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<

The RELAP5/MODl independent assessment project at Sandia~

'

National: Laboratories'(SNLA)..is part of an overall effort funded
byLthe.NRC to determine the ability of various systems codes 1to
predict the-detailed thermal / hydraulic. response of LNRs during

identLan'd~.off-normal conditions. The RELAP5 code-is.being.acc
: assessed at1SNLAcagainst test. data from a' number.of. integral and,

separate effects test-facilities.-As-part of this. assessment~

i
m' atrix, we have-analyzed a number of natural. circulation tests

T performed at the Semiscale facility. Our results for the single-
-loop and two-loop: steady state basecase tests S-NC-2 and S-NC-7-
have.already been documented' separately: this report gives.the '

results ofEcalculations;for ,two single-loop degraded heat transfer
F . tests.fS-NC-3 and S-NC-4, and~for.the two-loop ultra-small break

transient | test S-NC-8.

For-tests.S-NC-3 and S-NC-4, our' analyses show that RELAPS/ MOD 1
f describes correctly the qualitative influence of steam generator

.

,

secondary side heat transfer ~ degradation =on both two-phase and
reflux' natural circulation. The agreement between-calculated and'-

,

measured.'two-phase, mass-flow rates in' test S-NC-3 is better with a
,

Jprimaryfmass' inventory of 854 (where the peak two-phase mass flow-

. rate.is. calculated to occur)'instead of.92% (where.the measured'

peak mass-flow-rate' occurred in S-NC-2).-Flow oscillations are.

: calculated for both tests ,and were seen during G-NC-3, but were
not-reported in the S-NC-4 experiment. Some'of these predicted-
oscillations are:real..but others'are nonphysical and can be

~

inhibited by reducing-the time step being used-(indicating prob-
less in the time step control algorithm).

~

-The results.for test S-NC-8, fan ultr'a-small (0.4%) cold' leg
break,Jalso compare reasonably well with'the outcome of that

~

~

experiment. Mass flow rates calculated in~the intact' loop andrin
,the downcomer. match data, although therenare some discrepanciesJin
the broken loop mass flow rates. The' calculated pressure response,

throughout the_ blowdown period is good.-However, the mass flow
rate at the break is underpredicted, resulting in discrepancies in
the primary: system mass inventory.

,
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" ;1.0 INTRODUCTION
n

_.The RELAP5' independent' assessment project at Sandia National*

Laboratories in Albuquerque (SNLA) is part of an overall effort-
I' funded by the U. S.? Nuclear-Regulatory Commission (NRC) to
|= determineEthe: ability of various systems codes to predict the

detailed; thermal / hydraulic response of LNRs during accident and [i *
1

t off-normal conditions. The.RELAP5 code [1] is based on a non-
' Thomogeneous'and nonequilibrium one-dimensional model for two-phase '

systems.cand has been under development at the Idaho National-

; Engineering Laboratory (INEL)-for an extended period, with the
first version released.in May.1979. The version first used for,

thisLassessment project was RELAP5/MODl/ CYCLE 14, the latest
F ' publicly-released version available at the time the project +

,

started.'In June.1982, we received the formally-released updates ,
~ 1 creating. cycle 18.together with some unreleased, but recommended, .;

updates.then being used at-INEL. [2] These changes have been used
~

~

3

cto create and run a MOD 1 version at Sandia we call cycle 18+, ;

_ hich.was used on'the Cray-1S computer as the gasessment code for} w t

these analyses.

.The_RELAP5 code is being assessed at SNLA against test data'

from various integral and separate effects. test facilities. The
~

.

i' assessment test matrix includes a number of natural circulation
| jtests-for various power levels and primary side inventories (3)

'which were performed at the Semiscale test facility (4,5,6] at.
'INEL..These tests. investigate the different decay heat removale

mechanisms which can'occurcin.a small-break scenario if the pumps:

'are tripped off, by studying mass and energy transport phenomena
in.the primary and secondary-systems when the primary inventory is*

less than 100s. (Small-breaks are characterized by a slow voiding
of the primary system. A-substantial inventory may.therefore be.

b maintained over a -long period of time, and during this time period
;; the energy may be removed from the primary system by loss of *

,

' . primary fluid, environmental heat losses and heat transfer to the
~

f steam generators.).
p

[ Our assessment analysis results [7] for the single-loop and
two-loop Semiscale basecase' steady state natural circulation testsF

i (S-NC-2 and S-NC-7 respectively) have previously been documented.t

,

This report-summarizes our analyses of three other Semiscale+

' ' ' natural circulation tests. The RELAPS models used for these
analyses are described in Section 2, and the calculational results

L for tests S-NC-3 and S-NC-4, and test S-NC-8, are-presented in
1 Sections 3 and 4, respectively. The overall conclusions and their

,. .possible; relevance to future RELAPS code application and develop-~

'

.

ment are discussed in Section 5. The appendices provide a brief
! fdescription of the test facility, input listings, and a list of

the additional-INEL updates used.to create cycle 18+ from cyclei-

18, for reference.

I

| 1/2
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*" 2.0 NODALIZATIONS- ~. -

.The Semiscale Mod-2A test facility [4,5,6] is located at the
Idaho National Engineering Laboratory and supported by the NRC.'

.This scaled integral; test facility, shown.in Figure 2.1,.is used
to investigate the thermal and hydraulic phenomena accompanying
various hypothesized loss-of coolant accidents and operational
transients in a'PWR system. It is an approximately 2:3411 scale
:model of.a:four-loop PWR, and consists of two primary coolant

.

loops connected tofan. electrically-heated reactor pressure vessel
model which has an external downcomer. While both. experimental
loops are active loops containing a circulation pump and.a steam
generator, one (the intact loop) has.three times the water volume
and mass flow of-the other (the single or broken loop).

1The. main objective.of the Semiscale NC. test series.(summarized
in. Table 2.1) was to provide thermal / hydraulic data for use in
assessing and: developing computer codes used to evaluate PWR
safety,.since natural' circulation may be.an important core heat
removal mechanism during certain kinds of accidents or transients
in a PWR, such as-small. break LOCAs or loss of forced pump circu-
'lation.[3] Two basic types of experiments were performed: steady
state. separate. effects tests and transient integral tests.

. Several of'the separate effects tests used only a subsystem of
the. Mod-2A~ facility so that important system parametero during.
natural circulation could be better examined. This partial system
consisted of.the intact loop'and vessel /downcomer. The intact loop
pump was replaced by a pump replacement spoo11 piece to eliminate
11eakage from the pump, and the upper head.was removed from the
vessel and capped off to minimize heatup' difficulty and thus pre-
' vent-distortions introduced from the presence of cold structured.
The entire Mod-2A system (exclusive of the intact loop pump) was

L "used for the final separate effects test and for the. integral
j tests, with the upper head reinstalled for some of the integral

tests. (A brief description.of the Semiscale Mod-2A facility is,

given in Appendix I.)

The RELAPS nodalization we developed to analyze the single-
|- -loop natural circulation tests is shown in Figure'2.2: this model

was used for our S-NC-2 [7), S-NC-3 and S-NC-4 analyses. This;'
nodalization consists of 127 volumes, 126 junctions and 175 heat

; slabs.- Of this total, 33 are used in the intact loop piping and 13
L in the pressurizer and surge line. The steam generator primary-(6
| U-tubes lumped together) is modelled with 20 cells, and the

secondary side consists of 29 cells. The vessel /downcomer is
represented by a total of 32 volumes, with 4 cells in the lower4

i plenum, 8-in the core, 5 in the upper plenum and 1 cell each for
!~ the simulated guide tube and support columns; the downconer-
i nodalization.uses 2 cells for the inlet distribution annulus. 10

|
for the downcomer pipe and 1 for the downcomer distribution

j annulus.

3

_
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{ . The RELAP5Lnodalization we developed to; analyze the two-loop
i transient ^ natural circulation test S-NC-8 is shown in Figure 2.3; ;

this model is similar to-that used for our S-NC-7 analyses.[7], '
'

,

i . with . the. addition of the . cold leg : break and the cold leg accumu-
; ' lators. ThisLnodalization-contains-203 volumes, 204 junctions and
4' 265 heat slabs. The-intact loop model shown on the left and the

,I vessel model in the-center are-identical to.the single loop !

: nodalization.except-that'the intact _ loop pump suetion bend is now
I modelled with two 450 cellsLeather'than one horizontal cell, and
j' - four cells have been added torthe vessel,to model the bypass line

and shortened upper: head cap.iThe.added broken loop is shown on,

'

the right..The broken loop steam generator primary (2 U-tubes;

lumped..together);is modelled with 18 cells.and its secondary side
i consists of 25~ cells.;The. broken loop piping is represented by 24
.

cells, including one for the inactive' broken loop. pump and a
: time-dependent volume p;oviding the break boundary condition. Two i
F accumulators and their associated surge line volumes have been

.

connected to.the intact and broken loop cold legs,4-
,

i- - The details of the vessel-and external.downcomer nodalization
, . are shown in Figure 2.4. The. relative elevations of the cell *

i boundaries are given (for comparison with facility values given in
[ Appendix I), as are either flow' areas for open pipes or cell
e volumes for,more complex regions. The choice of the core axial

levels was based on the axial power profile given in Figure AI.10,:

i - to avoid interpolation problems, rather than on th'e location of
' the grid spacers-in the core. Besides the core' rod heat slabs,
- additional heat slabs have been included for most'of the major'

,

j .. vessel- structure -- the pressure vessel itself, the.downconer. 1
'

annulus.and piping walls. and the simulated guide tube. support
.

column and bypass line piping. A' time-dependent junction and i
time-dependent volume (not shown in Figures 2.2 and 2.4) were2

connected to the lower plenum of the vessel. The primary fluid was'

drained out-of the system through this junction, with controllers
b allowing outflow'until the desired primary side mass inventory was !
'

achieved and then stopping further flow.
- t

[' The intact and broken loop steam generator nodalizations are
shown in more detail in' Figures 2.5 and 2.6. As for the vessel

'.
nodalization in Figure 2.4,'the' relative elevations of the cell

~

boundaries are given, together with either flow area or cell
| - volume data. The elevations ~have been chosen to correspond to the

location of baffle plates in the boiler sections,' allowing these
, ,

to be modelled explicitly. As already mentioned,-all the.U-tubes !
i ' in either steam generator are lumped into a single. flow path. i

; : Besides the U-tubes themselvec,. heat slabs representing the
. ,

- external walls, the shroud, and the filler pieces are included in !

| the model..
'

f

- ;;

)
;
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Before performing the S-NC-8 calc'lation..we received

'

rrected information from INEL for ti.e secondary side fluid
~

volumes. Comparison of this new data with our input decks for
' tests S-NC-2,nS-NC-3, S-NC-4 and S-NC-7 revealed small differences

,
'

in flow areas and volumes in the intact loop steam generator risere -

il region; no-changes were seen in the broken loop steam generator'"
model. We made the appropriate corrections in our S-NC-8 input
deck..but did not go back and rerun any of the previously com-
pleted analyses. The corrections should have no effect on our
results for.S-NC-2 and S-NC-7, since the steam generator tubes
remain covered throughout; the changes were judged small enough to
have no significant impact on the secondary side U-tube heat-
- transfer area fraction in-tests S-NC-3 and S-NC-4.

