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PWR BLOWDOWN HEAT TRANSFER SEPARATE-EFFECTS PROGRAM DaTA
EVALUATION REPORT — SYSTEM RESPONSE FCR THERMAL-
HYDRAULIC TEST FACILITY TEST SERIES 190

R. A. Hedrick
W. G. Craddick (. R. Hvaan K. G. Turnage

ABSTRACT

Selected reduced instrument responses and analvses
of the indicated phenowena are presented for Thermal-
Hydraulic Test Facility (THIF) test series 100, which is
part of the PWR Blowdown Heat Transfer Separate-Effects
Program. The objective of the program is to investigate
the thermal-hydraulic phenomena that govern the energy
transfer and transport processes occurring during a postu-
lated loss-of-~coeolant accident in a pressurized-water
TRETisr systexm.

Comparisons are made between the trends indicated
by the reduced instrument responses and the thermal-
hvdraulic transient simulator RELAPA/MOD5 (upcate 2)
to aid in understanding the phenomenological sequences.
The results of verification studies of RELAP's perfor-
mance in prediction of the THIF data are rresented.

I. INTRODUCTIOX

The ORNL Pressurized-Water Reactor (PWR) Blowdown Heat Tramsfer
(BDHT) Program' is a separate-effects studv of the relationships between
the principal variables that can alter the rate of blewdown, the presence
of flow reversals, tiwe delay to critical heat flux (CHF), the rate at
which diy;out progresses, and similar time- and space-related functions
that are important in loss-of-coolant accident (LOCA) analvsis. Primary
test results are obtained from the Thermal-Hvdraulic Test Facility (THTF),
a large nonnuclear pressurized-water loop incorporating a 49-rod elec-
trically heated bundle in 7 * 7 geometry.

Test series 100, the first test series conducted in the iHIF with
bundle 1 in place,?’”’ was conducted from April 23 to August 19, 1976
(Table I.1). It was composed of six tests designed to provide baseline
information on (1) the response of the test facility to full-sci.le opera-

tion and transient conditions, (2) thz therwal-hvdraulic parameters
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necessary to provide input to the digital simmlators, and (3) the sequence
of events occurring during a blowdowm in the THIF.

This report deals with thermal-bydraulic phecmena occurricg in the
THIF as a wvhole; the test sectiom heat tramsfer wil! be analyzed in detail
in a later report.? All RELAP calculations made for this report utilized
the load module form of RELAPA/MOD5 (update 2).! For brevity, thexr will
be referred to simply as RELAF calculatioms or predictioas.

Experiments 100 through 105 are described and comparisons o predic-
tions and measured data presented. It should de moted that attaimment of
the best possible agreement between all calculated and measured quantities
vas not the only goal. In some cases, closer agreement between predicted
and experiwentil data could have been achiewved by altering input parameters
to compensate for inaccuracies inkeremt in the code. WVhen RELAP is used
belore the modeled event has occurred, however, the user Las no way of
anticipating vhat compensation is needed. The RELAP modeling optiocns used
represent our best judgment of correct modeling techniques. The "minimum
controls™ option was specified, allowing complete freedom in choosing among
available RELAP code opticns. (The overall performance of RELAP in loop
hydraulics will be evaluated in a later section of this report.) The RELAP
system model of the THIF (Fig. I.1), listed in Appendix A, was used in the
analysis 1escribed in the sections on each test.'? Other RELAP models will
be described in the code verification sectiom (Chap. VIII) and in Appendi-
ces B and C. For all cases, a trip vas used to stop the calculations when
the pressure in the pressurizer fell below 1.38 MN/m® (200 psia).

In any code wverification study, the accuracy of experimental data
being compared to calculations should be considered carefully. Temperature
and absolute pressure measurements in the THTIF closely approximate the
actual phenomena as evidenced by concurrence of several instruments during
blowdowmns. Extensive calibrations of these instruments, vhich have saall
quoted errors in precision (Table 1.2), were conducted. The ocutput signals
from pressure differ=nce transducers (such as PdE-199, PIE-200, and PdE-30)
have had excessive "ringing.” Difficulties inheremt in the measurement
of two-pkase mass flow rates, volumetric flow rates, and densities are
vell documented.!'»>!2 However, some special problems have been encountered
with the THIF data for these tests. For example, uncertainties in the
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Table I.2. Precision of experimental measuremeats
in the THTY for test series 100

Srstem

Standard deviation

Pressure measurement

Computer-Controlled Data Acquisition

System (CCDAS)
Analog tape system

Pressure difference measurement
CCDAS
6.89-MX/a® (1000-psid) span

1.38-"X/u? (200-psid) span
0.34-MX/m? (50-psid) span

Analog tape system
6.89-MX/w’ (1000-psid) span

1.38-MX/n® (200-psid) span

0.34-MX/w® (50-psid) span

Temperature weasurement

Electric cor: power measurement
Rod curreat
Rod voltage

Momentum flux measureaent
CCDAS

Analog tape systea

Zensity measurement at
961 kg/m® (60 1b_/ic?)

0.185 ¥X/m?
(26.8 psig)

0.197 MX/m
{28.5 psig)

0.025 MX/a?
(3.6 psid)
0.005 MX/m?
(0.72 psid)
0.001 MX/m’
(0.18 psid)

0.033 Xx/m?
(4.8 psid)
0.007 MX/m?
(0.95 psid)
0.002 MN/m?
(0.23 psid)

2.4 K (4.3°F)
0.877 A
0.304 V

6793 kg/m-sec?

(4565 1b_/fr-sec?)

7661 kgl-!sec2

(5148 lb.l fr-sec?)

12.9 kg/m’
(0.81 u»_/fc")




calibration of TEZIF turbine meters cesulted in possible errors of over
0.00631 w'/sec (100 gpm) at some locaticns for some tests (Table 1.3).

Also, the inlet wvertical turbine (FE-166) and the outlet horizoamtal tur—
bine (FE-34) sometimes reversed polarity during tests 103, 1G4, and 105
when their signals were appareatly affected by changes in the rod dundle
pover and/or vibratioms.

Because of the inertia of turbine meter rotors used im the THTF and
the delay in frequency-to-voltage couversion in the THIF flow momitors,
output signals tend to lag the actual phencmena in the fast flow tran—
sients. Available knouledge about the dynamics of the rotors and the
monitor electronics is being used to recover as much useful information
as possible from the turbine aster signals. Two plots of turbine meter
data vhich were processed using current reduction techniques will be pre-
sented in the RELAP data comparison section for test 105.

Calculated mass flow plots preseanted in this reportn include both a
homogeneocus mass flow and a mass flow calculated by the Aya method.!*

The homogeneous mass flow is calculated from densitoseter and turbine
meter readings assuming oo slip. This assumption is oftean inadequate

in two-phase flow. The Aya aeilad ifacorporates slip through the use of
drag di<™ readings. Extemsive efforts have been made to calibrate the
THIF drag disks, but their effective range is quite large and thus during
periods of low flow, tbe signal being measured is of the same order of
magnitude as the uncertainty in the reading.

Errors in the single-beam densitometer readings way sometimes be due
to the cccurrence of stratified flow or other flow regimes where the
average deunsity along the beam is not representative of the average dem-
sity in the spool piece.

In the THIF test section, the heater rods have a steel sheath sepa-
rating the sheath thermocouples from the surface and thus their tempera—
tures are not directly comparable to RELAP's predicted surface tempera-
tures. A computer program entitled ORINC was written to calculate the
transient surface temperatures and the surface heat fluxes so that such
comparisons could be made.!® ORINC uses data from calibration experiments
and from the sheath thermocouples and power ioput monitors for the actual



~y

Tabie I.3. Precision 2f £l measurements in
the THIF for test scries 100

Measurement system

Forvard

Reverse

All cests except test 101

FE-19

FE-166

FE-216

FE-1$

FE-1566

FE-216

FE-34

40.0009 a'/sec
(+13.97 gpm)
—0.0002 m3/sec
(—2.90 gpm)

40.0012 m?/sec
(+18.74 gpm)
—0.0005 n!/sec
(-7.63 gpm)

+0.0048 ='/sec

(+75.59 )
—0.0051 ng;‘:ec
(—64.52 gpm)

+0.0021 m¥/sec

(+33.39 )
—-0.0007 -qf':ec

(—11.26 gpm)
Test 101

+0.0018 m?/sec

(+28.59 )
-0.0004 -§7:ec

(—6.55 gpm)

+0.0051 m?/sec
(481.55 )

—0.0037 -?l):ec
(-59.41 gpm)

+0.0101 a’/<ec
(+139.35 gpam)
—0.0087 m?/sec
(-137.21 gpm)

+0.0021 m?/sec
(+33.39 )

-0.0007 -g:ec
(—11.2¢ gpm)

40.0011 m¥/sec
(+16.77 )
—0.0004 ng:ec
(—3.70 gpm)

40.0010 n?/sec
(+16.15 gpm)
~0.0003 m'/sec
(—5.09 gpm)

+0.0020 m?/sec
(+31.79 )

-0.0013 l?;:ec
(—20.72 gpm)

40.0125 m?/sec
(+197.11 gpe)
—0.0110 n*/sec
(—174.97 gpa)

+0.0022 n¥/sec
(34.1>5 )]

~0.0008 837
(—12.02 gpm)

+0.0034 m¥/sec
(+53.43 )
—0.0020 lg;l:ec
(-31.29 gpm)
4+0.0040 n?/sec
(63.35 )
—0.0026 %sec
(—61.21 gpm)

+0.0124 m3/sec
(+197.11 gpm)
—0.0110 m?/sec
(—174.97 gpm)




blowdowm. Azimuthal variatioas in the heat flux are not currentlv taken

ianto account.

The purpose of this report is tec provide analysis of the data ob-
tained from this test series and to jresent comparisoas of the r~duced
instrument responses and desired calculated guantities with those parame-
ters predicted by the thermal!-hydraulic transient simulator RELAPA/MOD3
(update 2). In areas vhere significant discrepancies were found between
calculated and measvred hyvdraulic quantities, efforts have been made to
locate the sources of the ecrors. This report contains complete sections
on each test and conclusions for the test series. Figures 1.2 cthrough
1.5 show the test facility spatial positions and instrument locations
referred to in each sectioa.
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THIF instrumentation diagram.

Fig. 1.3.
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Fig. 1.3. THTF instrumentation diagram.
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Fig. 1.3 (continued)
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II. TEST 200

11.1. Description

Test 100,? the first blowdown test in the THTF with bundle 1 in place,
was conducted om April 23, 1976. 1t prcvided data on the respounse of bun-
dle 1 and the instrumented spool pieces (vith flow-homogenizing screems
installed) to a double-ended primary system rupture wvith equal break areas
[6.27 cm® (0.0067 fr?)] at the test section inlet and outlet. Although
this was an isothermal test, the main heat exchanges were operated with
primary side flous and the secondary sides drained and vented. The pri-
mary coclant pump wvas tripped coincident with break imitiztica. The THIF
fluid conditions immediately preceding rupture are preseat~d in Tables
I1.1 and I1.2.

Test 100 provided operational verification of *he data acquisicion
system and of the mechanical and electrical systems used to control the
THIF. The test was isothermal to provide baseline hydraulic inforwmation
oc the response of the experimental facility without the large forcing
function supplied by the electric core. As a result, the comparison of
the data to RELAP's prediction of the hydraulic response and an evaluation
of the techniques used to build the RELAP model were made easier.

11.2. Thermal Bydraulics

For test 100, the pressure traces at various locations around the
loop had similar shapes but different magnitudes. The pressures in the
horizontal outlet spool piece and the pressurizer appear im Figs. II.1
and I1.2, respectively. From 0 tu 2 sec. the RELAP predicted pressure
is lower in the pressurizer vhen compared with the experimental data, but
is higher in the spool piece. These data fit the general trend for this
series; that is, the closer to the breaks, the greater the pressure re-
surgence. Between 2 and 2.5 sec, the experizental data show a small but
obvious dip in the pressurizer pressure. This dip occurred because of
extraneous signals on the data acquisition system and is not believed to
represent a pressure phenomenon. From 2 to 3 sec, the experimeatally
measured pressure trace tends to flatten due to the effect of saturation
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on the sonic velocity and demsity of the fluid at the outlet break. At
the saturation point, the sonic velocity and densi:ty decrease radically,
lessening the magnitude of choked flow “hrough the break. Saturation at
the inlet break occurs at 3 sec but does not produce as much flattening
of the pressure trace as the ocutlet saturation. For the first 6 sec,
RELAP predicts too much depressurizatioa in the pressurizer vet does not
disagree appreciably with the experimental pressure at the spool piece.
This “skewing" effect is reflected by the pressure difference across the
main heat exchanger bypass valve (Fig. II.3). For the remainder of the
transient, RELAP predicts pressures closely approximating those measured
experimentally. The spool piece pressure comparison is typical of the
pressures at other locations around the loop.

Comparisons of the calculated and measured loop temperatures are
very similar to the pressure comparisons because the fluid is two-phase
for the majority of the tramsient. Figure II.4, the horizoatal outlet
fluid temperature, indicates that a temperature rise occurs when pres—
surizer fluid arrives and that RELAP predicts this arrival too soon. Fig-

ure I1.5 shows a similar RELAP temperature rise in the horizontal inlet
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Fig. I1.3. Main heat exchanger pressure difference.
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spool piece but none in the experimental data. The experimental tramsport
time of the leading edge of the pressurizer fluid to the heizontal outlet
spool piece is approximately 2.5 sec. RELAP transfers some of the emergy
of the pressurizer fluid to that spoel piece in approxiastely 1 sec.
Another temperature rise is seen at the horizoantal cutlet late in the
transient, vhich is indicative of heat transfer from hot metal in comtact
vith the low-pressure fluid and subsequent dryout.

The demsities at the outlet spool pieces are showm in Figs. [1.6 and
I1.7. Because of the predicted temperature rise, the calculated densities
of the subcovled fluid gradually decrease until saturation. The experi-
mental data show no such decrease. The experimental saturation times
are 2.8 and 2.5 sec for the vertical and horizontal cutlet spoel pieces,
respectively. Note that since RELAP predicts the temperature rise too
soon, it also predicts saturation too soon.

