosis. Experiments described

in this paper were designed to test this hypothesis further.

Methods

Young adult male BALB/c mice, weighing 20-25 g, were injected i.p.
with a single dose of 400 mg/kg of BHT (3-5-di-tert-butyl-4-hydroxytoluene),
dissolved in corn 0il. Control animals received corn oil alone (0.1 ml/10g).
Exposure to 02 was performed in a plexiglass chamber, ventilated with a
humidified mixture of 02 and compressed air; the 02 concentration was
periodically monitored with an oxygen analyzer and kept within 3% of
thé desired concentration. Local irradiation of the thorax was done
with a GE Maxitron 300 X-ray machine operated at 300 kVp and 20 mA.

The HVL was 1.29 ¢m Cu. The average dose rate was 265 rads/min.
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Detailed experimental prciocols are given in the results section.
At the end of the experiments, animals were anesthetized with
sodium pentobarbital andexsanguinated via the abdominal aorta; the
lungs were fixed in situ with 10% reutral buffered formalin injected
through the trachea. Lung lobes were embedded in paraffin, sectioned
at 3-4 um and stained with hematoxylin and eosin, Masson's trichrome,
Qan Gieson's and Snook's reticulin stains.. Collagen was quantitated
chemically in anothér group of mice by analyzing the lungs for
hydroxyproline content. The lungs were perfused in situ with 0.9%
NaCl, excised, lyophilized and hydroiyzed in 6 N HC1 for 18 hrs at
107°C. Hydroxyproline was determined by a colorimetric assay7 and

all results were calculated as ug hydroxyproline per total lung. One-
way analysis of variance was performed ard a p value of < 0.05 was
considered significant; comparisons of means were done by using
Student's t-test. More details on methodological procedures have been

given e1sewhere.2’8

Results

The first experiment was designed to examine the interaction between
BHT and 02. A group of mice received 400 mg/kg of BHT i.p. Half
of the group was placed into 70% 02 immediately after BHT and removed
from the chamber 6 days later. The other half was képt in room air
for 7 days‘and then placed in 70% 02 for 6 days. Control groups were
animals injected with corn 0il, kept either in 02 or in room air, and

animals given 400 mg/kg of BHT and kept in room air. All animals were



5

killed for histopathologic analysis of the Tung and determination of
kydroxyproline two weeks after the BHT injection.

In 0i1 treated control mice, total lung hydroxyproline varied
between 2097 and 230 ug/total lung, corresponding to 7.4-8.5 mg/g dry
weight (Table 1). Exposure of oil-treated animals for 6 days to 70%

02 alone was without any substantial effect upon total Tung hydroxyproline.
Administration of 400 mg/kg of BHT produced, within 2 weeks, a small
increase in total pulmonary hydroxyproline. However, a much larger
increase in total lung hydroxyproline, 150% over values found in the
oil-treated control group, was found in animals given BHT and placed
immediately for 6 days into 70% 02. Since 02 treatment alone had

at best only a marginal effect and since BHT alone raised lung
hydroxyproline only 50% above levels found in oil-treated controls

the combined action of BHT and 02 was not only additive, but synergistic.
Histopathological examination showed that Tunas from animals

injected with oil and exposed to 70% 0, were indistinauishable

from the lungs of control animals kept in air. In animals treated

with BHT, the acute mild pneumonitis seen 2-6 days after injection4

was virtually resolved within 2 weeks and only focal alveolar wall
hyperceliularity and occasicnal intraalveolar macrophages remained
(Figure 1). This was in sharp contrast to the lesions present in animals
2 weeks after treatment with BHT and immediate exposure for 6 days to

02. Pulmonary architecture was severely disrupted due to cellular
infiltration, primarily interstitial, and focal consolidation. There

was a marked increase in interstitial cells or fibroblasts and in

the amount of fibrillar material present within alveolar septa (Figure 2).
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Special stains showed that the fibrillar material was positive for
collagen and that there was a marked increase in reticulin fibers of
variable Tength and thickness in the alveolar septa (Figure 3). The
histopathological observations were thus in full agreement with the
biochemical data.

