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SUMMARY

This document contains a pretest prediction of the Semiscale Mod-1

system thermal-hydraulic response for Test S-28-4. Test S-28-4 will be

the fourth integral blowdown reflood test to be performed in the steam

generator tube rupture test series. The priniary objectives of this test

are to aid in defining the core temperature response for large numbers

of steam generator tube ruptures and to probe into the range of steam

generator tube ruptures shown by the analysis used to specify Test

Series 28 to result in high peak cladding temperatures.

The initial conditions for Test S-28-4 will be as specified in

Appendix 28 of the Semiscale Experirrental Operating Specification (EOS) .

; Injection from an accumulator into the intact loop hot leg just upstream

of the steam generator inlet plenum will begin at 40 seconds after

rupture to simulate the steam generator tube ruptures. The test will be

run with an injection rate of 0.272 kg/s to simulate the rupture of 3G

i steam generator tubes.

The break configuration will represent a full size (200%) double-

anded offset shear cold leg break. The test will be initiated at an

initial core power of 1.44 MW (with 36 powered rods) and the ANS power

decay curve will be used during the reflood portion of the test.

Emergency core c'oolant (ECC) from the intact loop high pressure injection

system (HPIS), the accumulator, and the low pressure injection system

(LPIS) will be injected into the intact loop cold leg. Accumulator,

HPIS, and LPIS injection will also be used in the broken loop pump

simulator discharge.' The pressure suppression system pressure will be
'

maintained at about 241 kPa during the blowdown and the reflood portions

O' of the test.
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The predictions for Test S-28-4 were developed from Test S-04-6 g
test data (the baseline test) and from calculations performed with the

FLOOD 4 computer code. The system response during the first 40 seconds

of Test S-28-4 is expected to be the same as the system response in

Test S-04-6. Therefore, Test S-04-6 data is provided to give an indication

of the expected system thermal-hydraulic response for the first 40 seconds

of Test S-28-4. The FLOOD 4 computer code was used to provide predictions

for the remainder of the transient. Since the heat transfer and entrain-

ment correlations used in the FLOOD 4 code have not been extensively

tested against data, the prediction is expected to follow the trends of

the data, but may not exactly calculate the oscillating flows and the

rod temperatures. Also, the calculation of quench times is strongly

dependent on the rod temperature distribution and system pressure at the

initiation of reflood. Small differences in these parameters can signifi- h
cantly affect the reflood calculations. In addition, the FLOOD 4 code

does not account for downcomer wall heat transfer during the refill and

reflood transient. Previous test data indicates that liquid depletion

in the dowcomer, which is due to downcomer wall heat transfer, can also
!

significantly affect the core response during refill and reflood.

Since the initial conditions for Test S-28-4 and Test S-04-6 are

the same, the system response should be the same until 40 seconds after

rupture. The peak temperature in the core during blowdown should be

approximately 1075 K at 8 seconds after rupture. This temperature is
|

; expected to occur on a rod on the perimeter of the core. The peak
.

i temperature should be about 994 K when the injection simulating the tube

ruptures begins. However, data from previous tests in Series 28 have
Oshown that some of the rods may quench during blowdown. If quenching

I
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during blowdown does occur in Test S-28-4, lower claddi.ng temperatures

in the core may occur during reflood than were predicted because the

temperatures at the start of refill would be lower. Test S-04-6 data

indicates the system pressure should reach 241 kPa (containment pressure)

by 40 seconds. Fluid saturation conditions at 6 MPa and 549 K should be

present in the steam generator secondary at 40 seconds.

FLOOD 4 calculations indicate the peak temperature in the core

should increase from 994 K at 40 seconds to 1085 K at 200 seconds after

,
rupture before turning over and declining to 1022 K at the end of the

period of steam generator tube rupture flow. This temperature response
,

is due to the calculation of a heat transfer coefficient from the Dittus-

Boelter correlation (based on the reverse steam flow through the core

caused by the injection simulating the flow from the ruptured tubes)

which is just able to turn the rod temperatures over during this period.

After the injection into the intact loop hot leg near the steam generator

ended at 444 seconds after rupture (the time at which the. steam generator

secondary would empty if 30 tubes ruptured), the FLOOD 4 model indicated

! that during lower plenum refill the peak temperature -in the core would

increase to 1172 K. Lower plenum refill was accomplished by the LPIS

and HPIS only because the intact loop accumulator would be depleted of

water at approximately 70 seconds after rupture. Reflood of the core by

the LPIS and HPIS is expected to start at about 518 seconds after rupture.

| The core hot spot is expected to quench about 633 seconds after rupture

(115 seconds after reflood) and the whole core is expected to quench by

648 seconds after rupture.

A
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1. INTRODUCTION'

This report contains the predictions of the Semiscale Mod-l

system thermal-hydraulic response for Test S-28-4 which will be the

fourth integral blowdown-reflood test in the steam generator tube rupture

test series. The report identifies the prerupture system conditions and

presents the expected behavior of key variables with particular emphasis

placed on the predicted response of the electrically-heated core.

Test S-04-6 data [2] (the baseline test for Test Series 28) was used to

indicate the expected system blowdown response, since the response in

Test S-28-4 should be the same during this period. The FLOOD 4[3] models

used to predict the system response over the remainder of the transient

are described.