~

L ,-

All area" changes and elbows in the piping are accounted for in
the model. Pfgures 2.7 and 2.8 show the loss coefficients used in
the calculations. These loss coefficients can be either user-input,
as for elbow losses, or code-calculated using abrupt area change
models.-The user-input numbers are given first; two values are
given, for the forward and reverse loss coefficients respectively,
if they are different.- The code-calculated numbers are shown in
parentheses, and are single-phase values in the direction of
' normal flow which mr.y change in two-phase flow. (If two numbers
are given ln parentheses, they correspond to different values usedc

for ligdi6 sand vapor' loss coefficients for two-phase' flow.)
...

'The broken loop pump homologous curves used were those handed
out at the LOFT /Semiscale modelling workshop [5]. All the loop
piping walls are represented as heat slabs, but environmental heat
loss,-pipe insulation, tape and band heaters, etc. are ignored --.

,

F . the exterior piping heat slabs are assumed to be adiabatic on-

thelixouter surfaces in the calculations, since the tape and band
; heater's on the. piping walls were-designed to achieve such a

condition'. .[) '
~
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Table 2.1
~

>

Test Matrix fo'r"the NC Test'Seriesi

lest summer inoe of fest . System Confleuraties Priencloal Test Parameters Test stjectives

5-uC-l Steady-state Partlal system 8 Care pomer. primary systes pressure " Single-enase at tests. Evaluate: . effects of power,
separate -

' predletive artmeds and $mstrument capability. provide
,

effect . data for camparlsen to staar facilities le esamlee
scallag.

5-mC-2 Steady-state - Partial systems - Core pamer. system mass levantary Basellee, slagle-phase, tea-phase. and refles ; . ..
separate aC test. Establise teoreal nyeramilc response eering

L

effect tee taree sedes of HC. Evalaste predictive metends.

5-NC-3 Steady-state Partial systeen . Core power. system mass levantary ; Tae-phase llc test. EsamleR tee effeCt eI different '

elfact
' % secondary canditless ; 56 seteneary canditlen em 2e natural circulatten.separate

Evaluate prodlctive metands and testrammet capability.

5-NC-4 Steady-state - Partial systee8 Core pomer, system mass inventary Refles ut test. Esamlae the effect et different '.
separate % secondary condillens - ' 54 secondary conditless that algne accur durleg .-

effect a transleet en refles natural circulatles. Evel k
prodktive methods and lastrument capability.

| 5-uC-5 Steady-state Partial systems. Care pomer, system mass laventory~ ' Tue-phase NC test ulth mancandenstate gas lajecties.
.

. separate - Amount of aancandensities Evaluate predictive methods. Evaluate effects of -
868es en steen generater heat transfer.-

! effect

m 5-aC 4 Steady-state . Partial systema Core poser systes mass leventory. aefles at test ulth memcendeestates. Esamine tee.

separate Amount of anacondensteles, effect of memcendeosteles se tee reflus made of
effect. satural circulatten.. Evaluate predictive aptands.

5-hC-7 Steady-state lonele system > System mass levantary. SG secondary Tae-phase nC test. Esamlae letalances hetuose .

separate condittens betusen satact leap and tremee lese
effect steam generater durlag 2e natural ctrculatten.

LEvaluate predictive e thods and lastrummet capability.
$

>

5-NC-8 Transient- .unale systesf 0.45 cold leg Small bream test uttanut ECC5. Esamlae tee various a'

.lategral treat. meECC5 andes of natural circulatten and transittens durlag"

a small tream ulthout ECC tejectles. E valuate
predlctive metaeds and lettrument capability.

5-ac-9 Transleet unele system # o.45 cold leg Small breas test utta ECCS. Esamtme tae earless andes *

integral treat ECC5 of natural circulatten and transtilens durlag a small,

hreak utta ECC lajectlen. Esamlas the effest of ECC
en natural circulatten. Evalmate predictive antands L

and testrument capability. ,

a

e. The partial systes leCludes the lataCl leep alth a PWEP repleCeEWEL speeI. sad vessal/' - ultaent the upper head.
,

$ b. The whole systee lacludes the entire lied-2A systes escept the latact leap pump unich mill be replaced by 4 pg replacement speel and tee apper head
allt be removed.i

5
4

The usele system tecludes the entire Iled-24 systes escept the letact leap pump unich ullt be replaced by a pg replacemeAt speel.'

c.
4

1

.
.

l

.
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!
; 3.0. SINGLE LOOP DEGRADED HEAT TRANSFER TESTS S-NC-3 AND S-NC-4
!
'

We have previously performed and documented [7] RELAPS assess-
-ment analyses for the single-loop basecase natural circulation
. test S-NC-2, a test which provided data on the occurrence of and
~~ transition between the single-phase, two-phase and reflux natural
circulation modes with normal steam generator cooling available.
The S-NC test series also included two derivative single-loop *

tests which studied the: effects of varying secondary side condi-.

tions on.particular data points identified during S-NC-2. Thus,'

test S-NC-3 studied the-effect of degraded secondary side heat
transfer on peak two-phase flow in the primary system, measured to:

| occur at 92% primary inventory in test S-NC-2. Similarly, test
l- S-NC-4 investigated any effects on reflux cooling at low primary

. inventories (50-70%) of1 decreasing secondary side liquid inventory.

.

Figure 3.1 shows the relationship between the collapsed liquid
4 level'and the. effective heat transfer area in the Semiscale intact
i -loop steam generator secondary side. As the-inverted U-tubes

slowly uncover.on the secondary side, the effective heat transfer
area decreases and the steam generator begins losing its' heat sink'

L capability. This reduces the density difference between the upside
! and the downside of the U-tubes, which in turn decreases the

; natural circulation flow in the 1oop. Eventually, natural circu-
~

lation ceases ~and the primary syctem loses a valuable heat removal
mechanism.+

.
3.1 Two-phase Natural Circulation Test S-NC-3

!

Test S-NC-3, a single-loop test, studied the effect of various
steam generator secondary side thermal / hydraulic conditions, such

| as. pressure and collapsed liquid: level, on.two-phase natural cir-
culation'in~the primary system. [3,8,~9] Two-phase natural circula-
tion was' established by starting with a liquid-full primary system
in single-phase natural circulation, and slowly draining the

~

primary side inventory to 92%. This specific value was chosen
because it corresponded to the inventory where the primary loop
mass flow rate was at its peak in the basecase Semiscale natural
circulation test S-NC-2..After the system had reached equilibrium,
the' steam generator secondary fluid was drained in discrete steps.
Between each step, some length of time was allowed for the primary

,

i system natural circulation to stabilize. The major' parameters
' examined were' natural circulation flow rates and system tempera-

ture distribution.

3.1.1' Description of Experiment
:

L Some modifications of the basic Mod-2A facility were made for
these single-loop natural circulation experiments: the vessel

j upper head was removed, an isolation valve was installed in the
!

i

i

15
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pressurizer surge line, the intact loop pump was rep 1t.ced with an
instrumented spool piece with the expected locked-rotor hydraulic
resistance, and the broken loop was isolated from the system.
External surfaces were covered with insulation and heaters to
approximate adiabatic boundary conditions. S-NC-3 was conducted at'
-a constant power level of 60 kW.

System parameters for 19 steady state natural circulation data
,

points were measured in three sets, and are summarized in Table
3.1. In the first set, the liquid in the primary system was slowly
drained from the bottom of the vessel lower plenum, and two-phase
natural circulation flow rates.were measured at various primary
mass inventories. This procedure was then repeated with an
increased pressure in the secondary system, showing that changing
the secondary side pressure from 5 to 6 MPa did not have any sig-
nificant effect on single-phase natural circulation flow rates.

However, changing the secondary side collapsed liquid 1evel in
~

the third set of experiments, by draining the liquid in the sec-
ondary side from the bottom of the steam generator ~downcomer, did
have a significant effect upon the system, because it resulted in
a reduction of tube heat transfer surface area and steam generator
heat sink capability. As observed in the experiment, when the
liquid level decreased as low as 55% of the total tube heat trans-
fer area, the primary side natural circulation mass flow rate did
not change much at all; however, reducing the heat transfer area
below 55% caused a corresponding reduction in loop mass flow.
Also, large oscillations in the primary loop flow occurred for
tube effective heat transfer. areas below 43.6% of the total area.

The effect of degrading steam generator heat transfer rate on
the fluid temperature distribution was quite similar to that on
the mass flow rate. Temperature measurements indicated that the
fluid temperature distribution in the steam generator tubes was
fairly uniform (indicating a fairly uniform tube-to-tube flow
distribution) when more than 55% of the tube secondary side heat
transfer area was covered. However, with further draining of the
secondary liquid, a non-uniform temperature distribution was
observed, indicating a possibly non-uniform flow distribution.

3.1.2 Calculated Results

As mentioned in the introduction, we used RELAPS/MODl/ CYCLE 18+
to simulate these natural circulation experiments. However, before
beginning calculations for test S-NC-3, we repeated one S-NC-2
calculation (the 60 kW case); our previous analyses for S-NC-2 and
S-NC-7 [7] had been run with cycle 14 and we wanted to check if
cycle 18+ produced results similar to those of cycle 14. Figure
3.1.1 compares the results of both cycles 14 and 18+ with experi-
mental data for the 60 kW S-NC-2 case. The two calculations give

; 16
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; -very.similar'results. with both code versions predicting a higher-
. peak mass flow rate,_but at a lower: primary mass inventory,-than

.

the data.

.

In'each of'our' initial S-NC-3 calculations, the core power was
held?at-~62 kW-and the primary-mass inventory at 92% full (corte-

_

| 1sponding tolthe inventory of measured peak mass flow rate in test-
F :S-NC-2); weJalsoireduced.the steam 1 generator feedwater mass flow 1

1ratesand let?the. secondary liquid boil offfslowly until-the'

collapsed, liquid level in theisteam. generator downcomer dropped:to -

F the specified value. We stopped each calculation when the'systen
~reachedia steady state' equilibrium condition.'The results of these
first S-NC-3 calculations.are presented in Figures 3.1.2 through
3.1'.5.

,

Of-theu19. experiments in test S-NC-3, only 9. data points J(the
,

third set of tests)' relate tosthe effect of secondary inventory;on
--.two-phase' natural circulation flow rate;in the primary system, and
.are thus Lused 'in f our comparisons with: experimental data. Wei

; : suspect that data point.11'in Table 3.1',-indicating 0.69 kg/s atL
E -99.1%: secondary' side ~ heat transfer area, and the apparentcrise in

primary flow with decreased secondary side effective area, is in
l- error. Data point.10, of 0.75 .kg/s at-100% secondary _ heat transfer
!