There is a sudden rise in the RELAP and experimental densities in

the vertical outlet at approximately 4 and 6 sec, respectively (Fig. II.7).
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This rise is the result of a second flow reversal ir the vertical outlet
spocl piece as seen in the volumetric flow aeasured by the vertical outlet
turbine meter (Fig. I1.8). It is cl-ar that the flow direction reverses soon
after the initiation of blowdown and continues to flow megatively until
approximately 5 sec. Pressurizer fluid is indicated at the outlet at
appruximately 3 sec (Fig. 11.4), allowving penetration of hot fluid into
the upper part of the test section. The hot water appears to have traveled
at least as far as the subchannel thermocouple region (Fig. I1.9). The
second flow reversal probably occurs as the last of the pressurizer fluid
passes the outlet break. Therefore, the density rise in the vertical out-
let spool piece denotes the passage of water which was in the test section
prior to the injection of the hot pressurizer fluid. RELAP predicts this
flow reversal and subsequent density rise too soon (Fig. I1.7). The inlet
spool piece density comparisons are not presented for this test because of
densitcmeter failures.

The volumetric flows for the horizontal outlet and the vertical and

horizontal inlets are presented in Figs. 11.10 to 11.12, respectively.
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The horizontal outlet flow is negative for the duration of the transiemt
(Fiz. I1.10), vhile the flow in the vertical inlet is stroaply negative
only for the first 4 sec (Fig. II.11). Because the pressurizer dominates
the outlet break, there is negative flow in the vertical outlet and the
flow at the vertical inlet is therefore much more negative than it would
have been otherwise. Ducring this period of time, the inlet break is being
fed substantially through the vertical spool piece. After the second re-
versal at the vertical outlet, the negative flow at the vertical inlet is
reduced (Fig. I1.11). It is at this point that the flow at tie horizontal
inlet increases (Fig. II.12); howewver, this increased flow is short lived
because of vertical inlet saturation at 5 sec (Fig. I1.13). This satura-
tion decreases the magnitudes of the flcuss coming from both the horizontal
and the vertical inlets by decreasing the critical mass flow at the in’et
break. Saturatiom at the horizontal inlet finally occurs at approximately
6 sec (Fig. I1.5). The volumetric flows remain depressed until 7 sec, when
there is an increase in both the horizontal and vertical inlet spool
pieces.
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The mass flows for the horizontal and vertical outlets, presented in
Figs. I1.14 and II.15, respectively, shov the same characteristics as the
volumetric flows previously described. Note thar, after approximately 10
sec, the volumetric flows increase as the _uss flows decrease or remain
the same. With decreasing densities around the loop, large wvelocities are
geverated from the existing pressure differentials, driving the volumetric
flows upward.

Since test 100 was an isothermal test, the core fluid behavior is, in
general, uninteresting. Cosgarisons of RELAP-predicted surface temperature
vith the surface temperature of a particular rod as calculated by ORINC
(see Chapter 1) are presented in Figs. 11.16 and 11.17. Figure 1I.16
presents data from the upper end of the test section, where the effect of
the pressurizer water is seem as a slizht temperature rise at 5 sec. The
flattening of the temperature trace late in the tramsient is dve to dryout
in the upper regions of the test section. Figure I1.17 presents data from
the lower end of the test section. The pressurizer uater did nmot reach
that level in the test sectiocn and therefore is not seen in the traces.
Also, the dryout effect is less pronounced in that region.
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III. TEST 101

III.1. Description

Test 101, the s=cond test conducted in the THIF with bundle ! im

place, 3

was conducted oun iy 27, 1976, to investigate the thermal-hvdraulic
response of bundle | and the main heat exchanger to powered couditioms.
The break configuration wvas an outlet break with an area of 6.27 o’
(0.0067 fr’). This test vas performed at 257 of full power with the elec-
tric core and primary coolant pump tripped and the closure of main heat
exchanger secondary side valves initiated ccincident with rupture. The
THIF fluid condi:ions immediately preceding rupture are presented in Tables
IIi.1 and ITI.2.

Test 101 provided operational verificatiou of the mechanical and elec-
trical systems used to control the THIF under powered conditions. The test
had low rod power to provide an adequate safety marg®n during operational
verification of the power circuits and safety trip systeas of the THTF.

The transient data provided an intermediate step in the evaluation of

the RELAP wmodels and their input parameters.

111.2. Thermal Rydraulics

Since test 101 had only an outlet break, the sequence of events dif-
fers fcom the other powered tests in the 100 series. The depressurization
rate in this test was such slower because of the reduced total break area.
A typical pressure plot is presented in Fig. II1.1 for the wvertical outlet.
As noted previously, the pressurizer-induced pressure resurgence is great-
est at the point of maximum depressurization. In test 101, this occurred
at the outlet spool pieces. RELAP's calculated pressures for the spool
pieces fall after too great a resurgence and become low compared to the
experimental data. The crossover point in the caiculated and experimen-
tally measured pressures is between 1 and 2 sec. At approximately 3.5 sec,
there is a flattening of the pressure trace in the experimental data.

This effect corresponds to saturation at the horizontal ocutlet and is due
to reduced critical flow through the outlet break.
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Fig. ITI.1. Vertical outiet spoal piece pressure.

Differential pressure transducer PdT-l99 measured the pressure drop
across the rod oundle during the transiemnt (Fig. I1IT1.2). Since the test
had onky an outlet break, the flow in the test section was positive and
had a positive pressure difference. The large oscillations in the experi-
ment:1 data early in the transient are due to the effect of "ringing” in
the lines to the transducer.

The temperature at the horizontal outlet spool piece is presented in
Fig. 1I1.3. The sharp dip in the experimental data at 2.3 sec occurs as
the leading edge of the subcooled water, initially between the heat ex-
changers and the pressurizer, reaches the horizontal outlet. The sharp
rise in the data at 3 sec indicates the leading edge of the hot pressur-
izer fluid as it passes the horizomtal outlet. This fluid induced satura-
tion in that spool piece at approximately 3.3 sec. RELAP's prediction does
not show this dramatic dip in the temperatures although it does predict a
slightly lower temperature than the experimental data before the arrival
of the cold fluid. Also, RELAP does not predict as high a temperature as
the experimental data after the passage of the subcooled fluid. The fact
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that RELAP mixes fluid ar sharp temperature interfaces explains why RELAP
does not predict as cold or as hot a temperature as the data for the hori-
zoatal outlet spool piece. The vertical outlet temperature plot (Fig.
I11.53) shows a gradual temperature decrease before saturation at 6 sec.

At the initiation of blowdoun, the temperature of the fluid at the top
and bottom of the core was 572 X (370°F) and 559 K (337°F), respectively.
Because flow through the rod bundle is positive, the temperature of the
subcooled fluid flowing at the vertical outlet will decrease bdefore satur-
ation. At 6 sec, saturation occurs and the temperature follows the satur-
ation pressure for the rest of the transient.

The measured density for the horizontal outlet spool piece (Fig.
111.35) shows the initicl passage of the subcocoled fluid between the heat
exchanger and the pressurizer as a demsity rise at 2.5 sec. RELAP's cal-
culation distributes this cold water so that no sharp density increase
appears. Saturation occurs at 3.3 sec with the appearance of hot pressur-
izer fluid. Because of the smeaiing effect. tne influence of RELAP's low
pressures on time to saturation is negated. The low-pressure erfect is

seen in the vertical outlet density (Fig. II1.6), where the RELAP-generared
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saturation point occurs almost 1 sec before the experimental data at 7
sec. The densities for the horizontai and vertical inlets are presented
in Figs. I11.7 and II1.8, respectively. The saturatior times at these
spool pieces are about 10 sec, as indicated by the temperatures in each
spool piece (Figs. II1.9 and IIL.10). The reason for the apparent late
saturation of the horizontal inlet as indicated by the demsity plot is
believed to be stratification of flow im that spool piece. Low flow,
which is conducive to stratification, existed in that spool piece at the
time of saturation (Fig. III.11). Because of the orientation of the wver-
tical spool piece, gravity-induced phase separation canmot occur vithout
detection. The negative demsity in the horizomtal inlet late in the tran-
sient (showm by the experimental data) is a result of iaaccurate calibra-
tion of the instrument response.

The mass flows for the outlet spool pieces are presented in Figs.
111.12 and II1.13. The mass flow in the horizontal outle: is strongly
negative for the first 3.5 sec. W¥ith the arrival of pressurizer vater,

saturation eccurs and the critical flow out of the break is reduced. as
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a result, the horizoatal outlet flow drops at 3.3 sec. At 7 sec, the flow
decreases further toward zero. This is probably due to the depletion of
bot pressurizer vater, thi. ceducing its potential for driving fiow out

of the break. When this reduction of mass flow occurs at the borizontal
outlet, the flow through the vertical outlet increases.

The response of the test sectioc for test 101 will be aralyzed in a
subsequent report. However, sowme examples of RELAP's comparisons with the
data will be presented here. In Fig. III.14, a plot of RELAP's surface
temperatures foritke second core slab is overlayed with the surface tem—
peraturs ot 1 heater rod at level E as calculated by ORINC (see Chapter
I). Figure IILI.15 is a similar comparisca for the same rod at the fourth

core slab.
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IV. TEST 102

Iv.1l. Description

Test 102, the third test in the THIF with bundle 1 in place,* was
~onducted on Jume 18, 1976, to investigate the thermal-hydraulic response
of the THIF under full-power steady-state and blowdowm conditioms. This
vas the first full-pover (122-kM/rod) test performed in the facilitv. The
electric core and primary coolant pump were tripped, and closure of the
main heat exchanger secondary side valves was initiated coincident with
rupturs:. The THIF fluid conditions immediately preceding rupture are pre-
sented in Table IV.1 and IV.2.

Test 102 provided operational verification of the mechanical and
electrical systems used to control the THIF under the full range of pow-
ered conditions. The steady-state data obtained during test 102 cowprises
the initial calibration data base for the electric core thermocouples and
the flow instrnmentation. In order to provide as much safety margin as
possible and still obtain full-power verification of the data and safety
systems, the electric core power was tripped coincident with rupture. The
transient data, therefore, provides a baseline case for departure from
nucleate boiling (DNB) and critical heat flux (CHF) comparisons with other

tests in the series.

IV.2. Thersal Bydraulics

Test 102 was the first TRIF blowdown experiment performed with full-
power tundle and fluid conditions. Like tests 100 and 104, the break area
vas divided equally between the inlet and the cutlet. The hydraulic tran-
sient in test 102 wvas similar to those for tests 103, 104, and 105, since
initial fluid tewperatures were nearly the same. The power to the rod
bundle was tripped at 0.05 sec after rupture.

A typical spool piece pressure response is shown in Fig. IV.1. Start-
ing from 47.5 MN/m? (2250 psig), the pressure drops to 43.6 MN/a! (1900
psig), vnich is the saturation pressure of the hot-leg fluid. The pressure
retounds slightly wvhile the fluid in the pressurizer expands rapidiy and
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Fig. IV.1. Vertical outlet spool piece pressure.

cools. Water, which was initially between the heat exchanger outlet mix-
ing tee and the pressurizer surge line, arrives at the outlet at 3 sec
(Fig. IV.2). After passage of this "plug™ of fluid, more rapid depres-
surization resumes at 4.5 sec. When fluid at the inlet horizontal spool
piece flashes at 7 sec, the depressurization again slows; the predicted
pressure shows the same effect beginning at 5 sec. Subsequent fluctua-
tions in the pressure coincide with arrival of "plugs™ of low—quality
fluid at che outlet blowdown plenum from the horizontal outlet piping.

The calculated arnd measured pressure differentials across the main
heat exchangers and their control valves are showm in Fig. IV.3. The
difference quickly becomes negative as the front-side pressure drops below
that of the back and flow reverses through the heat exchangers and bypass.
Although several large fluctuations in this pressure difference were mea-
sured, they were not predicted by RELAP. These may correspond to smaller
measured fluctuations occurring at the same times at the horizontal outlet
spool piece turbine meter and densitometer (Fig. IV.2). Large pressure
drops also occur across the flow-coantrol valvegs dowmstream of the primary
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puap. The RELAP-calculated pressure between the two valves has the same
relationship to the absolute pressure recorded there by PE-16 as it does
elsevhere in the THTIF. The recoxded pressure difference across the rod
bundle in test 102 (Fig. IV.4) indicates the driving forces which result
in predominantly negative core flows for the first 5 sec and wostly posi-
tive core flows thereafter.

Except it a few cases, test section fluid temperatures decrease with
system pressure because the fluid is saturated. Dryout wvas detectad by
wost subchannel thermocouples at 18 to 20 sec; RELAP predicted the same
effect at 15 sec (Fig. IV.5). Some core superheat is also predicted at
5.5 sec, but it was not measured.

Plots of heater rod surface temper-atures for test 102 show a tempera-
ture rise occurring at the lower axial levels where hotter fluid passes
levels initially ie subcooled forced convection. Except for tnat early
increase, most ORINC surface temperature curves are similar to Jdepres-
surization curves. Typical traces appear in Figs. IV.6, IV.7, and IV.8
for levels E, G, and J, respectively. A temperature excursion suggesting
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Fig. IV.6. Surface temperature, rod 18, level E.
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Fig. IV.7. Surface temperature, rod 18, level G.
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departure from nucleate boiling was noted at level D ut 0.5 sec (Fig.
IV.9). RELAP calculations tend to overpredict surface temperatures for

test 102, especially for the first 7 sec.
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Fig. IV.9. Surface temperature, rcd 25, level D.
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V. TEST 103

V.2l. Description

Test 103, the fifth test in the THIF with bundle 1 in place, was
conducted om August 3, 1976, to obtain hydraulic desiga information for
test 105. It was a full-power (122-k¥/rod) test with a 30I inlet—607 out-
let break having a total area of 12.3% ca® (0.0135 ft’). The electric
core was mairrained at full power for 2 sec ieto the tramsient. The pri-
mary coolant pump was tripped coincident with rupture, and closure of
the main heat exchanger secondary side valves was initiated at power
trip. The [HTF fluid conditions immediately preceding rupture are pre-
sented in Tables V.1 and V.2,

Test 103 provided experimental verification of the RELAP prediction
of spool piece flows with a 407 inlet—60T outlet break. This break com-
figuration was predicted by RELAP to approximate most accuratelv the core
flows of an XRC PWR double-ended guillotinme break study. Test 105 was
scheduled to approximate these supplied flews as closely as possible.

Test 103 provided the second CHF test for bundle 1. The different
break ratic produced a time and spatial transliation in the core thermal
response. The extent of these translations provided data to compare with
RELAP predictions.