The test conditions for Test S-28-4 are identical to those of the'
s

baseline test except for the introduction of accumulator injection into

the intact loop hot leg just upstream of the steam generator inlet

The test will beplenum to simulate the steam generator tube ruptures.
: run with an injection rate of 0.272 kg/s to simulate the rupture of

30 steam generator tubes. The change in heat transfer potential of the

steam generator will be simulated by discharging *.he steam generator

secondary fluid over the simulated tube rupture period. The water in

the accumulator will be near saturation conditions at 547 K (approximately

the average temperature of the pressurized water reactor (PWR) steam

generator secondary fluid at rated load) and 5.9 MPa. The total volume
i

3
of water injected to simulate the tube rupture flow is 0.144 m , which

is core area scaled from three PWR steam generators at rated load. The

injection will begin at 40 seconds after the cold leg break to simulate

steam generator tube ruptures. During steam generator liquid injection,

1
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the accumulator pressure will be maintained by a nitrogen supply. The

injection will be terminated before the accumulator water is completely
,

|
exhausted to prevent nitrogen injection into the primary system. The |

|
initiation of the tube ruptures at 40 seconds was selected because

preliminary analysis showed that when the tube ruptures occurred at this

time the highest peak cladding temperatures occurred (see Figure 1).
'

The highest temperatures occurred because tube rupture at this time was

assumed to prohibit refill of the downcomer and lower plenum and was |

followed by an assumed period of adiabatic heatup in the core while the l

lower plenum was refilled after the steam generator secondary was emptied.

Emergency core coolant (ECC) for Test S-28-4 will be injected into

the intact loop cold leg and broken loop pump simulator discharge. The

Mod-l ECC systems in operation in both loops will include the accumulator

injection system (AIS), the high pressure injection system (HPIS), and

the low pressure injection system (LPIS).

The operating conditions for Test S-28-4 are summarized in Table I.

The test will be co.nducted at an initial core power of 1.44 MW and an

initial flow rate of 9.5 X 10-3 ,3/s. The radial core power profile

|

| will be peaked for this test. The three high power rods will have a

peak power density of 39.7 kW/m and the other 33 low power rods will

! have a peak power density of 37.7 kW/m. Four rods will be unpowered

with their locations chosen to give the same core configuration as in

| Test S-04-6. The fluid temperature at the core inlet will be 558 K and

the core outlet fluid temperature will be 594 K. The axial power profile

| will be skewed toward the bottom of the heated core as shown in Figure 2.
|

@
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Table I

Test S-28-4 Description and Initial Conditions

Parameter Initial Value

Break Size 200% ")I

Break Type Cold Leg

Intact Loop Resistance Low (b)

Nominal Initial System Pressure 15.5 MPa

Hot Leg Fluid Temperature 594'K

Cold Leg Fluid Temperature 558 K

Core Temperature Difference 36 K

Core Power 1.44 MW

Core Initial Inlet Flow Rate 7.1 kg/s

Power Decay Figure 3

Pump Speed Control Allowed to coast down to approxi-
mately 61% of initial rpm, then
maintain at 61% of initial rpm.

ECC Injection

Accumulator

Location Intact Loop Cold Leg

Actuation Pressure 4.1 MPa

3Liquid Volume 0.08 m

3
Gas Volume 0.053 m

M a seLine Resistance 659
3

kg m

Injection Rate 1.45 X 10-3 m /s3

Nitrogen Valve Open for 24 seconds after
accumulator empty of water

.
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Table I (contd)

Test S-28-4 Description and Initial Conditions

Parameter Initial Value
HPIS

Location Intact Cold Leg

Actuation Pressure 12.4 MPa

Injection Rate ..l .96 X 10-5 ,3/s

LPIS

Location Intact Cold Leg

Actuation Pressure 1.03 MPa

Injection Rate 2.52 X 10-4 m /s
3

Tube Rupture Simulator

Steam Generator Accumulator

(') Location Just Upstream From The Intact
| V Loop Steam Generator Inlet Plenum

Actuation Time 40.0 Seconds

Closure Time 444 Seconds

3Liquid Volume 0.144 m

Gas Volume 4.8 X 10-2 ,3

Temperature 547 K

Injection Rate 3.58 x 10-4 m /s
3

(a) 200% break refers to a simulated double-ended offset shear break in
2j the broken loop with each break nozzle having an area of 0.000243 m ,

| The 200% break has a break area-to-system volume ratio equivalent to
that ratio for a double-ended offset shear break in the cold leg of
one loop of a four-loop pressurized water reactor.

| (b) Low system resistance refer.s to the size of orifices located at the
inlet and outlet of the intact loop steam generator. The low system
resistance orifices have an approximate 4.06 cm diameter hole. The
total system resistance with the low resistance orifices is properly

! A scaled to the LOFT system.
V
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The power decay will follow the electrical power decay curve shown in

Figure 3. The pressure suppression system for Test S-28-4 will be

controlled to maintain a containment pressure of 241 kPa throughout the

blowdown and the reflood portions of the test.