- , area at.the same' primary; conditions, implies a more believable"

-plateau ~ occurring at)the higher-secondary. inventories, as do the
corresponding-points:in S-NC-2-[7,10], of'O.77 kg/s-and 0.74 kg/s

"

.at 93.1% and 90.9%_' primary inventories,'respectively (with the,E

[
.S-NC-2'. points'for.60fkW core; power and 100% secondary side heat
Jtransfer area).

g

Figure :3.1.2 compares the calculated and measured mass flow -<

i>
- rates,infthe primary. system for different effective steam' genera-
: tor heatrtransfer areas.: Qualitatively,-RELAPS does reasonably

: 'well4 predicting the two-phase natural circulation flow rate and
the flow oscillations which occurred in the experiment.fBoth they
calculated and the' experimental;results show that, for effectiven

heatftransfer' areas'in the: steam'generatorfabove 50%,' changes iny
secondary inventory do not-affect the' steady two-phase natural

.
circulation flow rate (if'the 99.1% data point is' assumed to be in'

~

L error); whenithe heat' transfer area. falls below 50%, the natural
k circulation ~ flow rate' decreases withfdecreasing secondary inven- i

tory,'and flow oscillations-appear. Quantitatively, RELAP5 does
N not predict.as sharp a decrease in flow rate at low secondary
X inventories:as seen'in the experiment, and the amplitude of the

flow oscillations calculated at low secondary inventories (shown

R =byfthe"" uncertainty-bars") is smaller than that measured.
i

In Figure'3.1.3, calculated primary system pressures arey

h plotted'against experimental data. When the effective heat trans-
~

for area in the steam generator is above 50%, the calculated
..

.
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pressures are higher than those measured, probably related to the
lower mass flow rates being predicted for these conditions.
Similarly,-the overprediction of the natural circulation flow rate
when the heat transfer area falls below 50% is likely the reason
that the calculated pressure is then lower than the measured
value. Since the fluid in the hot leg is generally saturat.ed and
two-phase, the calculaten hot leg temperature is also high at high
secondary inventories and low at low secondary inventories rela-
tive to data (as shown in Figure 3.1.4). The comparison of calcu-
lated ~and measured cold leg temperatures is reasonably good,
except at lower secondary inventories (Figure 3.1.5).

In our S-NC-2 results [7], RELAPS gave a higher peak natural
circulation flow rate at a lower primary inventory than the
experiment for 60 kW core power, as shown in Figure 3.1.1. For the
S-NC-3 calculations above, the primary inventory was always set at
92% full, the cited experimental value, which corresponds to the
inventory where the peak two-phase natural circulation flow was
measured in S-NC-2. The occurrence of this peak two-phase flow-

implies that bubbles are just reaching the top of the U-tubes and
being pulled over into the downside. At the same inventory, our
S-NC-2 calculation shows all the bubbles condensing out lower in
the upside of the U-tubes: the primary inventory must be dropped
to 85% before the' predicted primary inventory distribution has
bubbles at the U-tube bend and the calculated two-phase natural
circulation flow peaks. Matching the height and distribution of
the two-phase mixture within the U-tubes relative to the height
and distribution of secondary side liquid should be very important
in correctly calculating the degraded heat transfer behavior seen
in S-NC-3.

An additional set of calculations were then performed. As
shown in Figure 3.1.6, draining the primary inventory to 85%,
where the peak mass flow rate is calculated to occur and the
primary mass inventory distribution should be more like the,

experimental data, produces better qualitative and quantitative
agreement with measured results. The mass flow remains nearly
constant while the steam generator effective heat transfer area is
above 55%,-with the-calculated peak two-phase natural circulation
flow rate being somewhat (~10-15%) higher than that measured,
and further reduction of the effective heat transfer area results
in a sharp drop in mass flow and in progressively larger flow
oscillations.

Figures 3.1.7 and 3.1.8, respectively, compare predicted prim-
ary system pressures and hot leg temperatures with experimental
results, for both the original and additional calculations. When
the primary mass inventory is 85%, the calculated primary pres-
sures and hot leg temperatures decrease and compare better with
experimental data for effective heat transfer areas above 50%.

10
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However, for the lower effective heat transfer areas, reducing the
primary mass inventory does not change either primary pressure or
hot ?eg temperature very much, although both variables do increase
more in the 85% primary inventory calculations as the secondary
heat transfer area drops from 40% to 20%, in better qualitative
agreement with the data. In Figure 3.1.9, calculated and measured
cold leg temperatures are compared. Agreement is excellent for
both primary inventories as long as the effective heat transfer
area is above 50%. When the heat transfer area drops below 50%,
unlike the experimental data, both sets of calculated results show
that changing the heat transfer area does not affect the cold leg
temperature much. However, the 85% inventory calculations are in
slightly better quantitative agreement with the cold leg tempera-
ture data.

3.2 Reflux Cooling Test S-NC-4

Test S-NC-4 was the reflux cooling counterpart to the two-
phase flow test S-NC-3, further examining the influence of steam
generator secondary side liquid inventory on natural circulation
flow rate and other primary system conditions. [3,9,11] The reflux
mode of natural circulation consists of countercurrent two-phase
flow with a continuous vapor field developed at the center and a
liquid film deposited on the wall. This flow pattern occurs at the
steam generator (primary) inlet and is Characterized by counter-
current liquid flow returning to the vessel. In this test, reflux
natural circulation was studied with primary system fluid inven-
tory varied between 48% and 70% and secondary side collapsed

,

liquid level varied from 100% to 25%. The major parameters studied
included reflux vs carryover flow split, and system fluid and
temperature distribution.

Test S-NC-4 is not a very good experiment for quantitative
code assessment; the instrumentation seriously perturbs the system
by draining relatively large amounts of liquid inventory from the
hot leg / steam generator inlet plenum area and injecting makeup
liquid at different conditions into the cold leg / vessel downcomer
area. The reflux and carryover mass flow rates being measured are
very small compared to the possible measurement uncertainties, and
the measurements really provide only an average value. However,

'

combined wit'h the preceding S-NC-2 and S-NC-3 experiments, it does
offer some valuable qualitative data on natural circulation flow
phenomena.

3.2.1 Description of Experiment

The same modified Mod- 2A f acility was used f or S-NC-4 as for
S-NC-2 and S-NC-3; i.e., the vessel upper head was removed, an
isolation valve was installed in the pressutizer surge line, the
intact loop pump was replaced with an instrumented spool piece

19
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with the proper locked-rotor hydraulic resistance, and the broken
loop was isolated from the-system. External surfaces were coveredi

with insulation and heaters- to approximate adiabatic boundary
! conditions.

In addition, for this test, a specially-designed flowmeter was
used to measure the reflux mass flow rate; a spool piece was
installed at-the_ inlet to the steam generator which would divert

i- the refluxing-liquid film into a standpipe, where the liquid was
collected and. measured. After each measurement, liquid was

,

injected into.the primary' system from a heated tank to re-*

establish 1the primary system mass inventory, because enough liquid
had-been drained into the reflux meter to significantly decrease4

the primary inventory (by ~10%). Lenses and video equipment in
the steam' generator inlet plenum, and inlet and outlet piping,
were also used to verify the occurrence of reflux conditions. The
carryover liquid was measured differently; a valve in the intact
loop pump' replacement spool was closed, causing liquid to accumu-
late in the vertical-piping between the steam generator outlet and
the pump suction. The collected liquid was then measured using i

differential pressure cells and finally the mass flow rate was'

inferred from these results.-Each test point measured either
reflux or carryover mass flow rate, but not both simultaneously,

s. to avoid compounding system perturbations.
.

t A total of 12 measurements of reflux mass flow or carryover
_ mass flow were obtained (summarized in Table 3.2), for various'

combinations of thermal / hydraulic conditions in the primary and
secondary systems. The collapsed liquid level in the secondary was'

; changed in discrete-increments from 100% (tubes fully covered) to
24%. Two core power levels-(31.4 and 60.9 kW) were used. The pres-i

4 - surizer was valved out of the-system after initial conditions were
established, and the primary pressure system pressure was allowed
- to vary: however, the steam generator secondary side pressure was
maintained constant'at ~5.7-5.8 MPa.<

J

'The experiment showed that the reflux-to-carryover flow split
was approximately 1:1 for both the 30 kW and 60 kW core power
cases a small decrease in this ratio occurred at secondary sidei

inventories below 50% for the 30 kW core power case. Reducing the
i secondary side inventory had little impact on primary pressure for
' secondary inventories above 50%, but at a secondary inventory of

24% the primary pressure rose from 6.2 MPa to 6.9 MPa. For a core
i power of 30 kW, conditions in the primary provided adequate core
' - cooling for all_ data points, but core dryout was seen for second-
| ary 1nventories below 50% at the higher core power of 60 kW.

~

I 3.2.2 Calculated Results
' '

!' The results of our calculations for the 60 kW power case of
| test S-NC-4 are shown in Figures 3.2.1 through 3.2.5. The compari-
| sons between calculated and measured reflux and carryover flow

:

| 20
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rates are shown in Figures 3.2.1 and 3.2.2, respectively. The
" uncertainty bars in the graphs represent the amplitude of calcu-a

lated flow oscillations, which should be distinguished from high'
-

frequency numerical oscillations. From our past experience [7,12),
e numerical oscillations usually disappeared if the time step was

reduced sufficiently. In our S-NC-4 calculations, the time step
'

had to be reduced to ~0.005 s before such numerical oscillations
were damped'out. However, for low secondary side inventories ,

: (collapsed liquid levels below 89%). substantial. flow oscillations |'
still persisted in the calculations, unaffected by changes in time
step (as in S-NC-3).

;

I In general, the agreement between calculated and measured
primary pressures, and core inlet and outlet temperatures, for the4

i 60 kW core power case is reasonably satisfactory. Figures 3.2.3
through 3.2.5 show these comparisons as a function of steam
generator effective heat transfer area. There is good agreement
between the calculated and measured primary pressures (Figurei

-3.2.3), and therefore good agreement in the saturation tempera-
tures. The " uncertainty bars" on the core outlet temperatures in

3

;' Figure 3.2.4 correspond to predicted temperature fluctuations
| caused by superheated steam being generated in the core, not seen

in the experiment uatil the secondary side effective heat transfer;

! area had dropped below ~50%. The differences between calculated
and measured results for the core inlet temperatures (Figure ;

'
! 3.2.5) are due to subcooled liquid being injected into the cold

leg in the test.to make up for fluid lost to the reflux flowmeter.;

;

! Figures 3.2.6 through 3.2.10 show the results of the RELAPS
I analyses for 30 kW core power. The overall thermal / hydraulic

' behavior of the system is quite similar to that seen for.60 kW4
,

i core power. All the important parameters such as primary pressure,
cold leg temperature, hot leg temperature, reflux mass flow rate

:
and carryover. mass flow rate are not affected much by the changes

,

in steam generator effective heat transfer area. The calculated
, carryover flow oscillations, if compared to the 60 kW case, are

relatively small, while the reflux flow oscillations are of!

similar magnitude. No temperature fluctuations are observed in the !