V.2. Thermal Hydraulics

In test 103, the pressure as a function of time appears essentially
the same throughout the loop, and the RELAP-predicted pressures have ap-
proximately the same relationship to the data throughout the loop. A
representative comparison of RELAP-predicted pressure and the wmeasured
pressure (from the horizontai outlet spool piece) is presented im Fig. V.1.
The resurgence in the pressure occurring very early in the transient is
caused by the pressurizer. With the opening of the rupture disks, a rapid
depressurization begins at the breaks and results in a depressurization
vave propagating arcund the loop. When this wave reaches the surge line to

the pressurizer, the pressurizer begins to discharge into the loop. This
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Fig. V.1. Horizonta! cutlet spool piece pressure.

discharge produces a repressurization wave vhich propagates dack toward
the breaks, resulting ir a resurgence in the pressure. This resurgence
is wmost evident at the spool pieces since they have undergone the great-
est depressurization. RELAP predicts toc small a drop in ressure and
too high a resurgence throughout the loop except for the pressurizer
itself, where no resurgence is predicted.

After the resurgence, RELAP's predicted pressure falls too low and
remains too low for 6 sec, while the experimental data exhibit a wsarked
decr-ase in the depressurization rate beginning at 3 sec. This coincides
with the arrival at the outlet break of the water which was initially
between the heat exchanger outlet and the pressurizer surge line. This
water was subcooled, but by the time it arrived at the ouvtlet break, the
pressure had fallen to its saturation level, and the quality was verv low
or zero, as can be seen on the horizontal outlet spool piece densitometer
(Fig V.2). Until the arrival of this "plug” of verv low-quality water,
the water being expelled through the break is of higher quality and has

a relatively high volumetric flow. As the low-quality plug is being pushed
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Fig. V.2. Horizomntal caitlet spool piece demsity.

towvard the break, the expansion of the two-phase pressurizer water bdehind
it allows the depressurization of the pressurizer fluid. When the plug
arrives, the volumetric flow toward the outlet break decreases due to the
higher density of the water. The higher density wore than compensates for
the increased mass flow from the break permitted by the lower enthalpy of
the plug. Thus, the expansion of two—phase pressurizer fluid is slowed,
causing 2 decrease in the depressurization rate throughout the loop.
Righer volumetric flow, and correspondingly increased depressurizatiom,
resumes vhen the low-quality plug is expelled at 5 sec. RELAP does not
~zhibit this sharp sloving of depressurization.

Beyond 10 sec, both RELAP's prediction and the measured pressures
have small, gentle fluctuations that coincide with their respective in-
creases in density at the horizontal outlet spool piece. RELAP's pre-
diction is in good agree+ent with the actual pressures after 6 sec. The
fluid at the outlet break and adjoining spool pirces saturates immediately
in test 103. Thus, the densities measured in the horizontal and vertical
outlet spool pieces (Figs. V.2 and V.3, .espectively) show an initial drop
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Fig. V.3. Vertical outlet spool piece density.

followed by a brief rise due to compressio. fr= the early pressure re-
surgence. (Note that the ordinmates of these two graphs are different.)
RELAP's predicted pressure resurgence, vhich was both early and too large,
is clearly seen in the early density prediction for the vertical ocutlet
spocl piece. After the demsity increase, the densities begin to decrease
vith the depressurization. At the horizontal outlet spool piece, the
data show the arrival (at about 3 sec) of the low-quality plug mentioned
previously. The low—quality fluid has remained imtact, causing large,
sharp density changes. RELAP's prediction, however, indicates that this
low-quality water has lost its integrity. It begins to arrive alightly
after 1 sec and portions of it continue to arrive after 6 sec. Thus,
RELAP's pressure prediction did not show the sharp decrease in the de-
pressurization rate caused by the plug. This low-quality water surges
upwvard into the vertical outlet spool piece, probably accoumting for

the rise in density observed at 4 sec. At this point, almost all the mass
being discharged by the break consists of the low-quality fluid. A sec-
ond smaller amount of low-quality fluid arrives at the herizontal and
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verticz . outlet spool pieces at 6 sec. The reascn for this second den—
sity increase is umcertain. As with the first arrival of dense fluid,
RELAP's prediction distributes the lower quality fluid. The late-tramsient
density increases are believed to originmate in the discharge of cold water
from the heat exchangers; their appearance at the vertical outlet is again
due to the passage of fluid upuard from the break pleoum. The largest

of these occurs at 14 sec. RELAP's prediction mixes these later and
senparate arrivals of low—quality fluid into gradual density surges spread
over time.

In contrast to the outlet, the inlet spool piece densitometers indi-
cate late saturation (Figs. V.4 and V.35). The saturation of fluid at the
vertical inlet occurs at 2 sec due to the arrival of bhot fluid from the
core. This can be seen by examining the temperature data (Fig. V.6).
Although showing lower demsities just before saturatiom, RELAP predicts
saturation approximately 0.5 sec late. The horizomtal inlet fluid satur-
ates later, just before 7 sec, wvhile RELAP's prediction of saturatioa is
almost 2 sec early. Having noted that RELAP's pressure prediction is too
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Fig. V.4, Vertical inlet spool piece density.
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lou, early saturation is not surprising. The vertical inlet density shows
a sharp increase just after 7 sac, probably dve to a flow reversal in the
vertical piping at the break. As the mass capable of being discharged by
the breaks decreases due to decreasing pressure, the horizoatal inlet
piping, which still coutains subcooled fluid, begins to supply a larger
percentage of the flow for the inlet break, much as the horizountal outlet
piping does at the outlet break earlier in the transient. At the same
time, the plug of subcooled fluid at the ocutlet break, which had prevented
flow from the vertical outlet piping, has been discharged, so that flow
tovard the outlet break may resume. Thege factors together initiate a
deceleration and eventual reversal of the flow in the vertical imlet
piping. This begins at 5 sec, vith the flow finally reversing near 7

sec. The saturatiom of the horizomtal inlet fluid and its attendant in—
crease in enthalpy contribute to this effect by further decreasing the
flow vhich the inlet break can discharge. RELAP does nmot predict this
density increase at the vertical inlet. Late in the transient, RELAP's
density prediction for the horizontal inlet shows two gradual demsity
iocreases not found in the experimental data.

Outside of the core, most fluid in the loop is two-phase throughcut
the transient. Thus, the predicted and measured temperatures gshow the
same relatiouship as the predicted and measured pressures. The three
temperature comparisoas which prove informative are those for the verti-
cal and horizontal inlet spool pieces and the vertical outlet spool piece
(Figs. V.6 to V.8). The vertical inlet spool piece temperature (Fig. V.6)
shows the arrival of hotter core fluid, causing saturation. This figure
also shows why RELAP predicts saturation lare; the arvival ef hotter fiuid
is spread out over time, with part arriving early and a reduced smount
arriving later. This effect lowers the temperature predicted by RELAP
near the time of saturation, causing late saturatiom even though RELAP's
predicted pressure is too low. After zaturation, the temperatures at
the vertical inlet reflect the pressure prediction until 18 sec, vhen a
burst of superheated steam, not predicted by RELAP, arrives from the
core. The horizountal inlet temperature comparison shows that RELAP pre-
dicts the arrival of hotter fluid from the pressurizer too soon, and this,
combined with RELAP's low pressure prediction, causes early saturation.
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Fig. V.7. Horizontal inlet spool piece temperature.
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Fig. V.8. Vertical outlet spool piece temperature.
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The wvertical outlet spool piece temperature shows the arrival of super-
heated steam from the core at 10 sec. The returm to saturation between
1) and 14 sec coincides vith the largest late-tramsient demsity increase
showva on the vertical outlet dem-ity plot (Fig. V.3).

The last portion of loop hydraulics to be exarined is volumetric and
mass flous. The flow data are useful in indicating trends and major
shifts in the flow, but the magnitude is questiomable (see Chapter I).
The volumetric flow, both wmeasure. and predicted, is presemted in Figs.
V.9 to V.12. In test 103, the wertical inlet turbine meter signal imcor-
rectly reversed polarity shortly after the blowdowm began. Figure V.9
presents an inversion of the experimental readings taken; therefore, the
first few tenths of a second must be ig sred. RELAP's predicted volu-
metric flow is not in good agreement vith the turbine meter data, but
the significance of this is uncertain due vo the possible errors in the
turbine measurements. RELAP's prediction has most of the major charac-
teristics of the data, although usually shifted in time and magnitude.
Previously, the low-quality surge appearing omn the vertical outlet dem-
sity plot at 4 sec vas stated to have originated in the horizontal ocutlet
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spool piece. This appears on the vertical outlet turbine meter as a
drop from 200 gpm to near or below zero (Fig. V.10). The demsity in-
crease at 14 sec appears on the turbine meter plot as a sharp reversal.
It wvas also stated earlier that a flow reversal in the vertical inlet
that began at 5 sec culminated in a low-quality surge from the horizontal
inlet just after 7 sec. This reversal appears in the experimental data
on the vertical inlet turbine meter plot. RELAP's prediction shov:: a
marked decrease in the flow toward the break from just before 4 to 5 sec;
thus, RELAP's decrease in flow anticipates the actual reversal by 1 or 2
sec. This reversal is also appareant in the vertical outlet turbine metex
as a sharp resumption in flow toward the outlet break. RELAP predicts
this flow increase too early by more than 1 sec.

The mass flow comparisons between RELAP's predictions and thcse cal-
culated from experimental data are presented in Figs. V.13 to V.16. Both
nethods of calculating mass flow mentioned earlier are included; one, desig-
nated GGl, uses only the turbine meters and densitometers and assumes no
slip; the other, designated GGA, uses the Aya method and includes the drag
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Fig. V.13. Vertical outlet spooi piece mass flow.
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Fig. V.14. Borizontal outlet spool piece mass flow.
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Fig. V.16. Vertical inlet spool piece mass flow.
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disks in the calculation. As with the volumetric flow comparisons,
RELAP's predicted mass flows are nmot in close agreement with calculated
ones. Ounce again, the uncertainties in the calculated numbers must be
considered (see Chapter I). The vertical ocutlet mass flow calculation
(Fig. V.13) drops to, and oscillates abvut, zero in the period from 3 to
5 sec, correspounding to the arrival of the subcooled block of fluid at
the horizontal outlet spool piece. At 5 sec, as the subcooled fluid

is expelled, saturated pressurizer fluid begins to flow through the
horizontal outlet piping and the calculated mass flow there sharply de-~
creases (Fig. V.14). The mass flow at the horizontal inlet spool piece
increases from 5 to 7 sec with the flow reversal occurring in the verti-
cal inlet piping and decreases after 7 sec with saturation (Fig. V.15).
The vertical inlet mass flow shows a marked decrease between 2 and 3 sec,
coicciding with saturation.

Finally, comparisons between the predicted and measured rod and
fluid behavior in the core are presented. Since detailed analysis of
core phenomena and RELAP's abilitv to predict them will be provided in
a subsequent report, only a portion of the data is presented here. There
are four thermocouples in the lower plenum. Two of cthese four, located
90° to the left and right of the direction from which the water enters
the test section, show a period of superheat from 2 to 6 sec (Fig. V.17).
The remaining two thermocouples, located at O and 180° from the direction
of the water entering the test section, do not show this superheat, but
rather decrease smoothly with depressurization after an initial tempera-
ture rise at 1 sec, similarly to that shown in the figure. This initial
rise showm by all four thermocouples is due to the passage of water froa
the core region toward the inlet break. At the opposite end of the test
section, numerocus subchannel thermocouples have been placed between the
rods above the heated zone. Eight of these thermocouples are compared
with RELAP's predicted flvid temperature for the top of the core in Fig.
V.18. As well as predicting too much superheat, RELAP also predicts that
the superheat peaks at 5 sec instead of at 7 sec, when the maximum peak
actually occurs. RELAP's superheat peak occurs during the time when
RELAP is predicting the decrease in flow in the vertical inlet and the

increase in flow in the vertical outlet. The actual superheat peak occurs
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during the actual flow reversal in the vertical inlet and increase in

flow in the vertical outiet. This suggests that RELAP's early prediction
of the flow change leads to the early prediction of the peak. The therwo—
couples with the larger peaks at 7 sec are near the center of the buundle
and those with the smaller or nonexistent peaks are near the shroud box
walls (Fig. I.4). All data channels show a return to superheat tetween

9 and 10 sec, presumably due to lack of water remaining in th> core.

RELAP predicts this phenomenonr 3 sec late. The central subchannels show
a dip in temperature at 1l sec, which is suggestive of a rewetting that
the outside subchannels do not experience.

When considering the behavior of the rods themselves, the quantities
of primary interest are the suriace Lemperatures and surface heat fluxes.
Temperatures and fluxes calculated from experimental data are compared to
RELAP"s predicted temperatures and fluxes in Figs. V.19 to V.23 for three
different heights in the bundle for a typical rod. RELAP's predictions of

surface temperature for positions high in the bundle are much worse thaa
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Fig. V.19. Surface temperature, rod 18, level E.
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Fig. V.22. Surface heat flux, rod 18, level G.
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Fig. V.24. Surface heat flux, rod 18, level J.

those for lower in the bundle. The flux predictions follow the same pat-
tern. The data used for these comparisons were taken from sheath thermo-
couples located near the axial centers of the rod sections modeled in
RELAP. Since RELAP predicts a single set of average properties for

the entire length of each modeled rod section, the comparisons vary some-
vhat from those shown when RELAP's prediction is compared to data takem
from thermocouples at the ends of the modeled rod sectioms.
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VI. TEST 105

VI.1l. Description

Test 104, the fourth test with bundle 1 in place,s was conducted om
July 8, 1976, to obtain CHf in bundle 1 under blowdown conditions. The
break configuration was a 50X inlet—530T cutlet break with a total area
of 12.54 ca?! (0.0135 ft?). To produce CHF, the electric core vas main-
tained at full power (122 kii/rod) for 2 sec into the tramsiemt. The
primary coolant pump was tripped coincident with rupture, and closure of
the main heat exchanger secondary side valves was initiated at power trip.
The THIF fluid conditions immediately preceding rupture are presented in
Tables VI.1 and VI.2.

Test 104 provided the first CHF and post—CHF heat transfer data in
bundle 1. The transient data alse provided the thermal-hydraulic response
of the THIF under blowdown conditions with delayed power trip. Extensive
steady-state data were taken to expand the bundle thermocouple and ilow

instrumentation calibration data base.