Section II of this report presents a brief description of the
j

.| analysis methods and FLOOD 4 models used in these predictions, and the

results of the calculations. Section IIi" presents the more significant

conclusions arising from the predictions. A more detailed discussion of

,
the FLOOD 4 model is included in Appendix A.
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B

C'd II. PREDICTIONS OF STEAM GENERATOR TUBE RUPTURE TEST S-28-4

1. METHOD OF ANALYSIS

The analysis of a loss-of-coolant accident (LOCA) involving steam

generator tube ruptures required that a different method of analysis be

used to predict the response of the Semiscale Mod-l system because of

the 'long transient (over 518 seconds to initiation of reflood) expected

for this type of LOCA. The long transient was a factor in deciding

against using the analysis methods used for previous pretest predictions

which consisted of using RELAP4 to predict the blowdown and refill

response and FLOOD 4 to predict the reflood response of the system. An'

initial study of the type of phenomena expected in Test S-28-4 and the

type of calculations required indicated that the best way to proceed

would be to use the methods developed for the scoping analysis describedg
in EOS Appendix 28, Addendum 28-A (see Reference 1). This method is

described below and summarized in Figure 4.

The transient for Test S-28-4 can be divided into four main time

periods. These periods consist of: (1) the blowdown period prior to the
,

steam generator tube rupture, (2) a period of reverse r. ore flow after the

tubes rupture and lasting until the steam generator secondary empties,-

(3) heat-up of the core as the lower plenum is refilled by the LPIS,

and HPIS, and (4) core reflood by the LPIS and HPIS.

The baseline test for Test S-28-4 is Test S-04-6. Test S-28-4

will differ from Test S-04-6 only in that Test S-28-4 will include steam

generator accumulator injection into the intact loop hot leg just upstream

of the steam generator inlet plenum beginning at 40 seconds after rupture

ba

9

. .. _ _ - . - - -



_ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

O

Wasation of g

%":'';..,e-...am -' ~
t' 1 Generator Tune I 'S

. T2 A * D'W''' Ennavst.on of 8

h steam Generator
g i Secondary riuio I

f I y I

i. | t iI''

.tl | . I! | 1! | .!
y i t r3 pla | 5 02 i

li | dhja 38
| einijli| !!

= I
i

I i!!
'

Et 2Gt i E d et, ,

40 83 8 equencn4

Time after Cold Leg Breshisec) ,edea s.e

Total Rupture Temperature (K) Time (sec) Heat Transfer # 'a
Coeffjcient WMass Flow

T T T T T t t t

(kg/s) j 2 3 4 5 3 4 5 (kW/m - K) ,
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For historical configuration control, load module FLOOD 4102 (configuration*

control number HB001201B) was used for this section of the study.

Load module FLOOD 4103 (configuration control number HB001211B) was used**

for this section of the study.

# Steam cooling heat transfer coefficient.

Figure 4. Analysis Technique Used In Pretest Prediction for Test S-28-4
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to represent the flow from the ruptured tubes. Since the initial conditions

for Tests S-28-4 and S-04-6 will be the same, the Mod-l system response

during the first 40 seconds of the transient of Test S-28-4 should be

the same as the system response in Test S-04-6. Because of the similarity

expected between the two tests, Test S-04-6 data is used to indicate the

expected system thermal-hydraulic response prior to 40 seconds.

The period of reverse steam flow through the core, which is caused'

1

by the injection simulating the tube ruptures, lasts until 444 seconds |

Iaf ter rupture. This end time is based on how long it would take to

empty the steam generator secondary at a tube rupture flow rate of

; 0.272 kg/s (30 tubes ruptures). It was assumed during this period that

| the -heat transfer mechanism in the core would be single phase forced ,

convection heat transfer to steam. To estimate the core temperature

response, the FLOOD 4 program (load module FL0004/102)[a] was used in thej

following manner. From Test S-04-6 data, the peak temperature in the

core at 40 seconds was 994 K. This temperature was used as input into

the FLOOD 4 code, and a cosine curve fit was used to calculate an initial

axial temperature profile at the start of the reverse core flow period.

The heat transfer from the rods to the steam during the period of reverse

core flow was calculated by the FLOOD 4 program using a heat transfer
,

coefficient calculated from the Dittus-Boelter correlation. The heat

transfer coefficient that was calculated for a tube rupture flow rate of
20.272 kg/s was 0.082 kW/m -K. Since the current version of FLOOD 4 is

.

[a] For the purpose of historical configuration control, FLOOD 4/102
is referenced as program number H0012018.

11
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not able to calculate sustained periods of negative core flow, a special

version of FLOOD 4 (FLOOD 4/102), in which the initial axial temperature

profile was reversed and positive core flow was modeled, was constructed

to perform this calculation. The magnitude of the steam flow through

the core was estimated by assuming that 30% of the water injected to

simulate the flow from the ruptured tubes flashed to steam on entering

the intact loop hot leg, and that a flow split between the intact loop,

core, and broken loop occurred where 65.2% of the steam flowed through

the core. The flow split was estimated on the basis of the intact and

broken loop and core hydraulic resistances. This core flow was then

used in the calculation of the heat transfer coefficient from the Dittus-

Boelter correlation and in the FLOOD 4 calculation. The assumption of

single phase heat transfer to steam from 40 to 444 seconds is probably a
Oconservative assumption as the core flow during this period is expected

to be a two-phase mixture of water and steam and heat transfer to the

liquid portion of the flow in the core was neglected in the analysis of

the heat transfer during this period.