; core outlet temperature in'either the calculations or the data.
'

'The measured increase in primary pressure (Figure 3.2.8) and
associated saturation temperature (Figure 3.2.9) at low secondary
inventories is not calculated; this is similar to the results for !4

j S-NC-3, where the primary pressure increased less and at lower -

'

inventories than shown in the data.'

,

1 3.3 Flow Oscillations
!

! In both tests S-NC-3 and S-NC-4, nonphysical flow oscillations
were calculated in the primary system when the time step was too [

'

large; these were high frequency numerical oscillations, which
i could be inhibited by reducing the time step sufficiently. Figure
,

! 21 i
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5 3.3'.1 shows.these nonphysical oscillations damping out as the time
step was incrementally reduced for one of,our S-NC-4. analyses. For4

different time steps -the code gave'somewhat different results for
the reflux mass flow rate (with a11'other parameters' held con-

'

stant). The smaller the time step, the better the answer, but also
the longer-the OPU time required to run any given length of e

4 calculation.

i- . In the two-phase natural circulation test S-NC-3, flow.
oscillations were both measured and; calculated for low secondary.
.eide inventories.-as shown in Figure 3.3.2; the calculated flow-
-oscillations were unaffected'by changes in the time step and.thus

'

are likely to be.real and physical. When the U-tubes were mostly
covered on the secondary side, the oscillations were negligibly.

! small. Under these conditions, there was sufficient liquid in the
secondary side to. condense the steam bubbles in the upside of the
U-tubes. Hence,'the density gradient between the upside and down- ,

. side of the tubes remained steady..as.did the buoyancy-driven mass
*

flow rate. As the U-tubes became uncovered on the secondary side,
'

there was not enough heat sink capability to collapse the bubbles
before they reached the top of the tubes: they started to accumu-
.? ate in'the U-tube bends and,-from time to time, a big steam'

bubble was driven"over to the downsideaof the-U-tubes. When this
bubble was then collapsed in the downside of=the tubes, adjacent
liquid quickly-filled up the space and caused a drastic change in
the density gradient between the upside and downside of the tubes.
Flow oscillations followed. This process accelerated as more and.

more bubbles were carried over the top of the tubes and collapsed
f on the downside of the tubes. Hence, these flow oscillations grew

bigger as more and more heat transfer-area-in the U-tubes was
uncovered..

In test.S-NC-4, flow oscillations were calculated by RELAPS
j (as shown in Figures 3.2.1, 3.2.2, 3.2.6_and 3.2.7) but were not
| . reported in'the experiment. This could be explained by the diffi-
! culty of obtaining precise measurements using the existing reflux

-flowmeter. The technique to measure reflux flow rate involved
draining and measuring the total amount of the countercurrent
liquid film which fell back into the hot leg from the inlet region
of steam generator. When these measurements were made, the period
between each. data acquisition was large, and it would be hard to

[ observe flow oscillations occurring since the measurements
j. effectively time-averaged the data.

4

.
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Table 3.1 Experimental System Parameters for Test S-NC-3
,

.

Steae 6eacrater Conditlen
Primary Fleid Temperature

. Heat Traa1Ier fless Flow
Iness levoetery Pressere Cold Leg Met Le9 Core ai 5G af Pressere Area Lleid Levela Core Pouer mate

(33g eenher (1 of Total (Wa) (K) (K) (K) (K) (Wa) (El (cel (kul (ke/s)

1 - 108 11.2 540 560 20 23 5.0 100 1980 32.8 0.33
2 100 12.5 539 %9 30 32 5.0 100 1013 62.6 0.39

1

3 94.I 8.2 540 M9 29 32 5.0 100 1939 62.6 0.40
4 93.5 8.3 540 %9 29 32 5.0 100 1011 62.6 0.40

5 100 10.1 549 577 28 30 5.9 100 106F 62.6 0.40
6 98.9 9.2 550 517 28 30 5.9 100 1067 02.6 0.40 .

F 95.7 8.0 550 5726 2J 24 5.9 100 1039 h2.6 0.50
2

8 93.6 F.2 550 M3* 14 15 5.9 100 1053 62.6 0.63
9 92.6 6.9 550 %0b 10 12 5.9 100 1967 62.6 0.70 .

10 91.8 6.9 550 557 7 9 5.9 100 1067 62.6 0.75 *

ll 91.8 7.0 550 558 8 10 5.9 99.1 910 62.0 0.69
12 91.8 6.9 550 557 7 8 5.9 86.9 804 62.0 0.76

N 13 91.8 6.8 551 5% 6 8 5.9 75.5 694 62.0 0.15W I4 91.8 6.8 551 5% 5 7 6.0 67.4 624 62.0 0.71
3 15 91.8 6.9 553 557 5 7 6.0 55.5 514 62.0 0.68

16 93.8 7.4 5% MI 6 8+1 6.0 43.6 404 62.0 0.59
~

+ 0.06C
17 91.8 F.8 559 566 8 9+1 6.0 33.2 307 62.0 5.45

~

+ 0. llc
18 91.8 8.7 564 512 13 Ile2 6.0 22.7 210 62.0 5.JOi

~

+ 0.lFC
19 91.8 9.6 566 580 17 13*7

g
~

6.0 15.2 141 62.0 U.20
+ 0.13

a. Collapsed llwid level as meesered from the top of the tube sheet.
,

s. Rapidly decreaslag tread.

c. Large oscillatten was observed.

d. External heaters were used for maklag up heat less het le9 (4.8 kW). the cold leg (2.7 kW), and the pump section (8.5 kW) and the vessel (20.0 eW).
throughest the test.

.
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Table 3.2 Experimental System Parameters for Test S-NC-4

__ -- _.

P,ie.r,5,stes iest i. terf a.eisq., esie
7t-t .f raor treecilee steemi 9

- ~~|,,,,,c ,'I,,,,,
g - - - - - . . ,

mas,see.t mes ,em. note -

eumer il) (6) (t e/s) {te/s) 1 (eg/sj g
1 58.5 48.8 0.035 0.0164 46.. ..

2 68.1 52.3 0.03S 0.0164 44.. ..

3 60.7 53.6 0.017 .. .. 0.0092 54

4 62.4 62.4 0.017 0.0008 $9 .. ..

%S 62.4 62.4 0.033 0.0116 33 .. ..

6 64.4 59.9 0.035 .. .. 0.0854 44

7 65.9 - 58.6 0.035 .. .. 0.015e 45

8 71.7 11.7 0.035 0.0175 50 .. .*

9 11.7 71.7 0.017 v.0127 75 .. ..

80 11.7 11.7 0.087 0.0229 1 34 ..

Il 70.0 65.0 0.087 0.uHt 54.. ..

12 ,69.9 43.2 0.017 .. . 0.v0/0 41

1. Iw systes sets was ll) 69 = hee fell.

D. Percent of the effectlee stemlag rete.

s. Steame=9 rete plus superimeting rate.

.

Stese 6enerator toad 6tlent
~ "3 V

[ ore talet Care Outlet treasierPrleary Pressure vesperature f euper ature Core Power Pressure tleved Level Arge
_tue_er (Wal (El (E ) (tW) (Wel f el ,_ _ (17

l 6.2 $40 650 60.9 5.72 10.67 80 02 6.8 li9 5%0 60.9 $. 74 8.30 893 4.1 %)$ $49 38.4 5.74 4.44 39
4 6.1 545 $49 31.4 5.74 8.59 935 6.t 540 5e74968 60.9 5.74 8.69 98e 6.2 5 35 550 60.9 5.74 7.49 38

7 6.2 515 551 60.9 5.75 6.52 73_e 6.4 550 552 60.9 S.75 6.52 il9 6.2 544 til 31.4 5.73 6.54 71

-le 6.2 548 550 31.4 S.76 4.52 49
Il 6.2 %)B 550 38.4 $.76 4.St 4912 6.9 534 $$4 38.4 5.19 2.24 24

Une core eos partiells eacevered.

t. the esternal heaters mere operated to cepensate for systee heat less as shoue telee:

24
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Figure 3.1.1 !!easured and Calculated Mass Flow Rates
for Test S-NC-2 (60 kW Power Case)
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4.0 TWO-LOOP ULTRA-SMALL BREAK TRANSIENT S-NC-8

Test-S-NC-8, a two-loop natural circulation experiment,
simulated a loss-of-coolant accident resulting from a 0.4% cold-
leg break. [3,13,14] Its objective was to investigate the occur-
rence and transition between single-phase, two-phase and reflux
natural circulation and core recovery procedures during a ultra-
small break transient without pumped emergency core cooling flow.
Recovery procedures attempted include steam generator auxiliary
feed and bleed, accumulator injection, and primary system venting
through a pressure-operated relief valve. The thermal / hydraulic
response of the reactor system and the effectiveness of safety
components and operator actions during this simulated abnormal
event were the main concern in this experiment. Transient data
obtained from this experiment also complements steady state
separate effects data previously obtained during the natural
circulation test series, primarily in the two-loop steady state
basecase test S-NC-7.

4.1 Description of Experiment

A modified two-loop Mod-2A system was used for this experi-
ment, similar to the two-loop configuration used in test S-NC-7,
except that the pressurizer remained active during S-NC-8. The
vessel upper head was removed, the intact loop pump was replaced
with an instrumented spool piece with the properly-scaled locked-
rotor hydraulic resistance, a bypass line between the upper plenum
and downcomer was installed to ensure uniform heating in the
entire system, and a break flow condensing and measuring system
was added to allow more accurate break flow measurements. External
surfaces were covered with insulation and heaters to approximate-
adiabatic boundary conditions.

i In the test, steady conditions were first established in the
system during single-phase natural circulation, for 95 kW core
power. (Since no primary system pumped flow was used, this initial'

core power was considerably lower than the nominal 2 MW, and is
characteristic of ~5% decay heat levels.) Next, blowdown was
initiated by opening a valve downstream of the break nozzle. A
rapid subcooled depressurization occurred for about 200 s,
followed by a much slower saturated depressurization. The core
power was held at 95 kW until it~ intersected the nominal 2 MW
decay curve, after which the core power was ramped down accord-
ingly.

When the cold leg break began to expel a-two-phase mixture,
the system slowly established saturated conditions with two-phase
natural circulation in the loops. After the vessel collapsed
liquid level dropped to the hot leg elevation, the two-phase
natural circulation flow rate rapidly peaked as the result of an

47
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increaseLin the.overall system; density gradient. Eventually,.as
,

- enough. mass:was expelled.from the system -first the intact loopc

and then the broken loop went into the reflux mode. This reflux
natural circulation.was an important heat removal mechanism,

,

F - preventing.any.heatup in the core until 2000 s. At 2000 s, the

: - upper portions of the core rods were totally uncovered and began
' to heat :up1substantially. This required rapid operator interven-

*

4

ition to recover'the core and prevent any more heatup.