VI.2. Thermal Hydraulics

There are many similarities in the comparisons between the experi-
mental data and RELAP predictions for tests 104 and 103. Since these
common characteristics are detailed in Section V, the focus here will
be on the differences between the two comparisons. Because the pressure
comparisons for test 104 are similar to those for test 103, they are not
presented in this section.

In test 104, all the densitometers except the vertical outlet spool
piece densitometer failed at 15.5 sec. The measured and predicted density
comparisons for the outlet spool pieces for test 104 (Figs. Vi.1 and VI.2)
are much like those for test 103. The arrival at the outlet of the block
of subcooled fluid caused a greater surge upward into the wvertical spool
piece in test 104 than in test 103, but since test 104 had a smaller outlet
break area, this is not surprising. The occurrence of several sharp

density changes later in the transient is somewhat different in test 104
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than in test 103 for a reason we have not yet determined. As in test 103,
RELA®'s prediction smooths and spreads the sharp density shifts imto
smaller, longer density changes. The inlet demsity comparisons are so
much like those of test 103 that they are nmot included.

The similarity of predicted and measured quantities extends to the
temperatures outside the core. Ounce again, no plots are included. The
occasion vhen superheat was shoum in the response of the vertical outlet
spool piece thermocouple for test 103 (Fig. V.8) does not appear in test
104; that thermocouple displays saturated temperatures throughout the
traz_ient.

Although the voiumetric flow comparisons show some differemces
between the two tests, none are of particular significance. The mass
flow comparisons show the same differences, so these are presemted in—
stead of the volumetric flows (Figs. ¥I.3 to ¥1.6).

The RELAP-predicted and the measured core temveratures show the same
qualitative relationship for tests 103 and 104, but there is a marked
difference in magnitudes. The two lower-plenum thermocouples show less
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superheat in test 104 than in test 103. The differences can also be

seen in the subchannel thermocouple plot (Fig. VI.7). The spike that
occurs in a few output signals just after 2 sec is thought to be an
extraneous input in the data acquisition system. Note that, as in test
103, RELAP's predicted superheat is too high and occurs too soon. Test
104 does not exhibit the general occurrence of superheat at the subchannel
thermocouples late in the transient seen in test 103; however, RELAP
predicts such a phenomenon at 17 sec. The rod surface temperatures and
heat fluxes (Figs. VI.8 to VI.13) show a marked difference in RELAP's

predictions for tests 103 and 104. RELAP's predictions for rod surface
temperatures and fluxes for test 104 are uniformly poor with our model,
much vorse than for test 103.
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VII. TEST 105

VIIL.1. Description

Test 105, the sixth test in the THTIF vith bundle 1 in place, was
conducted on August 19, 1976, to cobtair CHF in a prescribed flow and power
transient. The break configuration was a 307 inlet—687% ocutlet break with
a total area of 12.5% c=’ (0.0135 ft°). The electric core was maintained
at full power for Z sec incto the transient aad then the power was decaved
with a time constant of 0.335 sec. The primarv coclarnt pump was tripped
coincident with rupture, and closure of the main heat exchanger secendary
side valves was initiated at trip froa full power. The THTF fluid condi-
tions immediately preceding rupture are presented in Tables VII.l and
VII.2.

Test 105 provided core flows which best appruximrted those rrom an
XRC-supplied PXR double-ended guillotine break studv. This was also the
first test which incorporated power decav after I sec. These two condi-

tions made test 105 the "reactor”™ case of this test series.

VII.2. Therma! Hvdraulics

The two break orifices and the hot- and cold-leg fluid temperatures
in test 105 were very similar to those in test 103: therefcre, the ob-
served hydraulic instrument response was also similar. Svstem pressures,
fluid temperatures, densities, and volumetric and mass flows for “est 105
were predicted by RELAP with the same areas of agreement and disagreement
as for test 103.

In all the blowdown tests in this series, power to the primary circu-
lation pump was tripped by 0.1 sec after rupture. Relatively high pump
speed was maintained throughout the blowdown by the inertia of the pump
impellers, shaft, and rotor windings. The resulting pressure rise across
the pump is shown in Fig. VII.1l. Saturation of the fluid at the pump suc-
tion apparently occurs at 4 sec, as evidenced by continued degradation of
the pump head and a reduction in the pump speed deceleraticn due to a

drop in hydraulic torque on the impellers (Fig. VII.2). An orilice meter
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near the pump discharge indicates probable flashing at 5 sec (Fig. VIL.3);
flous indicated by this meter are not reliable after that time. REIAP
calculations of pump behavior were generally gnod except for overpredic-
tion of the pump head when rwo-phase conditions existed. No demsity mea-
surements were available at the pump suction for development of two-phase
pump head multipliers for RELAP. Errors in the pump speed calculation
after 14 sec are not significant since the pump head is megligible by that
time.

Better insight into the accuracy of RELAP and the THIF model in tha
calculation of earlv-blowdown flows may be gained by comparison of the
RELAP-calculated flows and analog turbine meter data. Figures VII.4 and
71I1.5, respectively, show unprocessed signals from FE-19 at the horizontal
inlet and from FE-34 at the horizontal outlet for test 105. The processed
flows for FE-19 (Fig. VII.6) include a peak before 0.053 sec which was not
discernible in the raw data. RELAP's calculated flow had several peaks
Juring thkis interval. At the cutlet, comparison shows that RELAP-calcu-
latad flow reverses much wore rapidly than the processed data indicate
(Fij. VIL.7).
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Because of the exponential decay of the bdundle power beginning 2 sec
after imitiation of blowdown, heater rod temperatures and resulting test
section fluid temperatures were higher for test 105 than for any previous
test. Figure V1I.8 shous a comparison of the fluid temperatures measured
by several THIF subchannel thermocouples with the temperature calculated
by RELAP for the uppermost heated control volume. Comparison of this plot
with Fig. V.18 for test 103 shows that the tiwe of fluid temperature peaks
is virtually identical for the two tests, which implies similar flow re-
sponse in the test section. The maximmm valuves of both calculated and
measured fluid temperatures for test 105 are greater than for test 103
as a result of the longer period during which the rod power was on. Radial
flow effects inferred from the subchannel thermocouples for test 133 are
also in evidence for test 105. RELAP's early prediction of the negative-
to-positive core flow reversal is again reflected in its calculation of
the superheat peak at the upper end of the bundle (Fig. VII.8).

During the first 2 sec after initiation of blowdown, flow is negative

through the test section. The heater rods rapidly reach critical heat
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flux below the midplane of the bundle [e.g., rod 18, level E (Fig. VII.|M].
Some fluid becomes superheated and is detected 2t & sec by TE-178 (Fig.
VII.10), which is located in the lowest RELAP heated zoune; RELAP predicts
a similar peak slightly earlier. Three of the four lower-plenum fluid
thermocouples indicated superheat between 2 and 5 sec; TE-151 was the
exception. RELAP calculations for test 105 show no superheat in the lower
plenum.

The vertical inlet turbine wmeter, FE-166, reversed polarity three
times during test 105 at approximately 0.1, 3.0, and 4.2 sec; the inverted
signal is presented in Fig. VII.1ll. The signal from FE-34 (Fig. VI1.12)
at the ho. “zoatal outlet had the wrong sign between 2 and & sec. The volu-
metric flow at the vertical outlet has a strongly positive acceleratiom at
5 sec, as in test 103, and the flow at the inlet vertical spool becomes
positive at 7 or 8 sec. Between 5 and 8 sec, the stagnatiom point of flow
moves downward through the test sectiom, resulting in a superheat spike
indicated by the subchannel thermocouples and rewetting of thermocouples
in the lower plenum and at level D in the rod bundle.
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Overlay plots of the RELAP-predicted and ORINC-calculated surface
temperatures for test 105 at three axial ievels appear in Figs. VII.9,
VII.13, and VII.14. Comparison with Figs. V.19 and V.21 for test 103
shows that the exponential decay of the power to the heater rods after
2 sec in test 105 results in higher maxiwum surface temperatures at levels
E and G. At level E, a maximm temperature of 895 K (1150°F) was reached,
compared to an 850 K (1070°F) maximum in tes: 103 (Fig. (V.19). RELAP
calculations underpredic: the temperatures at level E and incorrectly pre-
dict a rewetting at 8 sec at level E. Such a rewetting did occur at level
D, near the bottom of RELAP slab 2. A maximum surface temperature of over
975 K (1300°F) occurred at approximately 3.5 sec at level G, near the core
midplane (Fig. VII.13). In test 103, the maximum at level G of about 920 K
(1200°F) occurred at approximately 2.2 sec. There are discrepancies be-
tween predicted and observed surface temperatures and fluxes at level G,
specifically, RELAP's overprediction of the heat flux between 4 and 7 sec
(Fig. VII.15) followed by its incorrect calculation of rewet at 8 sec. At
level J, RELAP obvicusly overpredicts the rod surface temperatures for rod
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18 (Fig. VI1.14). For the first 8 sec, cooling conditions in the upper

half of the rod bundle were generally better for these tests than calcu-
lations implied.
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VIII. RELAP CODE VERIFICATIOX

In analyzing how well RELAP models blowdown in the THIF, judgments
of the relative significance of the differences between RELAP predictions
and the experimental data must be made. Since this report is concernmed
with RELAP's hydraulic prediction capability, those hydraulic parameters
which will have the greatest impact on the core, specifically errors in
pressure and densi.v, have been given the most attention.

An incorrect sy:tem pressure prediction will cause a correct critical
flow model to predict inccrrect mass flow through the breaks, thus pro-
ducing errors in the system mass inventory. It will alter the calculated
effectiveness of heat transter, particularly nucleate boiling heat trans-
fer, and the tiwes at which a heat transfer regime change is predicted.

Errors in the prediction of the second important parameter, density,
also affect system response. The existence of the solid plug of very low
(or zero) quality fluid at the outlet break from 3 to 5 sec in tests 102
through 105 keeps flow in the vertical outlet piping near zero. When the
plug is expelleld, vertical outlet flow toward the break resumes and flow
reversal in the core is permitted. RELAP's error in density prediction
at the horizontal outlet spool piece contributed to its early prediction
of this phenomenon. The time and extent to which flow reversais occur
produce periods of low or zero flow at changing positions in the core,
vhich result in major changes in the fluid and rod temperatures. Rever-
sals also determine the source of fluid surrounding the rods. resulting
in heat transfer to hotter or colder fluid and attendant changes in rod
temperatures. Density errors cause incorrect enthalpies to be used in
the critical flow models and can cause poor convective heat transfer pre-
dictions and incorrect selection of heat transfer regimes. Errors in
quality prediction are reflected in density prediction errors.

Before discussing the primary sources of RELAP's inaccuracies in
detail, input parameters found to have little impact on code predictions
are mentioned. Here, little impact means the effect of variations in the
parameter are small compared to the existing discrepancies between our
RELAP model predictions and the THTF instrument ?esponses as presented pre-

viously in the report. A 102 variation in the r#ted flow ancd rated head




input for the pump had little effect. A 20X change in the imitial pres-
surizer mixture level did mot significantly change the predicticn, and
use of the bubble rise odtion in the pressurizer ounly slightly improved
it. Vhen wodeling heater rods, failure to include an air gap wvhen oune
exists will have a significant effect, but wvhether a mean or wvariable

gap wodel is vsed is oot important if gap variations are mot of extreme
size. (This wil! be discussed ia wore detail in the subsequent report
investigating RELAP's heat tramsfer capabilities.) RELA®'s predictioms
are pot sensitive to variations in the total loop volume umtil such vari-
ations approach 10Z. Hydraulic resistance in the pressurizer surge lime
is relatively small. An increase of 100X or aore in the ionput value for
this resistance does pot appreciably affect RELAP's prediction of too much
pressure resurgence. Comparisoms of RELAP predictions using two differemt
fluid-flow equations show little difference. The two c¢quations are for
compressible single-stream flow vith momentum flux and for incowpressible
single streaa flow witaout mowentum flux.?

The choice of choking model and meltiplier has a significant effect
on RELAP's pressure prediction. Of the 25 combinations of models avail-
able in RELAP, three vere selected for investigatiin: the Homogeneous
Equilbrium Nodel (4EM),? the Henry-Fauske/HEM® (HF/HEM), and the Modified
Momentum/HEM® (Q@U/HEM). Each of these uses HEM choking in the two-phase
region but a different model in the subcooled region. The three subcooled
wodels produced difieremt pressure predictions early in the tramsient
during the resurgence. The subcooled portion of the tramsient is so brief,
however, that the differeant subcooled choking models do mot change the
total saus inventory sufficiently to make a significant difference in
the pressure prediction during the rest of the transient. Differences
between the models after saturation are further decreased by feedback
from the pressure; a model which predicts lower critical flow slows the
decrease of the pressure, which tends to prodece a higher critical flow
and increases the rate of depressurization. A 10X change in the choked
flow multiplier makes a significant difference in the pressure in spite
of this feedback. The HF/HEM and MM/HEM wmodels provide for a tramsitiom
region in vhich the choked flow is interpolated bet\véen the subcooled and
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the saturated values. This transition region extends from the saturatiom
point to a quality specified by the user. The width of this regiom did
not appreciably affect THIF predictions excent when it was made so narrow
as to induce mumzrical oscillatioms due to the abrupt change in choked
flow. Oscillations were produced wvhen the transition region was ended at
a quality of 0.0001 but were avoided vith an end point of 0.01.

In all the powered tests, the relative positions of RELAP's predicted
pressures and the measured pressures were similar throughout the svstem
except for the period of pressure resurgence. For the first 6 sec, the
predicted pressure was below the experimental data throughout the system,
wvith the discrepancy slightly greater at the pressurizer than at the spool
pieces. Bouvever, in test 100 the difference wvas much ilaTger at the pres-
surizer than at the spool pieces. Since test 100 was performed without
rod power, valves in the heat exchangers were adjusted to force 987 of
the initial flow through the heat exchanger bypass lime. Therefore, in
test 100 as coapared to the powered tests, such a difference im hyvdraulic
resistance in the heat exchangers would tend to produce greater flow
through the bypass line throughout the transient. In test 100, RELAP's
prediction for the pressure drop across the main heat exchangers and by-
pass line vas far below that measured for the firs: 3 sec of the Zransiemt
(Fig. 1I1.3). For the powered tests, RELAP's predicted pressure drop was
closer to the data for this period (Fig. VIII.1). This suggests that an
inaccuracy exists im RELAP's calculations for the valve hvdraulic resis-
tance in the heat exchanger bypass lime. Such an inaccuracy would have a
greater effect in test 100 than in the powered tests because of the larger
flow through the valve. Inaccuracies in the pressure prediction in the
pressurizer are not as important as at the spool pieces, since the spool
piece pressures control the break flow and core pressure conditions. Thus,
evaluation of RELAP's ability to predict pressures will be based primarily
on the spool piece pressures.