The temperature distribution at the end of the reverse core flow

calculation was assumed to be the rod temperature distribution at the

initiation of the refill period. All intact loop ECC injected during the

period of tube rupture flow is assumed to bypass out the break. The

time period for refill was estimated by assuming that the lower plenum

must be refilled by the LPIS and HPIS flow alone. (The refill period

was calculated to be about 74 seconds). The rod temperature distribution

at the initiation of refill was input into the FLOOD 4 code (load module

O

12
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FL0004/103)E*3 and an adiabatic heat-up option (h = 0.0) was used for

74 seconds to calculate the temperature at the initiation of reflood.

The reflood of the core using LPIS and HPIS flow was than calculated i

with the FLOOD 4 code (load module FL0004/103).
i

It is anticipated that several of the assumptions used in the

analysis of the refill and reflood periods may result in higher calcu-

lated rod cladding temperatures than would actually occur. The use of

: an adiabatic heat-up (h = 0.0) may be somewhat conservative and, therefore,

result in higher predicted peak rod cladding temperatures than would

occur in the experiment. The use of a heat transfer coefficient of
230 W/m -K during the heat-up would decrease the peak rod cladding

temperature by about 83 K. The potentD1 accumulation of water in the

lower plenum during the emptying of the steam generator was not included

in estimating the volume of water that must be supplied by the LPIS and

HPIS to completely fill the lower plenum. If a smaller volume of LPIS'

and HPIS liquid were needed to fill the lower plenum, the adiabatic

heat-up would occur for a shorter period of time, which would also

result in lower calculated rod cladding temperatures.

The FLOOD 4 code does not account for liquid depletion in the

downcomer because it does not calculate downcomer wall heat transfer.
.

This downcomer wall heat transfer, noted in previous Semiscale tests,

could impede the refilling of the lower plenum by the LPIS and HPIS. In

this case, the experimental refill and reflood response could be somewhat

different that the predicted response.

[a] For the purpose of historical configuration control, FLOOD 4/103
Os is referenced as program number H0012118.

,
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g2. FLOOD 4 MODEL DESCRIPTION

The FL0004/102 computer code was used to predict the core thermal

response during the reverse steam flow portion of Test S-28-4 (40 to 444

seconds after rupture) and FLOOD 4/103 was used to predict the refill and

reflood portions of the test (444 to 660 seconds after rupture). The

FLOOD 4 code is a recently developed reflood analysis tool and, therefore,

is undergoing evaluation and improvement as more test data becomes

available. Figure 5 shows the FLOOD 4 model of the Semiscale system. A

more detailed discussion of the code and a listing of the input to the

models is contained in Appendix A.

FL000/102 is a modified version of the FLOOD 4 code. It was modified

to allow the FLOOD 4 heat-up option to be used to predict the rod cladding

and core fluid temperature response during the period of reverse steam

flow. Since the current version of the FLOOD 4 heat-up option is not

able to model sustained periods of negative core flow, the code was

modified internally to invert the initial axial temperature profile and

then positive core flow was used in the FLOOD 4 model to enable it to

calculate the heat transfer from the rods to the steam flow. In this

way, the response of the rod temperatures to the reverse steam flow from

40 to 444 seconds after rupture was calculated. The temperature profile

at 444 seconds was then input into the FLOOD 4 model to calculate the

refill and reflood response. FLOOD 4/103 was the version of the FLOOD 4

code used to make this calculation. The FLOOD 4 heat-up option was used

to model the assumed adiabatic heat-up of the rods while the lower

plenum was refilled by the LPIS and HPIS. The temperature profile at

the end of the adiabatic heat-up was used as the initial temperature
O

14
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profile at the start of reflood. The reflood of the core by the LPIS

and HPIS was then calculated with the FL0004 code. The rod axial tenper-

ature distribution at 40 seconds after rupture is shown in Figure 6, and

at the start of refill in Figure 7. The rod axial temoerature distribo+ ion

used at the start of reflood is shown in Figure 8. Table II lists the

initial conditions used in the FLOOD 4 model at the start of reflood for

Test S-28-4. The FLOOD 4 calculations for Test S-28-4 provide a prediction

of the thermal-hydraulic response for the reverse core flow, refill, and

reflood processes over the time period from 40 seconds to 660 seconds

following rupture.

3. PREDICTIONS OF THE SEMISCALE M00-1 SYSTEM RESPONSE

Predicted behavior of key system parameters for Test S-28-4 are

presented and discussed in this section.

3.1 Blowdown Response Prior to Steam Generator Tube Rupture .

Since the initial conditions for Tests S-04-6 and S-28-4 are the

the same, the system response in Test S-28-4 should be essentially the

same as in Test S-04-6 until steam generator injection into the intact

loop between the pressurizer and the steam generator inlet plenum begins

at 40 seconds after rupture. A detailed discussion of the system thermal-

hydraulic response in Test S-04-6 is contained in Reference 2 and, there-

fore, only a brief discussion is included here. Several results from the

blowdown period of Test S-04-6 which are of interest in Test S-28-4

are described below.

The peak temperature in the core during the blowdown period of

Test S-04-6 occurred on a rod located on the perimeter of the core and

hreached approximately 1075 K at 8 seconds after rupture. Test data

16



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

! O O o'

i

i

!

I 1250--
i

|

!

!

i
!

t 1000--

2
.-

i w
d

, u
I E 750 - -

! '

l- E
4 m
! E
: 5

a.
1

5 500- ."
|

-

w
a ,

N |
H |

E

j 250-
1

i

!
1

0 ; ; ; ;
, , , , ,

0.0 20 40 60 80 100 120 140 160 180

DISTANCE FROM BOTTOM (cm)
:

| Figure 6. Rod Temperature Profile at Initiation of Simulated Tube Rupture' Flow

i
J

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



!