F Since~no HPI was allowed, the attempted recovery procedures '

Linvolved various methods of reducing primary system pressure to
: theflow| pressure. injection _ system (LPIS) .setpoint. After core

uncovery and heatup began,. steam generator auxiliary feed and;

bleed was1first used to depressurize the primary system to the
4

accumulator'setpoint. The. accumulators were then effective in
'

. maintaining sufficient _ liquid in the core to keep the heater rods
U cool. Following depletion of the accumulator tanks, steam genera-

tor feed and bleed was capable of maintaining reflux cooling.
However, in an effort to increase the rate of depressurization

,
. further in order to reach the LPIS setpoint sooner, the PORV was
then_ opened; this precipitated a core uncovery and rod temperature
_ excursion. The PORV was then closed, and steam generator " fill and*

dump" begun, which led to further core uncovery and rod heatup. The
rod. temperatures turned over (but did not quench) at about 750 K,

~

coincident with the time the LPIS setpoint was finally reached,

i 4.2 ' Calculated Results
i Initial conditions for the S-NC-8 transient. calculation were

obtained from steady state results with. constant boundary condi-
'

' tions..In the steady state analysis, the reactor core power was
kept constant at'95 kW, and the broken loop pump was locked and
kept-at zero velocity, producing single-phase-natural circulation
in the primary system. A time-dependent volume with saturated
steau at'a constant pressure of 15.4'MPa was connected to the top
of-the. pressurizer; pressure in the. steam generator secondaries

|, ' was maintained: at 51.85 MPa by other time-dependent volumes~

connected tot the secondary side steam outlets.

' Unlikelthe primary and secondary pressures, matching the
collapsed. liquid levels in various components during the steady

.

,

state was:not easy. We neglected slight differences between
calculated and measured collapsed liquid levels in the steam
: generator secondary sides, because we did not consider it very
important to'obtain the' correct' liquid level as long as the
U-tubes were' fully covered. However, we could not neglect similar
differences'between calculated.and. measured pressurizer water

L levels because any' water in the pressurizer is included in the
primary mass. inventory, and.the exact amount of inventory
determines the subsequent natural circulation mode. We artifi-

-

~ ially added extra liquid until the water level in the pressurizerc
i- and the. total primary mass inventory was consistent with data.

!
r.,
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We_ran this. steady' state, calculation.for 200 s of problem time
'

-to: establish-both' hydraulic _and thermal equilibrium conditions.
Table 4.1 compares'the calculated and experimental initial condi-
tions for test S-NC-8. Our results were generally within the

: uncertainty of the measured initial conditions. However..the
"

higher. calculated. mass flow resulted in a core AT ~10% lower
.than: measured, even though'the individual hot and cold leg tem-

~

peratures were within their individual uncertainties.

Boundary conditions for the S-NC-8 transient analysis were
;

' core Power, environmental heat. loss, feedwater and steam outlet.'

flow rates in1the steam generators, and pump speed. The core power
was maintained at 95 kW;until 131 s (28 s after the pressure power
trip.was reached)..after which the power followed the standard
.2 BOi decay power curve, as shown in Table 4.2. No environmental
heat loss from the primary system war accounted for during the

- . calculation;;we assumed that the. primary system was adiabatic.
JHowever,Lin'the steam generator secondaries, heat loss from the
Edowncomer was modelled, with a heat transfer coefficient of 6.8

2W/m -K and an ambient temperature of 300 K. Throughout the
;
' transient, the speed of the locked-rotor broken loop pump was set

_to.zero, as in the. test.

The feedwater and outlet steam' conditions in the steam genera-
. tors were modelled in detail. As'in the experiment, steam valves
were closed at 117 s. We also kept the U-tubes covered with water

.

until the operators. turned on the feedwater and opened the steam
: outlet valves at 2100 s. When the.feedwater. system was on, the*

temperature of the injected water was not constant, but a function
; of-time'which was derived from experimental data.
&

,
. The transient sequence of events for S-NC-8 predicted by

'

RELAP5 appears in Table 4.3. At.the start.of the transient, the
: . break valve was opened, beginning subcooled blowdown. As shown in -

. Figure-4.2.1, the agreement.between calculated and measured pri-
,

mary system pressures is excellent during the early stage of blow-
down. Both. data and analysis show the primary system pressure

i dropping sharply when the break opens, and even more rapidly when
(I

core power decay begins at about 131 s..The depressurization rate
decreases when the hot leg fluid flashes at 190 s. When the liquid :

level' drops to the hot' leg elevation and the two-ph'ase flow rate
is'at-its peak.at 290 s, increased condensation-in the steam
generator apparently increased the depressurization, until 370 s,
when the cold leg begins to flash. This eventually leads to
single-phase vapor blowdown, with the pressure falling riowly and
continuously in the experiment, but leveling off at 6.45 MPa in.,

'

the analysis. This difference may be caused by errors in primary-
secondary heat transfer and/or in break mass flow rate and' total-

primary mass inventory, as discussed below. It may also be partly .

!Ldue~to assuming the primary system to be adiabatic, which becomes
.less valid the longer the transient.
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Figures!4.2.2|and 4.2.3.show the steam generator secondary
pressures for the intact and broken loops, respectively. As
occurred :in the experiment,:-the calculation shows .the steam -z

,'

generators acting as_ heat _ sir.ks all through the blowdown phase,
;with th'e' secondary pre'ssures remaining below the primary pressure.
The secondary ~ pressures in.both. loops agree well with data for the

-

first several hundred: seconds, after the. steam generators are
: isolated.at ~120 s. However RELAPS.did not predict as.much

pressure decrease as was seen'.in the experiment by 2000 s, leading
'us to suspect that'there'might be some leakage in the steam

~

,

generator secondaries, similarito that.seen in' test S-NC-8A, or
*

that the, primary-secondary heat transfer,is being miscalculated.
-(Secondary side environmental heat _ loss was modelled, so the
constant pressure calculated is not caused by assuming an
adiabatic system, as in.the primary.) When we stopped this
calculation at 2000 s, the predicted intact loop secondary'-

i pressure was steady at 6.31 MPa', while in the test it had
decreased slowly to'5.70 MPa.

;.

'

,
.

A large-part of the discrepancy in calculated and measured
; primary. side pressures at late times is caused by underprediction

.of the break flow, as shown in Figure 4.2.4; in our analysis, the

. total mass _ flow rate out of the break was generally lower than
.

measured.-Both subcooled'and saturated discharge coefficients.were
, set to 1.0, and-.the' abrupt area change model was used at the
* break. Other assessment calculations [15,16] have indicated that

there are problems with the abrupt area; change model for " pinhole-
~

leak"1 geometries, and it_would'probably'have been better to use,

j' .the-smooth area change model and input a user-determined loss co-
efficient. However,'this would have required numerous c'alculations'

. .to adjust the loss coefficient such that the resulting break mass
! flow rate agreed with the data, which would be costly and time
i. Lconsuming.

i The' break flow shows the broken ~1oop. cold leg voiding-earlier.
in the calculation (~600 s) than:in the test (~700 s), also-*

shown bysthe calculated and measured fluid densities upstream of |

:the break.in Figure 4.2.5. ~ The analysis predicts an earlier onset;

of single-phase vapor blowdown and thus a reduced break mass flow
rate'.-Density and flow oscillations are calculated, as seen in the:

. experiment, when slugs of liquid pass through the cold leg piping.,

[ :(Due to high frequency numerical oscillations and excessive mass
{ error,_the maximum time step had to be held down (~0.05 s), and-

sometimes even-reduced further (~0.005 s), thus increasing the
ratio of. CPU to problem 1 time for-these calculations to 12:1.-
Sensitivity studies-showed that the remaining oscillations were
not eliminated inr reducing the time step.)

!
~

! The earlier voiding in the broken loop cold leg near the break !

| is due to the difference in the calculated and measured broken !

I -loop mass flow rates, shown in Figure 4.2.6. (Two experimental
! ' data. curves are given, one from the. data tape, and the other

digitized from a fig'ure in the Quick-Look Report [13]. However,
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-thetearly-time. broken loop flow measurement is probably unreli-
able..with no. flow shown until 400 s because the broken loop flow
turbine was.in the dead-band priorito then.) The calculated mass
flow rate'for the broken loop peaked earlier (480 s rather than ,

638 s) and at a larger value (0.277 kg/s instead of 0.174 kg/s) |

than measured. At later. times (>600 s) and low primary inven-
tories..the analysis predicted reflux natural circulation in the
broken loop..with a correspondingly small flow. When the flow rate !

, dropped, the: broken loop cold leg fluid eventually flashed.
However, in the experiment, the broken loop mass flow was still at
.peaketwo-phase natural circulation during.the same time-period and
reflux cooling.didinot begin until later in the test (>700 s).

Figure-4.2.7 shows the calculated intact loop cold leg mass
'Clow rate compared with data. During the.early blowdown period,
the_ agreement is excellent, for single-phase and two-phase natural
circulation.-Peak two-phase flow occurs'a little late but at about
the right magnitude, and the earlier secondary _ flow peak when the
pressurizer empties is correctly calculated. For times later than
400 s, during the. transition between the two-phase and reflux
modes of natural circulation, the code overpredicts the mass flow '

rate. This-is most likely caused by the lower break flow calcu-
. lated ~resulting in a higher _ primary inventory in the calculation,
'especially after ~600 s. After 690 s, the analysis predicted the
intact ~ loop entering reflux natural circulation, with flow oscil-
-lations calculated as were seen.in the experiment. However, the
' flow oscillations predicted _were much. larger in amplitude than.
those measured, partly because the time step used (0.05 to
0.005 s) was-not always small enough.

Mass flow rates in.the vessel downcomer are plotted in Figure
14.2.8.:The prediction and.the measurement agree reasonably well -i

with each other.-The' mass flow rate slowly increases at early
' times:and decreases to1 2ero atilater times, with the most discrep-
ancies as the' system approaches the reflux cooling mode. The

' predicted downcomer flow rate of course reflects.the-errors-in
-calculating the individual loop flow rates'just discussed. The
.too-early and too-high broken' loop peak-two-phase flow, when added
_to the almost-correct-intact loop peak two-phase flow,Lresults in
the high downcomer peak flow. The higher. calculated downcomer flow
,after-it peaks at ~400 s until 600 s is due to both calculated
loop flows being high from'400 to 600 s. The loop flow oscilla-
tions'are also visible in the downcomer flow.

-The collapsed liquid level drops to the top of the core at
280-s, and, continues dropping until it finally settles at 2.62 m
above the bottom of the core (shown in Figure 4.2.9). Temperatures
'for:two of.the heated rods in the' core are-plotted in Figures j
18.:2.10 and 4.2.11, compared with experimental results; the agree-
ment is very good, with both data and analysis showing the rods
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remaining' cool throughout blowdown. However, at the transition
between, blowdown and recovery (at'2000 s), the operator began feed )

: and bleed, and one of the rods. started to heat up in the experi- '

ment (just before 2000 s in Figure:4.2.10). No such heatup was
calculated, probably because the analysis has much more mass-left |4

in the primary system late'in the transient, due to the lower- '

| calculated ~ break _ flow.