On the other hand, when exposure to 70% 02 was delayed until the
7th day after BHT, little fibrosis was observed histologically and
the total lung hydroxyproline value was similar in the one found in
animals treated with BHT alone {Table 1).

In the next experiment, animals were injected with BHT and placed
immediately in 70% 02 for 4 days. They were returned to room air
and killed 2 weeks after BHT. Results in Table 2 show that a 4 day
exposure to 02 was almost as efficient as a 6 day exposure. If we
waited uniil 3 days after BHT before placing the animals for 4 days
into 02, total pulmonary hydroxyproline content was still higher than
in the lungs of animals treated with BHT alone, but somewhat lower
than in the group placed immediately after BHT into 0, (Table 2).

Another way to interfere with the epithelial recovery following
BHT induced lung injury was to irradiate the lung with X-rays instead
of exposing it to 0,. The data of this experiment are given in Table 3.
Irradiation of control animals with 200 rad did not produce abnormal
hydroxyproline accumulation in the lung within 2 weeks, and BHT
treatment alone had only a slight effect. However, if 200 rad were
delivered to the thorax one day after BHT, diffuse interstitial fibrosis

developed within one to two weeks as determined by histological and
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biocheiical procedures. Delay of thorax irradiation until 6 days after
BHT, on the other hand, was without any effect.

It was of interest to determine whether the increased levels of
pulmonary hwdroxyproline follewing the acute interaction between BHT
and X-rays would persist for a prolonged time period. Data of such
an experiment are given in Table 4. Significantly increased levels
of total lung hydroxyproline were still present 6 months after an
initial treatment with BHT and 100 rad given one day later. In
contrast to the persistence of markedly elevated lung hydroxyproline
levels, histological examination showed marked regression of lesions
over the 24 week period. At two weeks there was marked interstitial
pneumonitis (Figure 4) with focal consolidation, fibroblastic
proliferation and an increase in reticulin fibers on Snook's reticulin
stain. Consolidation was most frequently subpleural and associated
with partial parenchymal collapse adjacent to ectacic bronchioles.
By 24 weeks the inflammatory component of the lesion had virtually
disappeared leaving behind slightly thickeﬁed and hypercellular alveolar
septa with indistinct borders (Figure 5). Persistence of the increased
number of reticulin fibers could be detected with Snook's reticulin
stain. Focal subpleural consolidation and parenchymal c611apse also

persisted.

Discussion
The data presented in this paper show that it is possible to
produce an abnormal and persistent accumulation of collagen in mouse

Tung by combining two treatments: first, administration of BHT, a
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bloodborne agent which causes diffuse and uniform necrosis of the
type I alveolar epithelial cells, followed by a treatment (exposure
to 70% 02 or lTow doses of X-rays) which inhibits or prevents cell
division in lung. The developping lesions are indicative of diffuse
interstitia] fibrosis. Preliminary ultrastructural observations
suggest that this model has many features in common with the Hammon-
-Rich syndrome in man (Brody, A., personal communication).

Quantitative determination of Tung hydroxyproiine shows that
BHT alone causes a significant increase in collagen, whereas neither
70% 02 nor 200 rad X-rays are sufficient to produce fibrosis. If BHT
is combined with either O2 exposure or thorax irradiation the total
amount of hydroxyproline found in lung now exceeds by far the amount
which accumulates after BHT alone. The two insults to the lung
have thus a synergistic effect. However, synergism is only seen
if a strict temporal relationship between the two exposures is
maintained. Oxygen exposure or thorax irradiation must occur within
the first few days following BHT injection. If 02 exposure oy thorax
irradiation is delayed for 6 days there is no abnormal accumulation
of Tung collagen and no histopathological evidence of interstitial
fibrosis. There is also no fibrosis if 02 or X-rays are administered
prior to BHT.2’8

The mechanism underlying this interaction batween BHT and O2 or
X-rays in causing lung fibrosis has not been fully elucidated. At
present, we explain our findings as follows: following the initial
Tung damage, there is first a proliferation of epithelial cells.