1250 -

p/~''1000 -
' '

-

2
-

750
'j 7
" i

E '

c.
\

M ~s

S N
500 ' N$$

&
5
&

.

A
-

t 250 - .

5
.

0 - t-----+-- - --t---- ---+-----1------~l ~ ~ ~ 8 -' ' '

0 20 40 60 80 100 120 140 160 180

DISTANCE FROM BOTTOM (cm)

Figure 7. Rod Temperature Profile at Start of Refill

O 'O O



- - _ .

~ .\

O O O~

-

,
.

i
*

i

i

1250-
I

,\'

| /
/ N'

|
11000 - j

!

2 6

I 5 \
; a

. $ 750 v!

! E
i w
. EI

*

,

j r
i I

w
g 500 -- - 4

i -
* w

&

d' '

~

2
2|| *

"
250 ,-

t

4- _i-----0 .,______._____g._.._.___g_______+_.__.__,____.--_.,_ __ _ ._ .,_

0 20 40 60 80 100 120 140 160 180

DISTANCE FROM DOTTOM (cm)

Figure 8. Rod Temperature Profile at Start of Reflood



O
Table !!

Semiscale Mod-l Initial Conditions At The

Start of Reflood for Test S-28-4

Pa raaeter Initial Value

Containment Pressure 241 VPa.

Temperature of ECC

At Bottom of Heated Length 411 K (saturated)
'

ECC Injection Rate Cold Leg Intact Loop-

316 Seconds to Completion 2.72 x 10-4 m /s3

Peak Rod Power Density 1.06 kW/m

Power Profile Stepped (Figure 2) g
Power Decay Refer to Figure 3

Peak initial Rod Temperature 1172 K

Temperature Profile Refer to Figure 8

O
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.

shows this temperature declined to 994 K at 40 seconds as shown in

Figure 9. Test S-04-6 data indicated the system pressure had reached

containment pressure (241 kPa) at 40 seconds after rupture (Figure 10).

The mass flow at the core inlet (see Figure 11) at this point in time is
,

negative (flow out of the core) and approximately .25 kg/s in magnitude.

| The steam generator secondary pressure (Figure 12) at 40 seconds was ,

| approximately 6.0 MPa and the secondary fluid temperature (Figure 13)

was 549 K (saturation conditions).

3.2 System Response During Reverse Core Flow and Refill

i The FLOOD 4 calculation of the period of reverse steam flow through!

the core predicted that the peak temperature in the core would increase

from 994 % at 40 seconds after rupture to 1085 K at 200 seconds after

rupture before turning over and declining to 1022 K at the end of the

period of steam generator tube rupture flow. At 444 seconds the injection

! representing the tube rupture flow ended. During the heat-up of the

core while the lower plenum was refilled by the LPIS and HpIS, the

FLOOD 4 model showed the peak temperature rising from 1022 K to 1172 K at

the beginning of reflood (compare Figures 7 and 8). Reflood from the

bottom is estimated to start at 518 seconds after rupture.

The FLOOD 4 code cannot account for the downcomer mass depletion

! phenomena noted in previous Semiscale tests. This phenomena is a result

of an excessively large amount of energy transfer from the downcomer

walls to the downcomer gap after the liquid is depleted from the accumu-

lator. Since the accumulator empties at approximately 70 seconds after

rupture, and refill of the lower plenum must be accomplished by LPIS and

HPIS flow alone, the downcomer mass depletion could cause the measured
,

refill phenomena to be different than the predicted response.
i
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3.3 System Response During Reflood

The FLOOD 4 code was used to predict the system response during

reflood for Test S-28-4. Hand calculations were done to determine the

time at which reflood would commence. These calculations were based on

the time for the steam generator secondary to empty, and the lower

plenum to refill by the LPIS and HPIS. The results indicated core

reflood in Test S-28-4 would start at approximately 518 seconds. The

calculated reflood results presented in this section were done assuming

the rod power densities at the time of reflood were reflective of the
:

high power rod power density.

Figure 14 shows that the FLOOD 4 calculations predict that the core

inlet flow oscillates both positively and negatively as for previous

predictions. A comparison of the calculated differential pressure

k between the upper plenum and the inlet annulus (Figure 15), with the

steam flow from the upper plenum (Figure 16), shows that the differential

pressure between the upper plenum and the inlet annulus follows the

steam generation in the core. The oscillations in the steam flow from

the upper plenum are related to the oscillations in the core flow rate

shown in Figure 14. A comparison of the data in these figures shows

i that the amplitude of the steam flow and differential pressure are

i directly related to the amplitude of the core flow oscillations as

expected. The downcomer annulus liquid level shown on Figure 17 also

shows oscillations. These oscillations are primarily responsible for

'the oscillations in the core flow and steam generation in the core. The

manometer type oscillations result when the liquid level builds up in

the downcomer and forces liquid into the core. Some of the liquid -

.
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forced into the core is vaporized to steam on contact with the heater O
rods. This steam generation causes a small pressure increase which

tends to force some fluid out of the core and also entrain some liquid

up the core. The level in the downcomer then builds up again and the

process is repeated causing the oscillatory flows and levels shown in

Figures 14 through 17. The core quench levels shown in Figure 17 indicate

that the core quenched from both the top and the' bottom and that all rod

surfaces will be quenched by about 130 seconds after the initiation of

reflood, or 648 seconds after rupture. The rate of change of liquid

level for the downcomer annulus relative to the core is slightly different'-

because the annulus water that enters the core and is evaporated to

steam is not included in the core collapsed level calculation. The

collapsed core liquid level is used only as a calculational parameter

for heat transfer specification. That the core collapsed liquid level g
is shown to be higher than the heated length does not indicate that the

core is completely full of liquid. The collapsed liquid level includes

liquid in the regions above the heated length which would fill the core

if collapsed. This collapse will not occur because steam flow in the.

core causes entrainment.