TheLfluid temperature distribution is shown-in Figures 4.2.12
through;4.2.15, and shows the same general behavior as the rod

.

clad temperatures. The cold leg temperatures for the intact and.,

: broken? loops are shown in-Figures 4.2.12 and 4.2.13 respectively.
The agreement betweenicalculation and measured data is reasonably
fgood; the unphysical. discontinuities and spikes in the liquid
temperature shown in Figure 4.13 are a numeric artifact of the
code requirement that the more massive phase be at saturation,Las
the cell voids with time._The broken loop. fluid temperature is
: lower in the. experiment because of a higher mass flow' rate at- the
break. The -hot leg -fluid is saturated during much of blowdown and
agrees well with experimental data (Figures 4.2.14 and 4.2.15).

*

As previously mentioned,_when recovery began, the operator
opened thefsteam outlet _ valve |and turned on the auxiliary feed-
water; this=secondaryfside feed.and bleed.substantially lowered.

the primary system pressure. . eventually allowing the accumulator
1 - to inject subcooled. liquid into.the cold legs. However, problems

with the accumulator model.in RELAP5 surfaced as the accumulators
. turned on at 2563 s, when,the cold leg pressure fell ~below the set
point ~ pressure of-the accumulators. As soon.as the accumulator+

' valves opened, a flow surge dropped the pressure in the accumula-
i tor drastically, producing a positive: pressure gradient across the
: . valve andLcausing the valve to shut off again. This prevented any

. more-delivery of subcooled liquid to the primary system. Since the#

-same' problem with accumulator injection has been encountered in-
~

our other-assessment problems [17], we decided to. conclude our4

analysis at the-end of the blowdown period and not to continue the
analysis through the recovery period. Most of the interesting-
phenomena in S-NC-8, the different natural _ circulation modes and;

the transitions between each mode'during a transient event, had
been observed prior to that time.'

4'3 Comparison with'S-NC-7.

1

In section 4.2, we compared the results'of our S-NC-8 calcula- '

tion' with experimental data as a function of time. However, dis-
crepancies-in the measured and calculated break mass flow rates

,

(shown in Figure 4.2.4) cause.large discrepancies in the measured.

'and calculated primary system mass inventories (shown by the,

normalized inventories in Figure 4.3.1). To allow comparison with
,

the results of the earlier Semiscale basecase two-loop steady = |
state natural circulation test S-NC-7, we also analyzed various

'

;
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interesting parameters as a1 function of primary mass inventory.
(The primary inventory in the analysis.was calculated using
control functions that summed the~ masses in each component. The
experimental inventory was obtained by subtracting the integrated
break flow given on the data tape from the quoted initial system
mass.)

The mass flow rates in the intact and broken loop cold legs
! are plotted in Figure 4.3.2 as a function of primary mass inven-

tory. For the intact loop, the calculated mass flow rate compares
very well with the measured mass flow rate, except at low inven-
tories between 75% and 65%. There, the data shows a relatively
smooth-decrease to reflux cooling with a few large oscillations
while the calculation shows high two-phase flow persisting until a
much more rapid and oscillatory drop to reflux flow. However, for
the broken loop, the agreement is only fair. The calculated mass
flow rate rises much faster than the experimental data, peaks at a

| higher primary mass inventory (78%-rather than 62%) and at a
higher flow rate (0.277 kg/s rather~than 0.174 kg/s), and drops to'

zero flow much earlier than the data.

Figure 4.3.3 shows the calculated and measured mass flow rates
in the.downcomer_ plotted against primary mass inventory. The-

: agreement between these two results is generally good; both peak
at the same inventory, and both decrease to zero value (reflux
mode) at the same inventory. However, quantitatively, RELAPS

'

overpredicts.the mass flow rate at.the peak value and at the
inventory between 60% to 75%, due to the problems calculating the
' mass flow rates in the individual loops.

Including both the calculated and measured S-NC-7 results for
comparison (in Figures 4.3.4 and 4.3.5) results in some very
crowded and confusing plots. However, close and careful study
shows that many of the same trends are seen in both calculations
and thus'the conclusions which can be drawn for test S-NC-8 are
quite similar to those previously drawn from our S-NC-7 results,
especially for the broken loop behavior.

|

|
For the mass flow rate in the broken-loop, RELAPS predicts the

peak value located at a much higher primary mass inventory than
the data in both S-NC-7 and S-NC-8, while much better agreement on
the inventory.at which the flow peaks is seen in the intact loop.
The magnitude of the calculated peak broken loop flow in S-NC-8
agrees well with both the calculated and measured peak broken loop
flows in S-NC-7, but the measured peak broken loop flow in S-NC-8
is substantially lower (although that measurement may not be'very j
-reliable); the magnitude of the calculated peak intact loop flow
in S-NC-8 agrees well with the measured peak intact loop flows in |

both S-NC-7 and S-NC-8, but the calculated peak intact loop flow
'

in S-NC-7 is somewhat higher. The differences in intact loop flow
due to the pressurizer being valved out in S-NC-7, but present in
S-NC-8,.are accurately calculated.

~
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Table 4.1 Measured and Calculated Initial Conditi$ns
| for Test S-NC-8.

i- i
t

.

!Steady State'Results
- -Parameters- Experiment .RELAPS

Core-Power;(kW) 95.0 95.0
Primary _ Pressure (MPa) 15.4 15.4
Hot Leg TemperatureE(K) 581.4 580.3
Cold Leg Temperature (K) 545.0 -548.4-
-Mass' Flow Rate''(kg/s)-

Intact Loop O.396 0.411:
Broken Loop O.121 0.128
Total' Loop 0.517 0.539

~

Vessel Downcomer 0.532 0.584
Bypass Line

_

? -0.044
Pressurizer Liquid Volume (c.a.) 0.0215 0.0215
SG Secondary Pressure-(MPa)
Intact Loop 5.85 ,5.85

Broken Loop.
_

_

5.89 5.89
SG Secondary Water Level (m.)
' Intact Loop" 10.74 11.3w
-Broken Loop 10.94 11.37

Table 4.2 TestfS-NC-8 Core Power

Time After Trip (s) Core Power (kW)

0 95.0
28.0- 95.0
30.0 81.32-

15 0 . 0 68.305
100.0 60.610

1000.0 36.955
10000.0 17.575 :
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Table 4.3 Sequences of Observed and. Predicted Evente
for Test S-NC-8

Event Time (s)
Data RELAPS

' Blowdown Initiation 0 0
High Pressure Trip (12.5 MPa) 103 103,-

'
EM3 Steam Valves Closed 117 117
Core Power Starts to Decay 131 131
Break First Uncovered 824. 611
Break Final-Uncovery 1500 1108
Core Heatup First Observed 1920 ---

SG Steam Valves Open 2100 2100
Auxiliary Feed Begins

Accumulator Setpoint Reached 2460 2563
Calculation Ended --- 2636

,

Accumulator Tank Depleted
. Broken' Loop. . 3975 ---

-Intact Loop 4800 ---

PORV Opened 7550 ---

'Second Heatup Observed 8025 ---

PORV Closed- 8098 ---

Start Fill and Dump of SGs 8160 --- .

2

I

|

|

>
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5.0 DISCUSSION AND CONCLUSIONS

The results of our earlier analyses of Semiscale one- and
two-loop and PKL three-loop steady state natural circulation tests
[7,12] show that RELAP5/ MODI qualitatively describes all modes of
natural circulation (including reflux cooling), although with some
quantitative discrepancies. The two-phase flows calculated are
significantly higher (~10-40%) than those measured in these
steady state natural circulation experiments, and the measured and
calculated inventories at which the maximum mass flow occurs
differ. In this study, RELAPS/ MODI has now been used to analyze
three additional experiments in the natural circulation series
performed in the Semiscale facility: the single-loop degraded heat
transfer natural circulation tests S-NC-3 and S-NC-4, and the
two-loop ultra-small break transient natural circulation test
S-NC-8.

Our results for test S-NC-3 show that RELAPS/ MODI predicts the
correct qualitative behavior, with come quantitative discrepancies
at low secondary side inventories, for 92% primary mass inventory.
For liquid levels as low as 55% of the total tube heat transfer
area, primary side natural circulation does not change much at
all, while dropping the heat transfer area below 55% causes a
corresponding reduction in loop mass flow. Quantitative agreement
between calculated and measured flow rate is better if the primary
mass inventory in the calculations is set at 85% rather than 92%;
agreement for other important parameters such as primary pressure,
cold leg temperature and hot leg temperature also improves sub-
stantially when the primary inventory is decreased from 92% to 85%.

Our S-NC-2 results for 60 kW core power [7] show peak 7atural
circulation flow at a lower primary inventory (85%) than in the
experiment (92%). Thus, at 92% inventory, the peaking two-phase
flow in the test indicates bubbles just reaching the top of the
U-tubes and being pulled over into the downside, while the still-
increasing two-phase flow in the calculation shows all the bubbles
condensing out lower in the upside of the U-tubes; in the S-NC-2
calculation, the primary inventory must be dropped to 85% before
the calculated two-phase flow peaks and the predicted inventory
distribution has bubbles at the U-tube bend. Matching the height
and distribution of the two-phase mixture within the U-tubes
relative to the height and distribution of secondary side liquid
is essential to correctly calculate the degraded heat transfer
behavior seen in S-NC-3.

In the reflux cooling test S-NC-4, calculated and measured
results for mass flow are somewhat different, with reflux flow
oscillations predicted by RELAP5 but not reported in the experi-
monts. Neglecting the presence of these flow oscillations and
considering only the time-averaged flow, the comparison between
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calculated and measured results is reasonably good. Similar flow
oscillations were both seen and calculated in tests S- NC-2 and
S-NC-3 at the lower primary and secondary inventories, suggesting
that they probably occurred in S-NC-4 also, although the measure-

iments were not fine enough to verify their existence. (The large l

perturbations in system conditions introduced by the reflux flow-
meter and the relatively large uncertainties on measured flow
rates preclude more quantitative comparison for S-NC-4.)

Our analysis for the ultra-small cold leg break transient test
S-NC-8 shows that RELAPS simulates this transient event well
during the blowdown period. Both hydraulic and thermal system
response are predicted accurately. There is good agreement with
data for the intact loop and downcomer mass flow rates, although
some discrepancies in the broken loop mass flow rate are seen.
Pressure response during blowdown agrees reasonably well with
measurement. The break mass flow ate is underpredicted, causing
some disagreement between calculated and measured primary mass
inventory. The overall results verify that, during a small break
LOCA, correct calculation of the primary system mass inventory and
distribution is important because this controls when and how the

| core heats up; both the amount of mass left in the system and the
long-term system depressurization are primarily determined by the
mass flowing out the break, and correct prediction of the break
flow appears to be the major requirement for correctly calculating
the transient phenomena.