If O2 or X-rays interfere with this phase of epithelial cell proliferation



which is essential for reestablishment of a normal alveolar surface,
the interstitial cell population could begin to grow comparatively
uninhibited. In support of this hypothesis is the observaticn made
in another experimental model: if an excised trachea is stripped of
its epithelium and implanted subcutaneously into a syngeneic

host, the tracheal Tumen will become obliterated with connective tissue
‘within a very short time. However, if isolated epithelial cells

are reintroduced into the tracheal Tumen, reepithelizsation follows
and the trachea remains open.9 In trachea, fibroblasts grow

thus excessively in the absence of an intact epithelium. It is
tempting to speculate that the proliferation of interstitial cells
in the alveolar zone is controlled, directly or indirectly, by the
continuous presence of an intact epithelial layer.

It will be important to examine in future studies whether we
can produce a simiiar interaction between agents other than BHT and
02 or X-rays, and then come to a general conclusion about the
pathogenetic principle underlying the development of at least some
forms of lung fibrosis. Diffuse damage to the alveolar zone may be
caused by many toxic inhalants or by several b]oodborne agents.]0
It is also conceivable that the same or other agents might interfere
with epithelial recovery following the initiai injury. A commonly
seen form of chronic lung damage might thus be caused by an acute
synergistic interaction between two agents, provided a critically
ordered sequence of exposure takes place.

There are two specific clinical situations where it is conceivable

that the development of fibrotic lung changes might be enhanced by
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a synergism similar to the one seen in our animal studies. Adequate
treatment of critically 111 patients often requires 02 therapy. It
is however often difficult to decide on the concentration of 02 and
the duration of treatment which will not cause lung damage. Many
patients will suffer from adult respiratory distress syndrome and

n

whether the lesion develops can often not be predicted. Since

trauma, shock, fatty embolism and many drugs can cause acute alveolar

dama ge1 2

it 1s possible that development of pulmonary
complications during 02 therapy is determined by the presence and
severity of initial lung damage rather than by the 02 treatment. If
this can be substantiated, it will become necessary to devise appropriate
diagnostic tests which would allow detection of alveolar epithelial
cell damage so that patients at risk can be identified.

Lung fibrosis can also develop within a few weeks in patients
treated with irradiation to the thorax and given concomittantly
antineoplastic agents such as bleomycin, cyclophosphamide, actinomycin D

13 Cytotoxic agents are known to cause acute alveolar

or others.
cell death. It is feasible that the accelerated development of
radiation-induced lung fibrosis is caused by a mechanism similar to

the one found in the study of BHT and X-ray interaction. Based on

these findings, timing between drug administration and chest irradiation
mfght be an important factor in determining whether excessive fibrosis

develops.
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Figure 1.
Lungs from mice injected i.p. with 400 ma/kg BHT, kept in air,
and kilied 2 weeks after BHT. Hypercellularity of the alveolar

septa and occasional intraalveolar macrophages are present. H & E x 200.

Figure 2.

Lungs from mice injected i.p. with 400 mg/kg BHT, immediately
exposed to 70% oxygen for 6 days, and killed 2 weeks after BHT.
Disruption of normal parenchymal architecture is due to cellular

infiltration and consolidation. H & E X 200.

Figure 3.

Lungs from mice injected i.p. with 400 mg/kg BHT, immediately
exposed to 70% oxygen for 6 days, and killed 2 weeks after BHT.
Large numbers of reticulin fibers of varying thickness are présent

in alvolar septa and area of consolidation. Snook's reticulin stain

X 500.

Figure 4.

Lungs from mice injected i.p. with 400 mg/kg BHT, irradiated with
100 rad X-ray one day later, and killed 2 weeks after BHT. Interstitial
pneumonitis characterized by hypercellularity and thickening of

alveolar wal"s is present. H & E X 250.