The FLOOD 4 code cannot account for the downcomer mass depletion

phenomena noted in previous Semiscale tests. This phenomena is a result

of an excessively large amount of energy transfer from the downcomer

walls to the fluid in the downcomer gap after the liquid is depleted

from the accumulator. The mass depletion from the downcomer causes a
!

reduction in the downcomer liquid head which in turn causes a reduction

in the core reflood driving potential (the annulus water level shown in
O

32



Figure 17 would be lower if mass depletion were taken into account).

The depletion could cause the measured reflood phenomena to be somewhat

different than the predicted reflood response.

The FLOOD 4 predicted thermal response of the Semiscale Mod-l core

for the reflood portion of Test S-28-4 is presented in Figures 18 and

19. Core elevations of 20, 36, 53, 63.5, and 99 cm above the heated

length were chosen for presentation of predicted parameters because they

correspond'to existing core heater rod thermocouple measurements. The

,_

predicted heat transfer coefficients rapidly increase to a fairly constant

value (Figure 18) similar to the dispersed flow heat transfer coefficients

observed in previous tests. In Figure 18, the lower elevations are

shown to have the higher heat transfer coefficients in this dispersed

flow film boiling regime because the fluid quality in the lower core

O(/ region is lower relative to the fluid quality in the upper core region.

When the quench front approaches an elevation, the heat transfer coefficient

increases very rapidly as the' heat transfer regime switches to transition

boiling. Af ter a rod position is quenched the heat transfer regime is

nucleate boiling and forced convection to liquid with fairly constant
2

heat transfer coefficients between 2.0 and 3.0 kW/m -K. The predicted

rnd surface temperature response for various elevations is shown in
* .

Figure 19. The temperature at each elevation shows a continual decrease

while in the dispersed flow film boiling regime until the quench front

approaches that elevation; then the rod surface temperature decreases

very rapidly. This rapid decrease 'in temperature is a result of the

prediction of transition boiling. All the predicted rod surface thermo-

couple responses approach a constant value corresponding to nucleate

33
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.

boiling and forced convection to liquid. The predicted surface heat

flux at the hot spot (63.5 cm elevation) is shown in Figure 20. The

quench time is about 633 seconds af ter rupture (115 seconds after re-

flooding starts) for this location and the critical heat flux during
2quench is about 1250 kW/m ,

In summary, the peak rod temperature in the core during blowdown

should be approximately 1075 K at 8 seconds after rupture. This peak

temperature should decline to 994 K at 40 seconds after rupture. During

the period of reverse steam flow through the core the peak rod temper 1-

ture should increase to 1085 K before turning over and declining to.

1022 K at 444 seconds. During the refill period the calculations

indicated the peak core temperature would increase to 1172 K at the

beginning of reflood. The peak temperature increases slightly during

reflood to 1175 K before the rod hot spot quenches at 115 seconds after g
reflood or 633 seconds after rupture. This rod surface temperature

response is summarized in Figure 21.

O
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III. CONCLUSIONS

The conclusions relative to the use of Test S-04-6 data to indicate

the blowdown response and the FLOOD 4 predictions over the rest of the

transient for the Semiscale Mod-l Test S-28-4 are as follows:

(1) The system and core thermal response should be essentially

identical for Tests S-28-4 and S-0,4-6 until 40 seconds after

rupture because the initial conditions for the two tests are

the same.

- (2) The peak temperature during blowdown should be approximately

1075 K at 8 seconds after rupture and should occur on a rod

located on the core perimeter. This temperature should decline

to 994 K at 40 seconds after rupture.

(3) The reverse steam flow through the core, which is caused by

the tube ruptures, occurs during the period from 40 to 444 seconds

af ter rupture. 'The peak temperature at 444 seconds should be

approximately 1022 K. This predicted response was based on

single phase heat transfer to steam and did not account for
,

any heat transfer to the liquid present in the core flow.

Better cooling in the core may result from any liquid present

in the flow.

(4) Heat-up of the core while the LPIS and HPIS refill the lower

plenum should result in a peak temperature rise from 1022 K to

1172 K over the period of 444 to 518 seconds after rupture.

O
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(5) The start of reflood from the bottom is estimated to begin at

518 seconds after rupture.

(6) The hot spot elevation (63.5 cm from the bottom of the heated

length) is expected to quench at about 633 seconds after

rupture or about 115 seconds after the start of reflood. The

whole core is predicted to quench by 130 seconds after the

start of reflood (648 seconds after rupture).

O
.

O
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hAPPENDIX A

FLOOD 4 COMPUTER CODE

The FLOOD 4 computer code is a recently developed analysis tool used

to predict core reflood behavior in water reactors. The methods and

models used in FLOOD 4 are currently undergoing evaluation and improvement.