All the predictions previously described in this report wvere made
using HF/HEM choking with a multiplier of 0.8 for the HF and 0.9 for the
HEM. The pressure calculations using this model, while predicting too
much resurgence, were better im the first 10 sec for test 100 than for
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Fig. VIII.1. Main heat exchanger pressure difference.

all the powered tests; the predictions were farther below the data for
the powered tests. RELAP closely predicts the pressures after the resur-
gence for the powered tests using HEM choking with a 0.8 mltiplier, bur
using this same model produces a markedly high pressure prediction for
test 100. To investigate this, calculations of the actual brvak enthal-
pies were made for tests 100 and 103 and compared with the enthalpies
RELAP used to obtain mass flows from its choked-flow tables. The results
of the calculations of actual break conditions cam only be considered as
approximate, since they were obtained from flow and demsity data which are
considered questionable (see Chapter 1I). The calcalations of break en-
thalpies were sometimes above and below RELAP predictioms. But, wvhen
enthalpies and pressures determined from the experiment were used wvith
the flouw tables to obta. n mass flows and the results integrated oveyx
a period of time, the result was close to the integrated mass flow pre-
dicted by RELAP using HEM. The effects of the high and low enthalpies
essent ially nullified each other over a period of several seconds. Thus,
the fluid conditions used in RELAP to calculate critical flow are close
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enough to actual conditions to prevent introducing substantial error in
the predictioa.

Next, the integrated mass expelled from the break as predicted by
RELAP was compared with the actual integrated mass leaked. To approxi-
mate the latter quantity, the mass flows calculated for the spool pieces
by the Aya methnd were used to infer a mass flow through each break. The
integrated mass flows at 2, 3, and 5 sec in the transient were compared
vith RELAP's predictioas using differeat choking models. As mentioned
previously, RELAP predicts too much pressure for test 100 if HEM choking
with a 0.8 multiplier is used, but RELAP's predicted value for the total
mass leaked in 5 sec was 20X too low. RELAP's prediction for total mass
leakage in test 100 using HF/HEM choking and 0.8 and 0.9 multipliers was
only 6I below the amount calculated as the actual mass leaked. For test
103, RELAP's prediction using HEM (0.8) was again markedly low in total
mass leaked; the predictiom using HF/HEM (0.8/0.9) also was low but not
as low as that for HEM even though, in RELAP, HF/HEM was using preassures
below the Jdata while HEM was usiag more correct pressures. The same re-

sults were obtained when similar comparisons were made for the total

energy leaked through the breaks. Although the calculated values used
as the actual mass and energy leaked are oot of high accuracy, the dif-
ferences between the models were large enmcugh to show that HF/HEM (0.8/
0.9) is the more correct choking model for our tests. Due to the rela-
tively small effect the wmodel used in the subcooled region has om the pre-
diction through the majority of the transient, this means that HEM with a
0.9 multiplier is more accurate in two-phase conditions than HEM with a
0.8 multiplier. In the subcooled region, HF (0.8) produces a better pre-
diction of the critical flow rate and pressure resurgence than HEM (0.8).
RELAP's low pressure prediction for test 103 and the other powered
tests now arouses greater interest since this low pressure prediction is
made in spite of RELAP's retention of excessive mass and energy in the
system, Given a specified amount of mass and energy within a system, the
partitioning of the energy vithin the mass will affect the pressure
throughout the sysies, For example, a fixed volume divided into two
equal parts, one filled with water at 15.17 Mi/m? (2200 psia) and 561 K
(550°F) and the other with vater at 15.17 M¥/a’ (2200 psia) and 611 K
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(640°F), will remain in pressure equilibrium uatil the two portioas of
fluid are permitted to transfer energy. The same amount of mass and
energy uniformly distributed throughout the volume will cause the pm
to decrease several meganevtons per square meter (several hundred psi).

To explore the importance of this effect for an open tramsient system,
a special depressurization test model (DTM) was created for RELAP (Fig.
VIII.2) and was given the physical characteristics of the THIF pressurizer
and piping leading to the outlet break (Appendix C). Five test calcula-
tions were conducted using RELAP. The first taree used a fill table for
junction 14 to insure idemtical time-aependent boundary conditions. All
cases began vith the pressurizer saturated and the entire system at a pres-
sure of 15.17 Mi/a® (2200 psia). The differev-es in these cases involved
the initial temperature distribution (other than the pressurizer); oane
case, designated HHH, had 2 temperature of 607 K (633°F), the cutlet tem
perature from the core in most heated THIF tests, in al)l volumes; another,
BCH, had a temperature of 559 K (547°F) in volumes 2-5 and 607 K (633°F)
in the rest. The third case, HCC, had a temperature of 559 K (547°F) in
all volumes except the pressurizer. Thus, the HHH test had one interface
between fluids having a temperature difference of 9.4 K (17°F). Test HCC,
tite test 100, had one interface between fluids having a temperature dif-
ference of 56.7 K (102°F). Test HCH, like test 103, had the same inter-
face as test HCC and a second interface between fluids having a tempera-
ture difference of 47.8 K (86°F).

The fill table supplying the boundary conditions removed fluid at
the rate and enthalpy expected for the HCH test. If RELAP did not mix
the different temperature fluids, the 607 to 559 K (633 to 547°F) inter-
face in the HCH test would arrive at the end of volume 14 in approximately
2 sec. During this period, the fill table specified the rewmoval of fluid
at approximately the correct enthalpy for both the HHH and HACH tests.
Since the depressurization rate is expected to be proportional to the time
rate of change of the total mass and total energy of the system, any pres-
sure differences in the first 2 sec of the HCH and HWHH tests can be at-
tributed to RELAP's assusption of homogeneocus fluid within each of {its
volumes, thus mixing the differemt temperature waters. In Fig. VIIL.3,
at 2 sec, the pressure in the HCH test is 0.52 MN/a? (75 psi) below that
in the HHH test. The relarive positions of the pressure predictions are
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Fig. VII1.3. Depressurization test model; pressure in pressurizer
when model is bounded by a fill table.

the same throughout the system. This demonstrates that RELAP's homogeni-
zation of fluid canm significantly depress the predicted system pressure.

After 2 sec in the HHH test and through most of the HCC test, the
difference between the fill table's specified enthalpy and that of the
fluid arriving in volume 14 will increase. We do not believe this intro-
duces significant error, so comparisons between all rums for the entire
5 sec will reflect the effects of fluid homogenization. The HCH test
pressure is substantially below that for the HCC test. Note that the
magnitude of the pressure depression caused by the addition of the 607
to 5592 K (633 to 547°F) interface is comparable to the amount that RELAP's
predicted pressure for test 103 is below the measured data. The HHH and
HCH tests were also calculated by RELAP with the fill table replaced by
a leak junction with HF/HEM (0.8/0.9) choking. The pressure feedback has
only a marginal effect (Fig. VIII.4).

In test 103, the 566.5 K (560°F) water initially between the heat
exchanger and the pressurizer had remained essentially intact when it
reached the outlet break. In RELAP, this water was incorrectly mixed
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Fig. VIII.S. Depressurization test model; pressure in pressurizer
when model is bounded by a leak junction.

with the 607 K (633°F) water of the outlet piping, thus lowering its pres-
sure prediction below the data. In test 100, such an interface did not
exist, and RELAP closely predicted the pressure. In test 101, vhere the ocut-
let piping temperature difference is smaller [372 to 539 K (370 te 337°V)],
RELA?'s prediction was not as far below the data as in test 103. All THTF
tests share a temperature interface at the pressurizer surge line where
the saturated fluid contacts the cold water downstream of the heat ex-
changers. RELAP will homogenize this interface as well, but the extent
of error introduced by this depends on the extent to which the interface
is maintained in the actual test. If the fluids had been thoroughly mixed,
RELAP's hoaogenization would have been correct. Unrealistic wmixing at
this second interface would tend to incorrectly depress the pressure pre-
diction, but, as previously mentioned, HF/HEM (0.8/0.9) retains too much
mass in the system and these effects may compensate for each other to
produce the better pressure prediction for test 100.

Based on the preceding work, the most correct choking model used thus
far for the THTF is HF/HEM (0.8/0.9). It produces a better prediction of
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the resurgence an more correct break flows. A wodel of the THIF with a
larger number of smaller volumes has been created (Fig. VIII.S5), but it
does not significantly reduce the depression of pressure. A wodel with
very small volumes may ameliorate this effect to a noticeable degree; this
possibility is currently being investigated. The enthalpy tramsport oPtion’
does not operate as intemded in RELAP4/MOD5 (update 2) and was not used.

A properly operating enthalpy transport option might reduce the pressure
depression. RELAP's homogeneous assumption is the major cause of the

errors in pressure seen in the powered tests.

In addition to directly altering the system pressure by homogenizing
mass and energy variatioans, mixing has had other deleterious effects on
RELAP calculatioms. A marked slowing of the depressurization rate in the
THTF in full-power tests, believed to be due to passage of the low-quality
plug at the outlet break, was not calculated by RELAP. For examplz, in the
vertical outlet spool piece pressure comparison for test 102 (Fiy. IV.1),
the pressure error of about 0.34 MN/m? (50 psi) existing at 2 sec is prob-
ably due to mixing which occurred from 0.5 to 1.5 sec in the hot-leg
piping. The divergence in the two pressures from 2 until 4 sec occurs

because RELAP has no concentrated liquid tc be blown through the outlet
break during that period; its pressure curve continues to rapidly decay
while the actual pressure decays at a slower rate. Thus, the calculated
pressure at 4.5 sec is in error by 0.69 MN/m® (100 psi).

As a result of a too-rapid transport of energy, calculated enthalpies
will sometimes be in error in the control volume upstream of a junctiom
vhere a critical flow rate is being calculated. This results in erroneous
input data for the critical flow model in RELAP, and incorrect mass fluxes
are returned. If the starting system inventory is correctly modeled, this
effect tends to cancel itself later in the transient, since an overpredic-
tion of the enthalpy at this point will probably result in an underpredic-
tion later,

In the simulation of a blowdown experiment, RELAP tends to "wash out"
temperature interfaces in subcooled fluids, possibly resulting in calcula-
tion of premature or tardy times of saturation. At the horizontal inlet
spool piece (Fig. VIII.6), the leading edge of hot fluid from the pressur-

izer was predicted to arrive too soon, causing calculated gaturation times
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Fig. VIII.6. Horizontal inlet spool piece temperature; system wodel
and renoded model vs experimental data for test 103.

to be early by at least 1 sec in the six THTF tests analyzed. For some
calculations, time—dependent fluid conditions were specified in the pres-
surizer, resulting in calculation of correct or slightly high pressures
at the horizontal inlet spool piece; saturation was still predicted to
occur approximately 0.6 sec early. At a temperature of 560 K (548°F),
only a 3.3 K (6°F) temperature rise is required to offset a 0.34-Mi/n?
(50-psi) pressure excess. At the vertical inlet spool piece (Fig. V.6),
a 25 K (45°F) rise actually occurred by 2 sec and flashing occurred at

a pressure of 9.65 MN/m? (1400 psi). In RELAP calculations, the tempera-
ture front was broad, and only a 16.7 K (30°F) rise could be realized be-
fore the saturation curve was reached. If the calculated pressure had
been co'rect, RELAP's saturation time would have been even later at the
vertical inlet. The pressure differential across the test section may be
poorly simulated when such problems occur in the predicted densities. In
the hydraulics section of the RELAP version used, mixing may well be the
single largest source of inaccuracy, considering its influence on errors

in calculated densities and pressures.
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The renoded THIF systeam model showm in Fig. VIII.5 was produced
during these studies (Appendix C). Its main purpose was to explore the
effect of additional detail on RELAP's energy transport problems. The
renoded test section also allowed definition of a small node, number 55,
for use in comparing calculated fluid temperatures with subchannel thermo-
couple data. The improvement observed in calculated fluid temperatures
and densities was not dramatic. The density predicted for the horiznntal
outlet was perhaps more like the recorded data (Fig. VIII.7), bur the re-
sulting presure flattening effect was still not predicted. Fluid tempera-
tures before saturation at the horizontal inlet were definitely improved
(Fig. VII1.6), but the temperature in the special subchannel node was
nearly identical to that in the uppermost node in the standard wodel.
RELAP still predicted too much superheat. Some improvement in the cal-
culation of volumetric flow rates was also noted, mostly between 10 and
20 sec.

THTF pressures calculated with the renoded model were generally lower

than either the standard wodel or the recorded data, especially late in
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the tramsient. Figure VIII.8 illustrates that this was due to omission
of piping heat transfer from the remoded model. The standard wmodel vith-
out piping heat slabs produces the low pressures, while addition of the
piping slabs restores the pressure to a more correct level. inclusion
of ome slab for each piping node was not possible in the renoded model
concurrent with the more detailed modcling of the test section. There-
fore, we chose to use the standard nodalization for the final analvsis,
trading additional detail for a smaller number of piping nodes with heat
transfer. The maximum of 50 heat slabs currently available in RELAP re-
quires continuation of the practice of supplyving boundary conditions for
a detailed test section model from a system model having a minimum number
of test section heat slabs. The system model should, however, have as
auch detail in loop piping as possible, still allowing one piping heat
slab per node.

Use of the vertical slip oprion in RELAP is appropriate when low
mass fluxes are calculated to occur in vertical stacks of nodes. Pre-

dictions of volumetric flows at the test section ontlet were improved
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when vertical slip was used in downcomer junctions 28, 29, and 30. The
most improvement was in test 101, where the transient was relatively slow
due to a smaller break area and gravitational forces had greater effect.
When a negative-to-positive flow reversal was indicated by the wvertical
inlet turbine, a sharp density increase was also recorded. Without slip
in the douncower, RELAP predicted the flow reversal and density rise;

with slip, the predicted flow was slightlyv different such that positiwve
flow was not realized and no densitv increase occurred. The vertical slip
model allows more steam to flow upward out of the downcomer and toward the
inlet break, while the net mass flow rate near the lower plenum remains
positive. Calculated flow through the vertical inlet spool becomes r2ga-
tive due to steam exiting the test section. Conditions in the test section
itself are probably better modeled with vertical slip in the downcomer,
though core instrumentation is presently inadequate for a firm conclusion

to be reached.