When the mass flow rates are plotted against primary mass
inventory rather than problem' time, and compared with results from,

i the previous S-NC-7 calculation, similar behavior is seen.
Qualitatively, single-phase and two-phase mass flows are correctly
simulated for both the steady state two-loop test S-NC-7 and the
transient two-loop test S-NC-8, with the maximum mass flow in each
loop when the fluid in the upside of its steam generator U-tubes
is two-phase and the fluid in the downside is single-phase liquid,i

| as expected. The mass flows in the intact loop are in good agree-
ment everywhere except near the maximum, where the calculation is
high, and the shape of the calculated intact loop mass flow curve
is very close to the shape of the measured curve, except that the
calculated curve is shifted to a slightly higher inventory. The
broken loop mass flow at first looks nothing like the experimental
data, because of a relatively massive shift in the inventory
dependence, but qualitative agreement is still visible on closer
examination.

All these natural circulation experiments are stringent tests
for the liquid entrainment models in REbAPS. At reduced inven-
tories, essentially all the core power is used in generating steam
because there is little subcooling. The mass flow associated with
this steam is very small; most of the mass flow is due to the

78

!
.

'

- . . . _ _ , _ - . - ,. - - . ,- - . - , - - -



,

. .

..

.

liquid water entrained by the steam. Mass flows at 100% inventory
are generally well matched by-the code, implying no gross input
errors. The mass flows at very low inventories are small because

.

there is very little entrainment of liquid, and reflux flow is
also usually well calculated. The mass flow between these two
limiting cases is governed by the entrained liquid. All the
natural circulation assessment calculations we have done to date
indicate possible. problems in the interface drag model (affecting
the amount of liquid entrained at any given inventory), and in the
two-phase wall. friction and loss coefficients for abrupt area
changes (affecting the peak values in two-phase natural circula-
tion).

Nonphysical oscillations encountered in all these calculations
for two-phase and reflux natural circulation indicate problems in
the code's automatic time step control algorithm, since they could
be eliminated by the. user reducing the time step. Other assessment
calculations-(7,12,15,16] have also shown that the RELAPS time
step control is inadequate, especially in two-phase situations
when there is considerable slip or countercurrent flow between
liquid and vapor phases.
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APPENDIX I FACILITY DESCRIPTION

The standard Semiscale Mod-2A system [4,5,6], shown in Figure
AI.1, consists of'a. vessel with its associated internals and an
-external |downcomer, an, intact loop and a broken loop both with
active ~ steam generators and pumps, a break effluent measuring.
system'and a steam. generator secondary system. Other subsystems
11ncludeLthe~ emergency: core cooling system, external heat loss
makeup system,;1eakage makeup system and a noncondensible gas
injection system. The Semiscale system was scaled from a reference
PWR system based on the core power ratio, 2/3411; component eleva-
tions.. dynamic pressure-heads and liquid distribution.were main-
tained as similar as practical, most notably in the design of a
full-length' core,-full-length upper plenum and upper head, and
full-height steam generators. The major primary coolant . system *
. elevations are given in Table _AI.1.

The--sintact-loop consists of a steam generator, primary coolant
pump, and pressurizer connected by. piping; the intact loop piping
.itself is composed ~of individual pipe sections called spool
1 pieces. These spool pieces and.their~ relative-locations in the
intact loop are identified by spool. numbers in Figure AI.2; the
, upper _ drawing unfolds the intact loop for easier viewing by pre-
serving the orientation of the components in the vertical plane
without regard to the-actual horizontal orientation, which is
shown in the lower drawing. The spool piece lengths and blueprint
. numbers are given in Table AI.2. The intact loop' piping, other
than the vertical spool pieces leading to the steam generator
inlet and outlet (spools 4 through 12) and spool 3, are con-
-structed of 3-in. Sch 160 Type 316 stainless steel pipe; spool
pieces 3'through 12 are constructed of 2-1/2-in. Sch 160 pipe. A
special pump replacement' spool piece connecting the pump suction
to the cold' leg was_used instead of the-intact loop pump in these
natural circulation tests to minimize. leaks in the Semiscale
: system. It was constructed of 1-1/2-in. Sch 160 piping,|and
included an' orifice to simulate _the locked rotor resistance of the
pump.

The broken loop is-designed to simulate a single loop.of a
four-loop'PWR; in_ addition to a break assembly, it also contains
an active steam generator and pump. The spool pieces in the broken
loop are constructed of 1-1/2-in. Sch 160 Type'316 stainless steel
piping: these spool pieces and their relative locations in the
broken' loop are identified by' spool numbers in Figure AI.3,.and
the corresponding spool piece lengths and blueprint numbers are
given'in Table AI.3.'The broken loop pump is a high-speed vertical
centrifugal pump with a bottom. suction and side discharge, similar
to PWR pumps. A flow restriction is incorporated into the pump ,

discharge to'give the properly scaled locked rotor hydraulic
resistance. (This pump was used-in the two-loop natural circula-
| tion tests.for warmup purposes and was therefore physically
present during the S-NC-8 test, but the pump rotor was kept locked
during the actual test.)

83

|

_



~

.

. .

. .

1

I
The break assembly for S-NC-8 was designed to simulate a 0.4%

centerline break: it includes an orifice plate, shown in Figure
AI.4, which provides a break area of 0.009 cm2 The blowdown
transient is initiated by opening a valve downstream of the i

orifice plate. The blowdown effluent is first condensed, and then j
collected in vented catch tanks: differential pressure cell
measurements in the tanks are used to calculate the break flow
rate.

The intact and broken loop steam generators, shown in Figure
AI.5 and summarized in Table AI.4, consist of a a two-pass tube
and shell design with primary fluid flowing through vertical
inverted U-shaped tubes and secondary coolant passing through the
shell side. With the secondary side operating at saturation
conditions, a centrifugal separator at the top of the riser or
boiler section increases the exit quality of the steam rising
through the steam dome and out a discharge line, while liquid
separated from the steam falls down a downcomer outside the boiler
shroud creating a recirculation flow path. The intact loop steam
generator has two short, two medium and two long tubes representa-
tive of the range of bend elevations in a PWR steam generator,
while the broken loop steam generator contains just one short tube
and one long tube. The same tube stock (2.22 cm, 0.124 cm wall)
and tube spacing'(3.175 cm triangular pitch) used for PWR U-tubes
are used in this " Type II" steam generator. Since the heat trans-
fer area is specified based on the ratio of PWR to Semiscale pri-
mary system volume, the number of tubes is thereby fixed by the
specified tube diameter and lengths.

Fillers are installed on the shell side in both the boiler and
downcomer regions to provide a more properly scaled secondary
fluid volume. The addition of these filler pieces not only reduces
the total secondary coolant volume, but also changes the flow
geometry of the boiler and downcomer, as shown in the cross-
sectional view in Figure AI.S. The boiler section filler pieces
create a parallelogram-shaped flow channel along the length of the
U-tubes, while the downcomer-filler pieces reduce the downcomer
annulus to a set of slotted flow channels. Baffle plates are
located at several axial positions in the boiler section of the
steam generator, creating a substantial flow restriction to the
rising coolant. Feedwater enters the downcomer above the filler
pieces at approximately the elevation of the top of the U-tubes;
auxiliary feedwater is also added at this point. The elevations of
the steam generator nozzles, plena and tubes are similar to those
in a PWR; however, the steam dome is shorter than a PWR steam dome
and the steam drying equipment is of a simpler and less efficient
design. (As a result of these dissimilarities, the secondary fluid
operating level at full power conditions is about 75% of the
operating level in a PWR, with the lower level required to ensure
stable steam generator operation.)

84

- _ _ . - - . - . _ _ _ _ . _ - - _ _ _ _ . --_



_ _ _. ._ _.._ . _ __ m ___. _ _ . - - _ _ _ _ . _ _ . _ _

n :
;.

,

. .

-
..

' t

j The pressurizer. which'is connected to the intact loop hot
leg. .isJshown in' Figure AI.6. The pressurizer vessel is made of ,

'.10-in.-Sch'.160 Type 347 stainless steel pipe,3
.

is approximatelyJ
1.14 m high and has a total ~ volume ofLO.034 m . Heat is supplied .

.by 24 0.05-kW vertically oriented' electric heater rods, which are
inserted in 2.2 em stainless steel tubes sealed at the bottom. A

: pressurizer spray system is not included in the Mod-2A system. The
'

pressurizer operates in a manner similar to its counterpart in a !
; .large PNR in that the vessel is partially filled with. water and

.

; maintained-at a saturation temperature corresponding to the -

desired system pressure.-The pressurizer surge line and tubing j
(1.27 cm OD, 0.165 cm wall, ~2.7 m length and ~1.53 m total
elevation. drop from. bottom of pressurizer vessel to hot leg ;

'

co'nterline) is-sized for a flow restriction that provides repre- ;.

sentative flow rates.; ,

'

The Mod-2A vessel, shown in Figure AI.7..consista cf a multi-
; section pressure vessel containing a lower plenum, heated core,
; upper, plenum and| upper head, and an external inlet annulus and'
!~ downconer. The pressure vessel is constructed primarily of.6-in.

Sch XXS stainless steel pipe, with stainless steel Grayloc clamps
: used to connect the various vessel sections; the complete pressure

. vessel is approximately 10 m long. The upper head was removed and.!

the vessel capped atithe upper support plate for these natural '

circulation tests, and a bypass line was installed between the
,

upper-plenum and downcomer.

I The upper plenum' region, shown in more detail in Figure AI.8,
extends from the. upper core support plate to the top of the heated;

j. core region, and is approximately 2.5 m long. The upper and lower

| sections of the upper plenum contain fillers'and insulators
similar to those in the upper head. Two hot leg nozzles extend
from the vessel upper plenum approximately 21.6 cm above the cold

! -leg' centerline to provide connections for the intact and broken .

'

loop-hot leg piping. The flow path above the core to the hot leg
4

1~ nozzles is-quite tortuous; in addition to a core' flow measurement
U assembly, a simulated control rod guide tube and two simulated i

|- core support columns obstruct the. flow path, and a'short set of- '

vertical: tubes. creates a horizontal flow restriction across the'

. vessel at the hot' leg elevation. This flow restrictor assembly
,

I- ' simulates the flow restriction in a PWR caused by control rod
guide tubes and core support columns. Above the hot legs, the
upper plenum contains a.significant amount of fluid which is not
involved in the main flow path. The simulated control rod guide

.

: tube and core support columns extend from the upper head through
: the upper plenum and terminate open-ended in the upper core plate

located in the heater ground hub which forms the boundary between
i the upper plenum and.the top of the active heated core region. The,

|" guide-tube is slotted in the upper plenum region. ,

! !