The FLOOD 4 code couples the system hydraulics using the momentum

equation for the core, lower plenum, and downcomer with the heat transfer

and steam generation in the core region. Liquid which rises in the

downcomer to a height greater than the cold leg is assumed to be lost
<-

from the system. The steam within the system is lumped into one gas

volume and the perfect gas law is used to calculate the relationship

between the steam pressure, mass, volume, and temperature. Figure A-1

illustrates the hydraulic coupling of the Semiscale system used in the

FLOOD 4 model. The core is represented in FLOOD 4 by a series of axially h
stacked conduction nodes which have a specified initial temperature and

energy generation rate. The heat transfer coefficient applied to a node

depends on the mode of hea.t transfer which is determined from the elevation

of the node, the elevation of the water, and the temperature of the

node. Four different heat transfer modes are used to define the boiling

curve and one mode is defined for forced convection to single-phase

liquid below the quench level. The reference temperature used for the

heat transfer calculation is T f r nodes above the water level in thesat

core and T f r n des below the quench level core.
bulk

The fluid entering the upper plenum is a mixture of the steam

generated in the core and entrained water. The amount of steam is

determined from the heat flux at the nodes above the quench front and 9

A-2
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a
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,

the amount of entrained water is a function of the steam flow rate, the

collapsed water level above the quench front, the pressure, and the core

hydraulic diameter. Since all of the rods are assumed to be identical,

the calculation is performed for one subchannel and rod and then multiplied

by the number of rods in the core to obtain the total steata flow. The

axial temperature distribution at the start of the injection simulating

the tube ruptures (40 seconds) was determined by using the peak tempera-

ture in the core at that time and using a cosiae curve fit to determine

the temperature distribution. The initial axial temperature distribution

of the rods at the start of reflood was determined by using temperature

distribution at the time the FLOOD 4 reverse core flow steam cooling

calculation terminated as input into FLOOD 4 and performing a core

heat-up calculation.

FLOOD 4 has several new features which are still experimental and

include: (1) capability for upper plenum injection which include a

condensation mode, (2) capability to have liquid fall back from the

upper plenum if the core steam velocity goes below a certain value, and

(3) vaporization of entrained liquid in the intact loop steam generator.

Future predictions will attempt to include these features where applicable

in an effort to better simulate expected behavior.

Table A-1 is a copy of the input to the FLOOD 4 calculation for

reverse core flow steam cooling calculation and Table A-II is a copy of

the input to the refill and reflood calculation for Test S-28-4.

O
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Table A-I
FLOOD 4 Input Listing for the Refill and Reflood Calculation

1

TEST |- 24 ,4 F6E 91C T 10% - CLu164102 eryrest girAu rLOW C4LC
t- Typgg

i T!*C AFTER FLC0JI43 SfaMTS (SLC)
2 FLOODIN G R ATo(T41) A'4S EC C 1 *> JC C T ! 1 N D&TC (!"/SfCi

-l'?. 1*2.

F--HE I GH T o -oS- A NNULU S ( T H I ) ,C c u r, ( s q u ) ,n U Et* C H ( 1 ) (FT) -?. 12.e
!

4 TJTAL STLAM FLO. Fr0M UTF R CLC&H" ( f. o " )
|

5 DELTA phEdSUAE UPPtn PLE"U 1- A*.o,ULUS (PS') 0.0 a . .?

' 4--Ta!95sC00 plt icd 9sw=Tli2L AT 3.14.21,75 39 I *f . (F) C. 2 71'. .

7 SURFACE HLAT (LUM AT 7 5 t r4 Ch ILrVAT1,N (wfu/us rT p 1:c1. t ,t e r -'

P HEAT TR AN S.COLF F . A T c , 14,21,25,*.? 14. (aTU/hR-FT?-F) 1. Iaj!*.

3 T'.
--- * -OI S T & hC E 5 8 0% DO T T 0/. (14)

1C Ih!T!tL TCMPCmATU;? PadFILL (F) '. 1 6 9 *. .

11 FLi'0D IN G R A TL ( IR I) ANU LCC IUJr.CTION # ATE too") a.c 1.1---17--L loul D-LE vtl - Ar.O C 0;C E xi T Gu a L IT Y,

'

1 L1GUIS LCVCL AND CORL LxtT STl_ a9 FLcu (Lns/SEC
14 CD's CX IT LIQu!D vAPOEIZLO IN STLAM OrNrqAT09 (LC/SrC3

---1'-- C04 E-EM IT --4 49 C OLL AP S r n L (Vf L S T T A* VfLOCITY (FT/irC)
-1

' O.53 a.55 Ot. : . " '. *1a.*r

( ----. 0 51 1 . v 5 -- .08e1 35 5 6. 'A.4 ..FC14CR P A 4 . *.*

11.8 2.63 1 67 144' . !A '' *'

>> .CJ376 ..5 1. 769 .4 '."

- 6 5-- 49-. L.. 47 1.C+06 3.9 '.1

.001 560. 22 .J.1 E*f. ?!" ."*1 3rr. ?!" 10*--

266.6 11.1
-- g _ _ _ _ . .