IX.1. Experimental

The experimental data presemted in this report represent the wost
significant aspects of the overall system response for THIF tests 100
through 105. These tests eacompass the experimental checkout of th:
facility and its ability to produce the trinsiemt data required. Ttey
also include baseline tests for determining the input parameters mecoas—
sary for the verification of large digital simulators such as RELAPA/

MOD5 (update 2). Tests 103, 104, ard 105 provide a significant data base
for use in investigating thermal-hydraulic phenomena associated with
loss—-of-coolant accidents.

Test 100 wvas designed to investigate the abilityv of the THIF to
withstand Slowdowm forces, to providz flow and pressure drop data for
improvement ~f the RELAPA model, anc to check the computer-controlled
data acquisition system with approximately 330 rod bundle thermocouples
being monitored. All of these objectives were met. Test 101 operated
with a 100Z (nominal size) outlet break and 25X of full power. The data
acquired provided a case with a small core temperature differential and
no core flow reversal. Test 102 was the first test at full power and
design fluid temperatures. Comparison of the responses from tests 102
and 100 shows the effects of initial hot-leg to cold-leg temperature dif-
ferential with the 50% inlet—50Z outlet break configuration. In test 104,
which was performed next in the series, the first measurements of depar-
ture from nucleate boiling and post-critical heat flux heat transfer were
made. The electric core in this test was operated at 1007 fuii power for
2 sec into the transient. The indizated flows at the gspooul pieces were
very similar to those observed in tes: 102, but the measured fluid tempera-
tures were higher during the transient due to the longer operation of the
electric core at full power. Test 103 was performed to verify RELAP cal-
culations which indicated that the core flows in an NRC PWR double-ended
guillotine break study could be approximated in the THIF with a 607 outlet—
40T inlet break comfiguration. Test 105 was performed with this same break

configuration, apnd the electric core power was daecayed #with a §.43-sec
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time constant after 2 sec of full power irm the transient. The desired
flows ccupled vith the power tramsient made test 105 the "reactor case™
of this series. The power decay resulted in higher core fluid and rod
sheath temperatures.

In this test series, the fluid in the pressurizer represented a large
portion of the total svstem mass and had the highest average specific in-
ternal emergy. With the pressurizer discharging into the primary svstem
dovnstream of the main heat exchangers, its surg: during the early porticn
of the blowdoun retarded or completely stopped the flow from the test sec-
tion outlet. Thus, the performance of the primarv pump and heat exchangers
and the energy deposition from the electric core and primary loop piping
had secondary influence on the observed hydraulic response at the spool
cieces during the first 10 sec of the tests. The critical flow rates at
the breaks and the pressurizer fluid discharge and subsequent redistribu-
tion were the dominant fercing functions during that time period.

The reduced spool piece instrum it responses allowed valuable com—
parisons to the predictions from the RELAP system model of the THTF. Al-
though two-phase flow instrumentation problems existed, an understanding
of the overall hydraulic response of the THTIF with bundle 1 has been
gained. Core flows similar to those of the NRC PWR double-ended guillo—
tine break study have been achieved, but obtaining other desired flows
will require woving and isolating the pressurizer. A detailed discussion
of the core heat transfer phenomena and the calculation of tramsient heat

transfer coefficients will be presented in a separate report.

IX.2. RELAP

Hydraulic phenomena observed in THTF tests 100 through 105 were
analyzed, and the ability of the minimum controls version of RELAPA/MOD5
(update 2) to predict the phenomena was evaluated. Comwparisons of pre-
dicted and recorded pressures, densities, and fluid temperatures at the
spool pi.-es were emphasized, since those properties were most reliably
measured and since they directly influence test section fluid conditioms.

Variation of some RELAP input parameters was found to have little
effect on calzulated system response, but choice of critical flw models
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and their multipliers strongly influenced the predictions. Differences
between the accuracy of calculated system pressures for test 100 and for
the tests with rod power led to investigation of the effects of integral
averaging of fluid properties in RELAP. Predictions of the total leaked
mass and energy were found to be in better agreement with estimates of the
actual system losses for calculations using “he Extended-Henry (0.8 multi-
plier, subcooled)—Homogeneous Equilibrium Model (0.9 multiplier, two phase)
critical flow tables than for those using the HEM (J.8 multinlier) alone.
The underprediction of pressures with the HF-HEM vption is primarily the
result of the mixiag by RELAP of fluid emergv froats. The imitial tempera-
ture differegtial across interfaces, the number of interfaces, and the
degree of actual mixing in the system affect the severity of errors in
predicted pressures.

In addition to pressure depression, mixing also caused errors in
density and fluid temperature predictiors. Density errors at leak junc-
tions produced errors im critical flo: calculations and depressurization
rates and contributed to poorly predicted times of flow reversals at the
spool pieces and in the test section. Tewperature errors due to mixing
and too-rapid transport of emergy contribute to incorrect predictions of
calculated fluid saturation times.

In studies made thus far, more detajled nodalization of the THTF has
not significantly improved low pressure predictions, although some im—
provement was seen ia calculated transport of energy fronts. Heat slabs
representing system piping are required for accurate calculation of late
transient pressures, but only 50 heat slabs are allowed in RELAP. There-~
fore, a system wmodel vith a simple test sectiom nodalization should be used
to supply boundary conditions for a component model of the test section.

With the current configuration of the THIF (i.e., the pressurizer,
without an orifice, located dowmstream of the main heat exchangers), the
effects of fluid homogenization in RELAP are particularly in evidemce. 1In
spite of this, some observed trends are generally well predicted although
those of in—-core flow response are difficult to evaluate at present. Some
existing spoo! piece instrumentation needs refinewment for more useful
modeling comparisons. Isprovement in the existing system model may be pos-
sible vith finer nodalization outside the test section and/or incorporation
of the enthalpy transport option when it is corrected.
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Appendix A

RELAP THTF STANDARD MODEL LISTING
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Q20.2M73

37 3.1537

°.°
Qe
IR
3«3
Q4
°.°
Q0.0
Q.0
[ ]
Jed
°.°
J 9
o.a
Q.9
0.2
0.0
Qed
0.2
0.0
e
3
042
Jed
C.0
Jed
043
Q.0
Q2
Q0
Qe3
0.0

eMEX SEC JUTLET DR

8S Pl JUT_ET
s Owillwn TEE
S .2 JUT_ET
*WORIZ TO MHEX
SY ERT T] MEX
*TQ nx NEADER
® INLET WEADR
BNEX FIRSY 27
eNx SECOND PT
sMX THIRD 2T

Y ERT YO PRES
SrOR2 TJ 2AES
s TQ PUND [N
UM DISCHARGE
®2YPASS TEE
®JYPASS, NX D
SMDRZ O TS
SYERT TO S211
'S . 1 IN_ET
SBJC.TEE IMLET
S a2 IN_ET
8V Se INLET
eTOP DOWNIIMER
*N ID DOWNCIRER
*= 80T COWNCWER
SLOMER O ENUM
® 1ST MEATED
®2ND MEATED
*3R0 HEATED
s4TM HEATED
e5TH PEATED
SJPPPER PLENUR
sOUTL ET . INE
SPRESSUR IZ ER
SRAMSS .M

s e

7500 7.%00
7500 7.500
7500 T.3C0
7 +500 7.%00
Q0.0 0.0
0.0 Je0
Q.0 C.0
0.0 0.0
2.0 Q.0
0.0 0.0
Q.0 0.0
0.0 0.0
Q.0 0.0
040 Q.0
0.0 0.0
0.0 0.0
0.0 C«0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
7500 7300
7.3500 7.500
T+%500 7.500
7 .3500 7.500
0.0 0.0
0.0 0.0
0.0 0.0
0 <639 0.639

1.614 1.¢14



Q80221 <9 M C C 46,039S93 €. 0634800 922.92182 o Y 1.654 1.€%08

Q80331 23 M c ¢ .8.03"93 Q. 0634800 924 .77686 Qe 1762 1.7¢2

Qeelal M 22 C € A&, 039693 €. 0634806 927.72266 e 9 | 1.758 1l.7S0

Qac2s5:1 22 1 C € 48,035993 0.INB00 929.56885 Qe 1639 1.€29
CHO3IEY 23 3a t 0 4¢,0255S3 0.0634800 932.18797 J 1 605 le&Q<

Q6aQ371 3a 35 € C 4&,.039993 0.0668100 934.50000 de 0.500 0.5C0
egIsl e € ¢ <¢C.0 0. 0668100 930.9497) 0.0 1..000 1.000

08039 137 16 € ¢ 0.0 0. 0668102 9924.91963 90.23000 1.000 1.000
C8Call 1S 38 -1 G €7,35SS9 0.0663100 $24.08252 Y 0.0 0.0
QeQall 25 4C € O 2%.2 0.03475 935.4608 10. 8. 8. SHMEX SEC CONMTINR. VALY

Q&ga221 40 A} ¢ 0 2.0 Qe 069 936.3608 1€8. C.5 0.5

Qagall 4l &2 C 0 29.21 Ca06951 937.2539 10. 0.5 2.5

Qataal 42 43 € 0 25,31 Ca06951 938.202 10. 3.5 0.5

Q80aS1 22 0 2 0 o.C Q0.€135000 925.29932 J.0 0.2 V20
0ad0a6l 2 0O ) 9 6.0 0. £135000 928.70972 Q.0 C.0 Q.C

080012 0 ¢ 2 @ ¢.C g.600 0 0 0.0 0

cego2 ¢ ¢ 2 ©€ C.C C.€Q0 0 0 0.0 ]

ca0cI2 06 ¢ 2 € C.C C- 600 0 0 J.0 0

Q8QO0a2 ¢ ¢ 2 ¢ 0.C 0.600 Q 0 0.0 ]

Ce00S2 0 0 3 C C.C C. 600 Qo 2 0.0 Q

CB0CE2 0 € 3 C C.C C.60C ¢ 0 0.0 Q

Qe0072 ¢ ¢ 2 C C.C C.€00 0 ¢ 0,0 o

oeges2 ¢ ¢ 3 G C.C C.60C 0 0 0.0 o

C80C92 0 € 3 3 C.C C. 60C Q0 0 0.0 0

CeQl02 ¢ € 3 © 0.C C.€0C 0 0 0.0 ]

ogQLI2 ¢ € 3 € C.C C.6CC Q 0 0.0 4]

080122 ¢ © 13 0 Q.0 0.600 Q0 0 2.0 0

Qagi132 ¢ ¢ I 23 Q.C €600 0 0 Q.0 [+]

080142 0 ¢ 3 C 0.C C. 50C Q 0 0.0 ]

geoI152 ¢ ¢ 3 € 0.C C.ecC Q 0 0.0 ]

oeQl62 ¢ € 3 0 C.C . 600 0 0 0.0 ]

ceg1?72 ¢ ¢ 3 € 0Q.¢C C.80C 0 0 0.0 Q

oeQ18z ¢ ¢ 3 € Q.C Q.60C 0 0 0.0 -]

ogo1®2 ¢ ¢ 2 20.C C+600 0 0 0.0 0

080202 ¢ ¢ 3 32 C.C C.8CC Qo 0 0.0 ]

ceQgl1e 9§ ¢ 3 € C.¢C C.200 0 0 Q.0 Q

Q80222 ¢ ¢ 2 C C.C C.60C Q0 0 0.0 ]

QB0232 ¢ ¢ 2 6 C.C C. €00 0 ¢ 0.0 0

Qrg2e2 ¢ T 2 C€ C.C C.€0C Q 0 0.0 0

CeQgE2 ¢ ¢ 2 € ¢C.¢C €C+.600 Qo 9 0.0 L]

ceoe€2 ¢ ¢ 2 ©C O.C C.80¢C 0 0 0.0 0

08c272 ¢ € 3 C O.C Q.C Qo C 0.0 0

Q80282 ¢ ¢ 3 C AQ.C C.0 Q0 01.0 C

0BOR2S2 0 ¢ 3 © C.¢C C.C 0 Q1.0 0

Q802 6 ¢ 2 C o.¢ 0.C 0 0 1.0 ]

o312 ¢ c 2 € 0.C C.C Q0 0 0.0 ]

080222 ¢ ¢ 2 0 0.C C.C 3 0 0.0 ]

CEC332 ¢ ¢ 2 € G.C Q.C 0 0 0.0 0

080342 0 ¢ 2 € J.C 0.C ¢ 0 0.0 ]

0803T2 ¢ ¢ 2 C GC.C C.C 0 C 0.0 L]

080362 0 0 2 0 Q.C 0.C o 0 6.0 [ ]

oeQ3?2 ¢ 0 2 C GC.C 0. C 0 ¢ 0.0 0

080382 ¢ ¢ 2 0 0.C C. 600 0 0 0.0 ]

080332 ¢ ¢ 0 3 0.C 0.600 Q 0 0.0 ]

080402 ¢ 0 3 J C.¢C C.800 G 0 0.0 o

080412 0 0 O 3 C. 1.0 0 0

oM0a22 0 0 € 3 (. i«.0 0 O

080a32 0 0 O 3 Ce 1.0 0 ©C

QB80aa2 ¢ 0 0 3 (. 1.¢ 0 0

QeoasS2 ¢ <= 3 € ¢.C 1.000 11 0 0.0 [+]

ceQa62 0 £ 3 C 0.C 1000 11 € 0.0 o

*

® MENRV-FAUSKE-HER CRITICAL FLCw WMODEL DlALS

*

qe2003 «$ C.2 G.&8 0.C1

*

* PUNP DATA CARDS

-

090011 3 3 € C € 3%80. 1. 640. 19680.0 572, 90.89 47.10

0$0012 C.00C 0+C 00.006 0.000 2.00

-

s PUNMP CURVE INPLT TMODICATOR

-

1000C0 ©0 0 ¢ O

-

o PURMP CURVE S

*

103011 1 1 S €. ¢ 1.1357 0.2847 1.12%3 0.5694 1.0944 L] VZA L T
103012 0. 8341 1.0027 1.0 1.0 hd WEAD V/A
103021 1 2 - - Q Q.52 0.1138 0.562 01753 = AZVATal
:gggg Q. €8¢ 0.3768 Q.7024 Q0.4127 0.8781 0.7324 = HEAD Asv