!
!
;
.
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The 3.66 m heated length of the core, shown in Figure AI.9,
extends downward from the heater rod ground hub to the top of the
mixer box (approximately 4.96 m below the cold leg centerline),
which separates the core and the lower plenum regions. This figure j

includes a cross-sectional view of the Mod-2A vessel over the core i

region. The 25-rod electrically heated core is enclosed in a
square housing with no coolant bypass. The heater rods, l'.07 cm in
diameter, are positioned and held in the core with 10 grid spacers
(at elevations shown in Figure AI.10) which maintain the heater
rods on a typical PWR pitch of 1.43 cm. The 16 peripheral rods are
powered separately from the 9 central rods, permitting a radial
profile (although.normally no radial peaking is simulated); two of
the 16 peripheral rods, however, are not powered. The Semiscale
Mod-2A heater rod design consists of a helically-wound constantan
filament, electrically insulated from the dual-sheath stainless
steel clad by compacted boron nitride powder. Chromel-alumel
thermocouples are swaged between cladding sheaths in six symmetri-

"

cal polar locations and ten axial elevations distributed along the
rod. The heater rods have a symmetric chopped-cosine axial power
distribution (shown in Figure AI.10); the peak-to-average power
ratio is 1.55.

The lower plenum, shown in Figure AI.11, consists of an
annular region between the flow mixer box and the pressure vessel,'

which serves to distribute flow from the downcomer pipe around the
vessel periphery, and a lower head chamber region below the mixer
box which approximates the scaled volume of a PWR lower plenum.
(The lower plenum is the only part of the vessel which is not
height-scaled.) Coolant flow from the downcomer distribution
annulus changes direction within the lower head, turning up into
the core housing. A simulated lower core plate at the entrance of
the core housing provides a significant reduction in coolant flow
area. The outer walls of the downcomer distribution annulus and
the lower head are lined with honeycomb insulation to reduce heat
transfer between the outer vessel wall and the fluid in the lower
plenum. The heater rods pass through the length of the lower
plenum and penetrate the vessel through the bottom head. There is
a drain line in the lower plenum (not shown in the figure) that
allows controlled draining of the vessel so that the system mass
inventory can be varied.

Coolant enters the vessel through an external downcomer inlet
annulus (shown in Figure AI.8). This annular entrance section
reduces to an instrumented pipe over the major length of the lower
vessel, until the bottom of the downcomer rejoins the vessel at
the lower plenum through an annular distribution annulus, as shown
in Figure AI.9. The downcomer pipe is fabricated from 3-in. Sch

| 160 pipe, and the inner wall of the downcomer pipe is lined with a
: honeycomb insulator to limit heat transfer between the pipe wall
! and the fluid. An instrumented spool piece provides the connection

|
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between the-lower end of the downcomer pipe and the downcomer
nozzle connecting to the downcomer distribution annulus. The inlet
annulus assembly contains the cold leg nozzles and is designed to
provide an annular inlet geometry similar to that in a PWR. Both
surfaces of the inlet annulus are covered with insulators that
maintain a steam gap to isolate the fluid from the hot walls of
the assembly. The lower end of the inlet annulus contains a
transition section that funnels the flow into the downcomer pipe.
The downcomer inlet annulus is connected to the vessel upper head
with 1/2-in. tubing which simulates the bypass flow paths in'a

. - PWR; as already_ mentioned, about 4% of the total combined loop
flows is routed through the bypass line into the upper head.

4
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Table AI.1

SEMISCALE PRIMARY COOLANT $YSTEM ELEVATION $a

LOCATION ELEVATIO'l (IN.)

VESSEL

TOP OF UPPER HEAD +166.6

TOP OF GUIDE TUBE +132.1

BOTTOM OF UMI INJECTION TUBE +127.1

TOP OF CORE SUPPORT TUBES +67.1

TOP OF UPPER SUPPORT PLATE +61.4

BOTTOM OF UPPER $UPPORT PLATE +53.4

HOT LEG NO2ZLE CENTERLINE +8.5

COLD LEG N0ZZLE CENTERLINE 0.0
TOP OF HEATED CORE -51.1

BOTTON OF HEATED CORE -1 91.1

TOP OF LOWER PLENUM -215.0
BOTTOM CF LOWER PLENUM -227.6

INTACT LOOP

BOTTOM OF STEAM GENERATOR TDlt $HEET +81.6

SHORT TUBE TOP. SP!LLOVER +436.9

MIDDLE TUBE TOP. SP!LLOVER +465.4

LONG TUBE TOP. SPILLOVER +4g1.g

PUMP SUCTION CENTERLINE -111.0

BOTTOM OF PRES 5URIZER INTERNAL VOLUME +68.8

TOP OF PRES $URIZER INTERNAL VOLUNE +117.3

BROKEN LOOP

BOTTOM OF STEAM GENERATOR TUBE SMEET +81.6

$NORT Tutt TOP SP!LLOVER +436.9

LONG TUBE TOP SP!LLOVER +491.9

PUMP SUCTION CENTERLINE -110.3

a
ELEVATIONS ARE RELATIVE TO COLO LES CENTERLINE
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Table AI.2

Intact Loop Spool Pieces

Spool Piece Spool Piece Total Length Blueprint
Number Indent (in) Number

H.~ L. Nozzle 8.65 407968
1 3-PC-1B 23.06 414684
2 3-PC-18 15.61 407346

'3 2 -PC-2 52.51 415155
4 2 -PC-6 26.31 414431
5 2 -PC-7 13.995 414425
6 -2 -PC-8 14.00 414426
7 -2 -PC-9 19.195 414427

- SG Inlet 6.32' 414271
SG Outlet 6.32 414271

8 2 -PC-10 27.195 414428
9 2 -PC-11 13.995 414425

10 2 -PC-12 14.00 414426
11 2h-PC-13 14.00 414429
12 2 -PC-14A 19.41 414430
13 3-PC-20 85.25 409027
14 3-PC-20 20.638 409027
15 3-PC-20 62.00 409027
16 3-PC-20 23.06 414684
17* 3-PC-9A 19.319 404749
18* 3-PC-10A 20.53 408613

IL Pump *
19* 3-PC-llA 17.00 412858
20* 3-PC-12 17;25 404759
21 3-PC-13 23.06 404794
22 3-PC-19A 37.90 414684

C. L. Nozzle 7.15 407986

* Replaced by pump replacement spool piece in all natural
circulation tests (drawings 415276 through 415281).

89

w .



,, - __ - _. . -. - ._ ._ -. - - __. _

!
. .

.
|.

|

Table AI.3

Broken Loop Spool Pieces

'

Spool Piece Spool Piece Total Length Blueprint
Number Indent (in) Number

H. L. Nozzle (3 in. Sch. ,160) 16.07 407975
50 1 -ABL-l' 24.01 407670
55 1 -ABL-14A 59.517 414670
56 1 -ABL-30 11.83 414671
57 1 -ABL-31 13.872 414672

.58 1 -ABL-32 13.75 414673
59 1 -ABL-33 19.826 414674

SG Inlet 4.142 414272
SG Outlet 4.142 414272

60 1 -ABL-34. 15.316 414675
61 1 -ABL-35' 13.75 414676

. * 62 1 -ABL-36 13.872 414672 ,

63 1 -ABL-37 13.75 414673
64 1 -ABL-6A 109.17 414677
65 1 -ABL-7 33.834 407384
72 1 -ABL-9 61.32 407380
73 1 -ABL-11 27.56 407673

BL Pump
74* 1 -ABL-12' 23.64 407674
76* .1 -ABL-17 19.77 407875
79 1 -ABL-15 28.01 407675

CL Nozzle (3 in. Sch '160) 15.314 , 407986

.!' * Replaced by cold leg piping used in hot. leg breaks for NC-7
since cold leg break assembly not needed (11-ABL-13 from/

407386 and 1 -ABL-2 from 407381) .

.

4
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. ;,- Table AI.4 .' .,, . .',

'^' ~' '~ ?> '

- TYPE II STEAM GENERATOR DATA (M00-2A) , , c-
L,s p, --

:7
U INTACT LOOP BROKEN LOOP

v.

Number Tubes 6 2

Tube Dimensions (0.875 in. 00 x 0.049 In. Wall x 1.25 in. Pitch)

II) 2 9 391 in. 1 9 391 in.Tube Height
2 9 364.5 in. l 9 336 in. .

2 9 336 in. -

3 3
Primary Volume, Bundle 1.27 ft 0.40 ft ,

e 3 3
Primary Plenum Volume- 0.058 ft each 0.042 ft each"

3 3
Secondary Volume (2) 4.03 ft 1.85 ft

3 3
Downcomer Volume 0.91 ft 0.58 ft

3 3
Total Secondary Volume (3) 11.2 ft 8.69 ft

Secondary Heat Transfer Area 83.3 ft 27.76 ft

(1) Above top of tube sheet

(2) Tube sheet to top of tubes

(3) Tube sheet to top of steam dome .

|
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Type 11 steam generator j*

Type 11 steam generator (intact toep)
'

(broken loop) [
.

Special Features:~

Instrumented SG*

Honeycomb insulation=

Pipe heat tracing*

* New core

Pressurizer

Vessel

&

'
_

," Pump
r

i si

Hot leg

s's .. Break assemblyCold leg n ;p
i h' '6p Pump suction;,

'df El I Blowdown valvePump t g-.-
Condensing coils

Pump suction # Ill.

Condensate measuring tanks*
>

Vessel downcomer

i

INEL A 17 791

v

Figure AI.1 Isometric View of the Semiscale Mod-2A System :
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APPENDIX II INPUT LISTINGS

Input listings for the S-NC-3 and S-NC-4 100% secondary
inventory calculations, and for the S-NC-8 steady state and
- transient calculations, are given on attached microfiche.
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- APPENDIX-III
:

ADDITIONAL UPDATES USED FOR CYCLE 184
.

a

' In June 1982,. updates' to bring RELAPS/ MOD 1,'to the cycle 18-

level"wereireceived fromJINEL'.; Also added to our version of.
cycle'18: vere-some other recommended updates.from INEL. The

~

_ frecommended.: updates which were added are listed below b'y their
. identifier-names for= reference.1

~

IKERRO15:- -This~ update adds a subroutine to check elevation
changes around. piping. loops. 'The check is done:
during input processing.-

I , DEBUGJ : . -Adds diagnostic printout during computation of

.
junctio,n properties.

:DMKTIM:' Adds mass error-debug pr'intout during.

computation 1of-equation of state variables.
2:.

;BRFIX:- Attempts t'o fix a' branching | problem by multiply--
' ing viscous termsiin~ momentum ~ equation by the,

square.of~.the ratio of the junction area to the-
Evolume flow' area.,

Also?includedLin INEL's'' recommended updates was a new inter-
-phaseLdrag model'(identifier HXCRXXX).,'This update-was not.
implemented.in our version'of RELAPS/MODl/ CYCLE 18.

~

e .

/

M,

I
b

+

i

c
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