Figure 5.
Lungs from mice injected i.p. with 400 mg/kg BHT, irradiated with
100 rad X-ray one day later, and killed 24 weeks after BHT. Alveolar

walls are slightly thickened and hypercellular with indistinct borders.

H&E X 250.



Table 1: Total lung hydroxyproline in mice exposed to 70% 02
following BHT®

Hydroxypreline per lung (ug)

b Oxygen exposure on - Oxygen exposure on d
Treatment days 1-6 after BHTC days 7-12 after BHT
Corn 0il + air 206 + 5 226 + 8
Corn oil + 70% 0, 228 s 4° 220 + 3
BHT + air 296 + 21° 307 + 19°
BHT + 70% 0, 539 + 19%F 321 + 14°

%Data from reference 8; values are means * SE from 8-10 animals/group

bMale mice received BHT (400 mg/kg) i.p. or corn oil (0.1 m1/10g)
i.p. and were killed 2 weeks later.

CExposure to 70% 02 begun immediately after BHT injection.

dExposure to 70% 02 begun 7 days after BHT injection.

€p < 0.05 compared to animals injec ..d with corn oil and kept in air.

fp < 0.05 compared to animals injected with BHT and kept in air.



Table 2: Total lung hydroxyproline in animals exposed to 70%

02 on different days after BHT

Treatment® Hydroxyproline per luny (ug)b

BHT and 70% 0O

2
on days 1, 2, 3, 4 421 + 18%°4
BHT and 70% 02
on days 3, 4, 5, 6 341 + 12€
BHT and air 283 + 10

3Maie mice injected with 400 mg/kg of BHT and kept in 70% 02 as
indicated, otherwise in air; all arimais killed 2 weeks after

BHT.

bMean + SEM; from 10 animals per group.
cp < 0.05 compared to animals injected with BHT and kept in air

dp < 0.05 compared to animals injected with BHT and exposed to
02 on days 3-6.



Table 3: Total lung hydroxyproline in animals irradiated with 200

rad X-rays on different days after gHT2

Hydroxyproline per lung (ug)

Irradiated 1 day Irradiateﬂ 6 days

Treatmentb after BHTC after BHT
Corn oil + sham irradiation 178 + 3 219 + 4
Corn ¢il + 200 rad 184 + 5 215 + 6
BHT + sham irradiation 259 + 6% 295 + 16
BHT + 200 rad 371 = 26%°F 284 + g

3pata from reference 9; values are means + SE from 10 animals/group

bMa]e mice received BHT (400 mg/kg) i.p. or corn oil (0.1 ml1/10g)
i.p. and were killed 2 weeks later.

€200 rad to the thorax 1 day after BHT.

d200 rad to the thorax & days after BHT.

ep < 0.05 compared to animals injected with oil and sham irradiated.

fp < 0.05 compared to animals injected with BHT and sham irradidated.



Table 4: Total lung hydroxyproline in animals irradiated with 100

rad X-rays 1 day after gHT?

Hydroxyproline per lung (ua)

Weeks after BHT + BHT + Corn 0il + Corn oil +
BHT 100 rad Sham 100 rad Sham

2 371 £ 15(7)° 287 + 7(8) 213 + 6(8) 223 + 6(8)
6 358 + 21(6)° 282 + 5(8) 233 : 6(7) 233 + 10(8)
12 404 + 28(7)® 325 + 10(8) 257 + 9(8) 278 & 3(7)
24 387 + 27(7)® 319 +12(8) 280 + 6(8) 248 + 8(8)

3Male mice received BHT (400 mg/kg) or corn oil (0.1 m1/10g) i.p.
and were irradiated with 100 rad to the thorax or sham irradiated
1 day later. The animals were killed 2, 6, 12 or 24 weeks after
BHT.

bp < 0.05 compared to animals treated with BHT and sham irradiated.
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