-

103031 -] 0. C 0.%9 0.2857 06.708 0.5714a 0.826 L VA ATl
1630 22 0.857 C. Saa 1.0 1.0 bd TIXQ v/A
1030 el e Qe -Q.2 Q. 389 0.2% 0.4137 0.2933 - ASVA Tl
103042 [ 19 0.3%538 0.3%58) 0.4415% 0.87 0.529 - TIRQ AZY
030 Q. &S G. 0128 1. | Y . TORG Aasv
103051 1 3 3 =10 2.C -003 1419 G0 1,1357

Q@ ~1¢0 1.C «Ce? 0.60 =3 0.5 0.0 0.99



® LEAK JUNCTION CARDS:
-

12C100 2 2 14.7 Cu@ <6 21Ce <€
120200 2 2 14.7 C.0 <& 21C. .&
L J
* KINETIC CONSTANTS CARD
-«
1400C0 G & €. O
-
* SCRAM POWER CARD
-«
141001 =& I Ce 1.C 1.965 1.0 2.025 3.
-«
* S AB CARDS
-«
20011 0 2 3 E C 2 2 C€e0 16.4285980
0021 0 33 21 € 2 2 0.0 10. 0949984
20031 0 31 11 € 2 2 0.0 16, 0529938
156081 0 22 §1¢C 2 2 C.C 10. 0799990
15051 0 33 161 € 2 2 Ce 14.2529988
1500€1 23 0 72 G € 2 2 2.7500000 0.0
1S0071 23 3 7 € € 2 2 23335987 ¢€.0
150681 35 0 7€ 6 2 2 3.2083987 Q.0
150061 228 0 A4 C 0 2 2 2001999 0.0
10101 25 C 4 QGO0 2 2 11.5025984 0.0
10111 26 O 4 G O 2 2 G.7S7%985 0.0
150121 2 O 4 €0 2 2 1C.3399992 0.0
150121 34 3 4 CQC 2 2 4.16999682 0.0
150141 2SS 27 S € C 2 2 1.7689991 2.4326987
150151 20 27 = Q €C 2 2 12399998 1.7039986
150161 21 26 € C C 2 2 1.9679995 2.7039986
150171 22 25 S € C 2 2 1.2339993 1.6959982
150181 32 25 S CC 2 2 1.7490000 2.3999987
1SC1G1 $S 27 € C O 2 2 1.7689991 2.6519984
10201 20 27 6 C 0 2 2 1.2359998 1.858999)
150211 21 26 € C C 2 2 1.9679995 2.909938%
150221 32 25 € 00 2 2 1.2339993 1.849998S
150231 3325 € C 0 2 2 1.749€000 2.6229992
190241 1 Q3 76 € 2 2 2.7500000 0.0
15021 3 Q2 7 C QG 2 2 2-7T500000 0.0
1%2€1 & C 7 Q0 2 2 S.A799986 0.0
190271 5 € 700 2 212.189599% 0.0
150281 6 C 7 CC 2 2 9.6899%99 0.C
150291 ? € 2 CQ 2 2 3.2099991 0.0
150301 11 € 70 C 2 2 7.2155988 0.2
150311 12 €& 20 C 2 2 7.1929989 0.0
10321 13 & 7 0C 2 2 €.6595989 0.0
150321 16 € 7 00 2 2 S.5299988 0.0
150341 15 0 72 C C 2 2 2€.5299948 0.0
1503%1 16 € 7 C 0 2 2 13.859%987 0.0
1S63€1 17 0 72 € 6 2 2 2.750C000 0.0
150371 1S € 7 G C 2 2 19.4599915 0.0
150381 20 S 700 2 2 5339599 0.0
150391 21 € 2 C 0 2 2 2.7500000 0.0
190401 38 0 72 QO 2 2 20.4299927 0.0
1041l 3¢ 3 8 CC 2 2 34,0312958 0.0
150421 27 0 7 CC 2 2 7T.$31992 0.0
150431 € 42 11 € C 2 2 3C.016 41.637 O
190441 S &1 11 0 € 2 2 30.C016 &1.63° 0©
150451 10 42 11 € € 2 2 30.016 &1.637 0
120012 0.0 0.CA710CC 0.0 0.0
150022 €.0 0.Ca710CC C.0 €.0
150022 .0 0.cea71CCC C. 0 0.0
120042 C.d 0.Ca7NCCC C.0 0.0
150652 C.0 C.CAT1CCC C. O 9.0
1500€2 €.0 0.¢ 3.00000C 0.0
150072 9.0 0.¢ 2.546996 0.0
150082 0.0 0.C 4.000003 0.0
120092 C.0 0.0 c.0 0.9
150102 C.0 0.8 €.0 0.0
156112 0.0 G C €. 0 3.0
120122 0.9 o.C C.0 2.0
150132 0.0 0.6 0.0 c.0
120142 0.3 0. € C.0 2.65399¢
150152 0.9 0. ¢ 0.2 1.858996
120162 C.0 0 C C.c 2.950000
150172 0.0 0. ¢ 0.0 1.849998
150182 0.0 Q. C c.C 2.62299
120192 C.C 0.t € 0 2.85399¢
10202 G.0 Q.C €. 0 1.858996
1920212 0.9 c. ¢ €. 0 2.95020C
150222 0.0 Q. ¢ €. 0 1.849998
150232 C.0 0.¢ 0.0 2.62299¢
150242 0.9 0.C 3.000000 0.0
150252 0.0 0.C 3.000000 0.0
150262 C.0 0.C 1. 349998 0.0
1250272 0.0 0. C 13.29%996 0.0
120282 0.0 0.C 1€.57€000 0.0
150292 C.0 0.6 3,5€0000 0.0
150302 0.9 0.0 7.87699¢ 0.0
150312 D0 0. ¢ 7.8609998 0.0
120322 6.9 0. ¢ $.450000 0.0
150332 0.0 0. € €.G03600% 0.0
120342 €.0 0.¢ 22.39%99% 0.0

213+ 3o

0412769979
0.08953997
0.14199996
0.089239982
0. 12599999
0413089997
0.1112%396
0.15289980
0.18579996
1.06799984
C.62699986
0.95999998
9.387299860
Q17539997
Ca 12259996
0419459999
0.12199998
Q417299998
0.1379%977
0.09679997
0.15359998
0.09639978
0.13659996
Q13089997
0.1308%9997
0.45159996
C.58029979
0.4609999?
0.1526999%
0.2 37999S
Q. 4249979
J.41229981
Q.26339997
Q97730300
C.661289931
0.1 XNB9397
Q92679977
Q.254399%96
Q.13089997
0.97289979
3.53230000
0.3424998S
«14531
« 145131
-14531
0.0
0.0
0.2
°.°
J.0
0.0
0.0
o.o

0.0012332
1.851900

1.851002
Q.0
0.0
0.C
0.0
0.9
0.0
Q.0
0.0
0.0
Q49
[> R )

0.041392
Q.04392
Q38392
2.0
0.0
°.°
0.0
0.0
0.0
C.0
0.0
0.9
G
0.0
(<]
°.°
2.653996
4.5%509996
Q
1.839996
LY
2.653996
L)
0.0
1.849000
4.591000
0.0
°.°
°I°
0.0
2.0
0.0
0.0
0.0
0.0
0.0
0.0

Ce2

‘3.@

Q2.02760000
0.02760000
0.02760000
20.02760000
0.02760003
0.02760000
0.02760000
0402760300
0.027262C803
002760000
0.3

o.a

Q.0

0.0

0.0

0.0

0.0

G40

0.8

0.0

0.0

0.0

c.o

o.o

0.0

€.0

O.o

OQQ

Q.0

0.
°.
Q.

.3
«0

Io
«591900
«511996

Q.0376000¢
0.037600G0
Q.C37600CC
9.037€000C
0.03762000
0.0
0.0
G.o
0.0
0.0
0.0
0.0
0.0
0.0
o.a
0.0
0.0
0.0
°.c
Q.0
°.°
0.0
0.0
C 0
Q.C
0.3
0.0
0.0
°.°
0.0
Q.0
o.c
Q.0
0.0
0.0
°.°
Q.C
°.°
Q.C
Q.0
0.0
Q.9



Pl

39.527
43.572
“.,”
T2.439
a3.750
103.973

9 .495
10.896
12.332
14.303
16.109
17.849

3$9.020
63.86S
87.400
70.480
73.6%2
r7.162

150352 0.2 0.8 15.165996 3.0 0.0 0

1203€2 8.2 0.C 3.0C0003 ©.0 0.0 o

120372 0.0 0.C 21.239975 0.0 0.8 0.

156382 C.0 c. € 5.830000 0.0 9.0 q.

120352 G2 0.¢ 3.000000 0.3 0.0 0.9

150402 C.0 «$ 22.259988 0.0 2.0 0.0

150412 C.2 0. ¢ 12.379997 0.0 6.0 0.0

150422 €.0 0.¢ 7.805998 0.0 0.0 o.

150432 0.04352 0e €.CA3 7,067 Q. 0,93

150442 Q.Ce3G2 0. 6,043 7.7 0. 0.89

150452 0.C43S2 C. 6.C43 7.067 G. 0.93

L

* CORE CARDS

=

1€0C10 1 S & § TG C.1110800 0.0 0.3

160020 2 5 12 13 €.0 0.185879% 0.0 0.

140030 3 S 12 13 0.9 9.4131899 0.0 0.

1€0040 a 5 12 13 €.q C.1758900 0.0 03

160050 S S5 & 9 0.0 C.1170000 0.0 3.

L

* SLAB GEOME TRY CARDS

L

170101 @ & 3 2 Co_ 4 CCSCOHY Co

170102 ¢ 1 2 1.1CCE-03 1.0

17€103 4 3 A6%E-C3 O

170104 C 2 & .GO2S

170105 0 6 1 7.CCA26~6 Co

170106 @ 2 2 .GOCEY O,

170201 2 ¢ 3 2 Co CCRSTS O

170202 ¢ 1 2 1.SB88E-03 1.0

1702¢€3 ¢ « 3 4.167€-03 6.

170204 C 2 & .C02% Q.

1720205 0 € 1 3.75CSE-6 0.

170206 & 2 2 .CGCEM) O,

170301 2 & 3 2 C. «CCP6c€ C.

170302 o© 11 1.783E-03 0.5

170303 o s 7.186-04 0.S

170304 o a 3 4.167E-03 0.

170305 0 6 1_ 1le€€¥E-¢ 0.

170306 C 2 S 3.333¥-3 (.

170801 2 2 2 3 €. 36% 0.0333 .

170aC2 0 2 1 0.05 0.

170501 1 1 2 4 G €. 08333 0.

170601 1 1 2 & G 0. 0625 0.

170701 2 2 2 3 C.14%59 0.01666 0.

170702 ¢ 2 1 €. 82% 0.

170801 & 2 2 3 Gea375 C.C37S .

170802 0 2 2 +CS€25 0.

170901 2 € 3 2 Cu «CCES7S C.

170902 0o 1 2 1.588€ -03 1.0

170903 0 a 3 4,16TE-03 0.

170504 G 2 & .C02% Q.

170905 0 & 1 S.7¢5%E-6 0.

170506 € 2 2 .COQGE33 o,

171001 2 ¢ 3 2 C. «CCP6€E O,

171002 ¢ 11 1.783E-03 €S

171003 0 s 1 7.18E-CA 0.5

1710¢4 0 a 3 4.167E-03 0.

171005 0 € 1 3.52CaE-6 O

171006 G 2 S 3.3336-3 ¢,

171101 2 1 2 & €.0218¢ 0.C08083 Q.

-

2 VOLUMETRIC WEAT CAPACITY BILF-FTes3 WATERIAL 1 - INCONNEL

190101 20 C. sS1.81 200. s7.434 300,

190102 400. 61.167 $00. 62.476 600,

190103 7¢C. €8 578 80C. 65.612 900.

19017 1000. &8.247 1100. 70.088 1200.

192105 1300. 75.420 1400, 79.150 1500.

190106 1€00, 89.341 1700. 96,042 1800.

1so107 1900,  113.2%5% 2000. 124.008

¢ THERMAL COMDUCTIVITY BTUAFT-HR-F  NATERLAL I - KNCONNE.

180101 20 . 8.02%4 200. 9,098 300.

180102 400, $.930 200. 10.398 600.

180103 ?¢0. 11.420 800. 11.967 900.

180104 1000, 13.113 1100. 13.704 1200,

180105 130¢C. 14,506 1400, 15.509 1500.

180106 1600, 16.7C1 1700. 17.282 1800.

180107 1500, 18.397 2000. 18,922

L ]

S LINEAY EXPANSION COEFFICIENT  1/F WATERIAL 1 - INCONNEL

-

®  VOLUNETRIC HEAT CAPACITY BTLA-FTes3 NATERIAL 2 - 316 SS

-

1902C1 20 e s1.€8 200. S6.923 300.

190202 400. €0. 846 S00. 62.447 600.

190203 700, 6S.141 800. 66,398 900,

190204 10C0. en.aae 1100. 89.463 1200.

190205 1300. 71.508 1400, 72.563 1500 .

190206 1€00. 74,782 1700. 75.952 1800.
1500, 78,406 2000. 9.672

190207
L]

[ XX XX N X

INCONNEL

316~5T7SY
316~STS7
316-STSTY
316-STST
31 6-STST
316~STSY
316~5T57



L THERMAL CONDUC TEVITY BILAFAT-rMR-F MATERLAL & - 316 Sy

*

l@Qzcl 2Q Ce T.2458 22C. 3225 2.

180202 40Q0. Se.l44 503. S.58¢ €3,

120203 7CC. 10.448 823. 1J 872 SdV.

18Q204 1CCC. 11718 110C. 12145 1292,

18205 1300 13.C17 1400. 12.4€7 1%92.

18C 20¢ 1¢0C. 14.406 1700. 18.9003 1830,

180207~ 1SCC. 15.548 2000. 16.507

L ]

. LINEAR £ MP ANSION COEFFICIENTY 1/F WMATERIAL ¢ - 316 3§
L ]

L

b4 VoL UNE TR IC REAT CAPACITY QAT F-FTes]3 MATERIAL 3 - MGC
]

190301 2C €. 47.5%1€ 2C0a S$2.215¢ 300. S58.2C84 400,

L

= THERMAL CONDUC TIVETY BTLAF T-MR—F MATERLIAL 3

L

180201 23 O. 28.4435 2C0. $.48CS 30C. 5.7Ca9 )

180302 63C. a.C32¢ 7CCe  3.6523 330.

180303 10€0. 2.8%%S 1100 2.7431 1203«

33423

1803308 14CC. Ze.o8Ec 1500 2.4558 1600 2484

8.6%1
10.322
11.294

2.5
13.929
15.4 14

316~-STST
316&6~STISY
216~-STSY
N HSTST
J16&~STSY
316~-5T7STY
316~STSTY

S53.9468 N0. 57.4944
190302 €00« T8.8512 7CC. €GC.Cl84 800 61.0343 90C. 61.9040 1000, 62.6462
190303 110C. €¢2,26C8 115Ce 63,5364 1230, &3.7S08 1250. 64,0240 1300. €4.236Q
190304 140C, €4.5%564 15CC. €4,9144 1600, €5.1900 1703+« ©S.4444 1800. €5.977¢

LIS

30« S.0
ICI .

24631 13¢Q

28 17¢

a7 500
322930

e« 25380
e 24242

. 44,4927

8
* SN
L BN
. 8N
* 8N
L BN
. ON
] BN

1634042

14.5738

122959

11.8821

2000« 9.3650

1803CS 18CC. 2.442¢& 15CC. 2.4a428 2300, 2.4428

.

4 LINEAR EXNPANSION CCEFFICIENT 1/F ALATERIAL 3 - NGO

.

.

* VRRUME TRIC HREAT CAPACITY EBTL/F-FTeel NATERIAL &4 - BN

-

1904C1 2¢C Ce 2C.5%8 23, 29896 No. 23.012
190402 A0C. 3€e 265 S02. 39.178 [ 2128 al.?77s
19C403 73Ce. aa.(?78 800, atal12 S30. 47.900
190404 10CC. 49,4606 1100. S0 .834 1233. S52.026
150405 12CC. S3eC67 1403J. 53.982 1539, A, 78%
19040¢& 1€CC. $55.517 1709, S5 .188 1830, 56.828
150407 1$0C. T7.453 2000. Sa8.09a

|

. THECNMAL CONDWC TIVITY BTILA T-MR-F MATERIAL &4 - 8M

.

180401 23 Q. 21.C8€2 33C. 18.5490 S032. 172927 6060,
180402 70C. 1S5.€187 750. 15.2654 800. 14,9186 859.
180403 90C. 14,2463 9SC. 13.9212 1000. 13.6040 195C.
189404 1100 12.9%44 1150. 12.7025 1200, 12.%196 1300.
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170602 T 1 2 1.4426-23
170603 o a4 3 A 16TE~23
17926C8 2 2 & 2.49G75E-3 C.

172605 2 « 1 AL 1242€-6 2.

173606 2 2 2 R.3I2%55-4 Do

170701 e & X 2 L S.C6®-23
1L?297C2 c 1 2 1.1 2¥-23
17070} c a3 Qle=-23
API708 2 2 & J0997%¢-3 2,

T7I70S J & 1 7.IQ042€-¢ C.

1737086 ° T 2 P RIPNE~a 2.

179021 e & 3 2 (. 7.92%€-213
173832 c 1 1 le?2¥ -3
170843 T S 1 4,580~
173802 f &4 3 Q. 167E-03
T70BLES T & 1 1.88867E-06 0.

172@06 T 2 5 3.233-3 C.

A?PRQY 2 € 3 2 Ca E.A4C8F-~03
1?7 Q2 c 1 2 1 7S50E-23
173903 cC & 3 4. 1067%~-23
170904 ™ 2 & 2.439975%E-3 C.

170905 0 & 1 3.317%%-4 Co

170966 C 2 2 8.3325E-a4 C.

171000 2 €& 3 2 0. 8, P?2¥-03
171092 ¢ 1 2 1.4422-0)3
1710¢C3 c & 3 4. 167E-93
170008 T 2 & 2,49975E-3 0.

171065 2 & 1 6.1367E-6 J.

171C96 C & 2 B.3125%E-4 Q.

171191 2 & 3 2 C. L. 400€-23
171102 2 1 2 le 75 -23
17103 ¢ a4 13 A 16TE-I3
171108 ) 2 & 2.4997%E-3 %,

170005 2 & 1 S.3042€-06 C.

1711C6 C 2 2 2.3125%-4 0.

171201 2 & 13 2 ¢C. Te2E-I)
171202 Lo | 1 l. *83¥-53
171203 c S 1 4,580~ 00
171204 c a 3 4. 16%~03
171205 2 & 1 A .140ME-6 Co

121206 2 2 S 333 -D1 7,

171300 2 & 3} 2 ¢C. T.467%-03
171302 L | 3 1« PAX-03
1ri3e? € S S 1 7C€E-28
171308 cC & 3 4. 167%-93
170305 0 & 1 3.100F-6 Q.

1713686 2> 2 ¢ 3.323F-3 0.

171400 2 3 2 & 4375 0312 G.

171402 C 2 &4 Q3125 Co

170403 0 2 & 03125 0.

171s01 2 1 2 4 Ca.0219¢ (C.GGacel

Y

. VOLUMETRIC WEAT CAPACITY BTUY/sSF-FTO
.

199101 20 C. Sl.a1 2C).

190102 49C. 6t.187 S00e

190103 700 . I XS24 e0Q.

193104 100C. OR, 247 118J.

190105 130C. 75.4 20 1400.

190106 1600. a9, 341 1709%.

190107 190C . 113.2%% 2003.

.

. THERMAL CONCUCTLIVITY ATU/F 7-HR-F

.

180101 290 Qe B.4294 202.

180102 4C0. 9.930 0.

I30103 700. 11.420 &0J.

190104 100%. 13.113 1109%.

180105 1300, 14-.908 1400.

180106 1600, 16.7¢) 1709,

1801027 1907, 18,357 2000

-

i LINEAR EXPANSION COEFF IC IENT | Wadt

.

.

L] VIR URETDIC MEAT CAPACITY QATUY/F-FTe
.

190201 2¢C Ce S1.08 203,

192202 aQC, 60.3848 500

199203 700. 65. 1481 e00.

190204 1000. 6Rh.a 48 1100.

190293 130C. 71.5C8 1402,

190206 1600. TA . P82 1702.

19¢20? 190C. 78,408 2000.

-~
PEY

CaS573754
J.4262406
Je

Je
1e3
Je

Je
12
o Y

- Y

Je
0.573754
0.4262406
Je

Je
J.402203
N.597717
Je

=29

.3 BATERTAL
S7.434
62+470
65.612
70.382
79.1%0
6. 042

124.008

waTERIA 1 -

F.09"
12.398
11.967
13. 7"a
15.509
17,282
19.922

WATFRIAL 1

3 WATERIAL
56,923
62.447
66. 308
69,463
72.563
7. 952
79.672

t - INCOMWNEL
30). 59.527
6T0. 63.572
9. 66 .75
1220. 72.439
1SC". e3,.750
198C2. 1233.973

ENCONNEL
330. Q9,495
©600. 1C¢.2a9%
900. 12.532
1200, 14,303
1500« 16.109
1800. 17,849

—~ [ NCONNEL

2 - 316 SS
300. $9.020
609, 63,865
900. 47.400
1200. 7%.4%0

1500, 73.6%2

1800. T7.162

INCONNEL
1 NCONNEL
TNCONNEL
INCONNEL
{ NCONNEL
L NCONNEL
INCONNAL

*Q {NCONNEL

TNCOMWIEL
1NCONNEL
INCONNEL
T NCONNEL
TRCONMEL
ITNCONWNEL

316-5TSY
316-SVSV
316~-STST
316-57ST
316~S57S57T
316-STST
J16-STST


http://5i.ee

e

V3

. TrEamalL CONCUCTIVITY BTY/F T-HR-F WA YEQTAL 2 - 316 SS
-

183201 2¢C Ca T.245¢ 20. 3.225 330, *.691 ® 316-5T57
182202 \CC. S.144 SAQe Qe 586 603, 19.026 * 316-5TST
181203 700 IC.aan 233, 13.872 990, t1.294 ¢ 3N&6-5TSY
1232C8 1022, 11,719 1135 12,145 12Q2. 12.577 & 316-STSVY
183205 132C. 13.2017 1400. 13467 15QC. 13.929 & J1A-STSY
13296 160C. 14,406 1792 14,93 130J. 15.424 & 316-5TST
1a2227 193¢, 1%.94% 2CC0C. 16.50? * 316-STSY
-

- LINFAR EXPANSION (DEFF ICIENT 1/F wATERLAL 2 - 31& SS

-

-

. WOLUNETR II HEAY CAPACITY ABYY/F-FTees3l WATERIAL 3 - %GO

.

1933C1 2C 0« AT.SS1S 200 %2.2156 309, S54.238% 400. 5%5.946R 503, 57,4944
193322 60 2. TA.A8512 70T. 6%.C384 £CI. 61.27349 99T 61,9040 19020, 52.0447
192323 11270, 63.26C" 1150, £3.%3¢4 12397 63.790% 125C. 64.024"° 11320. 64,2360
199304 428, €4.5964 1500, 54,5144 1639, 45.193C 1707. 65.4444 193Q2. 65.9776
-

. THESNA, CONCUCTIVIT Y B TUF T-R—F WA TEQTAL 3 - =GO

.

1833C1 22 2. %2.4435 20C. 6.48CS 300. S.7049 40", S.2472 502 4.4%)37
183302 A7« 4.0325 70Ce 348523 203« 33421 990« 3.27930

190303 120%. 2.89%9% 1T 2.7431 1293 246281 1300, 2.5A57

193308 1AaCCe. 2.489A0 15C0. 2.455% 160%. 248428 170C . 2.4420

183305 18TC. 2.4429% 1900. 2.4478 200%. 2.442n%

-

e  LINFAR EXPANSION COEFE IC LENT 1/7F  WATEQLAL 3 - %GO

-

-

L] VOLUMETYE IC “EAY CAPACETY BTU/sF-FYesw} NATERIAL 4 - RN

-

19341 22 c. 2¢.a8 2cn. 29.996 nag. 31.9.2 N
19%a92 a3c. 3e.2¢% <03. 19.178 6993, Al TS = a
190403 70C. aa.0mm *09. as.112 990, 47.900 = an
190434 10¢0. a%9.ae6 1100, s3.a3a 1200. $2.026 o BN
199475 1200, S3.ne? 1400, 53,985 1507, Sa.,7849 o o
1904C64 160¢C. 55,817 1703 56,260 1809, €6.226 * an
193407 19¢¢C. 57,453 20093, S8.194 . e
L ]

e THMEIWML CONDUCTIVITY RTUZFT-MR-F MATERIAL & - 9N

-

183401 25 C. 21.%982 3C0. 18.6490 S00. 17.09927 %03. 163442
182402 700. 15.01%7 750, 15.2654 803« 16.9186 A&S50. 14.5788
183403 Qnt, 18,2883  S%0. 13.9212 1000. 13.60a0 195%. 13.29%
12340 1100. 12.998a 1150. 12.7025 1200. 12.4196 133¢. 11.9a21
183405 1400, 11.3884 1500. 10.9287 1799. 13.1531 20C3. 9.3650

L

®  LINFAR EXPANSION COEFF IC TENY 1/F WMATERIAL & - BN

-

-

® VR UNETRIC HEAT CAPACITY BTU/F-FTes3 ®ATERIAL S ~ PCCUIINT

-

190501 2¢ 9« S2.5% 200. $5.512 300. S6.817 * POCUIONE
199592 40C. S8.C X2 $30. 39.179 690. 60.280 * 70CU30NT
190501 700. 61.3%8 800, 62.43% 900. 63.532 = 70QU3NHNI
190504 100¢€. 64,672 1100, 6S.876 1200, ¢7.167 © 0CUINNL
190505 130. 68,587 1400, 704 008 1500. 71.782 ® 70CUIINT
190506 1690. 73,641 1700. 75.697 1200, 77.973 * P0CU3INT
190507 1906C. 80.a89 2009, 83.269 * 72CU30NL
-

& THEQMAL C(ONQUCTIVITY RTUZFT-1R—F  MATERIAL S - PO0CU3IONT

L ]

183501 20 Ce 16.AC2 200. 12,972 330. 19.314 ¢ 20CuIaNE
180502 400, 20.960 <00. 22.833 609, 24,919 * 70CUIONT
1835¢3 70C. 27.2€1 ®00. 29.968 9%0. 33.193  * P0CU30ONT
189504 1000. 7.7 1100, 42.190 1200. AB.S89 * 70CUIONE
183%0% 1300. $6.77a 1400. 6r.212 1500. 83.429 © 70CU30ON]
180506 16¢0. 97.010 1703, 117.602 1800. 142.911 & POCU3IONT
190%07 190G, 173,704 2009. 210.807 = 70CU3INL
®

L ]

e  LINFAR EXPANSIOM COEFF IC LENT 1/F  MATERIAL S - 70CuU3lOwNI

-

L

*  VILUMETRIC HEAT CAPACITY BTU/F-FTee3 MNATERIAL &6 - AIR IN GAP

-

190601 20 2S. .01973 68. 01812 100. 01708 200. .01849

190602 300. 01258 40C. .Cl211 $S00. .00995 600. 00901

190603 700. €824 80C. 00758 900, .00702 1000. .00654

190604 MMCC. 00612 1200. .0057S 1300. .00543 1403, 00813

19060% 1500. 00487 163C. 004483 1700, 00442 2000. 00388

L J

8  THERMAL COMDUCTIVITY BTU/FT-HR—F MATERIAL & - AIR [N GAP

L ]

180601 20 25. 01354 68. .0144688 100. 01516 200, «J1732

180602 303 .01348 40C. .0218% $30, .02380 £00. 02596

180603 70Ce 02812 80C. .03028 900. 03244 1000. .U3460

180604 110C. ©376 120C. .03892 1330, .04108 1600. .0a32e

180605 1SCC. 08580 1,0C. .CAPS8 1700. 04972 2000, 05620
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LINEAR EXPANSION COEFF ICIENT 17F MNMATSRIAL o — ALR IN GAF

HEAT EXCHANGER CARDS

'R XN NN

el 2 4 18 CC T 18T 213.3) Q.13