9.6 11.G
-1

5.63 11. '3 -
-1

0.52 11.w
-1 -- --

2 . J J 4 (, B o.;6 175. 141 1.0 0.ft

C.6 0.29 Ts5F.. .C 2(4 'a.' Sf4 1.t ' a .*
*

---.1__ __ t : __ . . ._. .?.. '.5 4 4 4 . r. .a= 0: .:

36. 94w. 1.. :.. 1.* .m' . ' . '
1 1 2 .J$s 3.

--2 2 =- -. set 1.
3 4 2 .Ch ..

5 5 1 . 1, ..

- --- G - - - (, 1 .(..'', '.

-1 *

11 1S 56 43 f r. 4 2 0 l' i

1---14 - L.5 ..374 e54.
" . ', 'A " 5 '+ .,

13 22 0. '

OS 32 C.5 t.<17 1>12.
--- .L3 *?---- J.s 9 . 4 !. s i t !0.'

=! 8? .." 1..i- Wo.
. .' s 7(.

O\
t i 14 ...

---7 5 -- A 2 .C.) ~ . e? 17 7 e.1

b3 96 0.1 ;./'t Aa?.'

'I 11? t., . ', 7 6 . ' ' . .'

115 137 ..o .t.( 5.6

-1
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Tcblo A-II. FLOOD 4 Input Listing f;r the Refill and R flood Calcu)Atton

CCCCCOG3011111111112222222222333333333344444444445555555555o66666L66677777777778
1234567c901234567c9012345L7s9Cl23456789012345o7690123456789012345678901234567890

-

REFLOOD CALCULATION 30 TUSES
TEST S-28- PREDICTIGN -FLO304103 REFILL +

1 TI.tE AFIEk FLGCDIt4G STARTS (SEC)
2 FLCCDING RATE (TRI) AND 2CC INJECTION RATE (IN/SEC) -100. 100.

3 etIGnTS CF ANNULbS(TRll,CCRE(SQU),CUENCH(0) (FT) -2. 12.0

4 TCIAL 51EAM FLOW FROM UPPER PLENUM (GPMI
5 CtLTA-Pet 5SURE UPPER PLENUM-ANNULUS (PSI)

0.0 2.0

6 Tht4MCCCUPLE IEhPERATURE AT 8,14,21,25,39 IN. (F) O. 2200.

7 SLAFACE HEAT FLU) AT 25 IhCH ELEVAIION (BTU /HR-FT2)
1000. 1000000.

d HEAT 1RANS.CCEFF.AT asl4s21,29,39 IN. (BTU /HR-FT2-F) 1. 10000.
O. 70.

9 DISTeNCE F.Cr. ECTTOM (IN)4

.
11 FLCUDIAG RATE (TRI) AND ECC INJECTION RATE (GPM)

~
1600. -

10 INITIAL TEMPERATLRE Pn0 FILE (F) 'O.

I? LIQUID LtVEL AND CORE exIl QUALITY
0.0 1.0

13 LICUIC LEbEL AND CORE EXIT STEAM Fluk (LSS/SECl
14 CCRt EXIT LICUID VAPORIZED IN STEAM GENERATOR (LB/SEC)
15 CORE EXII AND COLLAPSED LEVEL STEAM VELOCITY (FT/SEC)

-1
0.55 C.55 5C. 0.55 300.00
.0513 .05 .0589 35.0 6. 58.4 .0001408 264.0

11.8 2.63 1 67 .0445 .085
~0 .00376 .05 1. .760

'

.6 0.0 0.3

> 5.5 0.0 0.0 .07 1.0E+06 3.5 3.0

E, .C01 500. 200 .001 500. 200 .001 500. 200 100
.

266.6 11.0 . .

- _1
9.6 11.0

-1 .

5.63 11 9
-

_1
0.52 11.0

- 2 .00468 0.00 175. 940. 1.0 0.00-1

0.6 0.25 75380. 0.0 264. 38.0 264. 1380..

I 1 0 444.0 0.5 518.0 .05 2 00 0.2

36. 940. 1.0 1.0 10 .995

1 1 2 .055 O.
~

2 2 4 .045 1.
~

3 4 2 .036 0.
5 5 1 .C10 0. -

'

6 6 1 .029 0. . _

-1
17 28 50 43 78 4 7 2 10 5 5

1 12 0.5 0.374 1150.
13 22 0.5 0.635 1290. _ __ _

23 32 0.5 0.817 1362.
33 42 0.5 0.939 1380.
43 62 C.5 1.000 1308.
63 72 0.5 0.939 1146 . ~

73 e2 0.5 0.dl7 993.
e3 96 0.5 0 635 797.
97 112 0.5 0.374 557.

113 132 0.5 0.126 355.

--- ----.444,4,4555,5,5,.55555666,666666677777777778noccn11111111112222,2222,22333333333344
. ,

4 2csA7aor1'74507890no mtynoni
r --
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EO O Idaho,Inc.D pg, ,

Idaho Falls, Idaho 83401

Mr. R. E. Tiller, Director
Reactor Operation and Program Division
Idaho Operations Office - ERDA
Idaho Falls, Idaho 38401

TRANSMITTAL OF QUICK LOOK REPORT FOR SEMISCALE M00-1 STEAM GENERATOR
TUBE RUPTURE TESTS S-28-1 and S-28-2 - DJ0-151-77

Dear Mr. Tiller:

Attached is the Quick Look Report for Semiscale Mod-1 Tests S-28-1 and
S-28-2 which were performed June 14, 1977 and June 9, 1977, respectively.
These integral blowdown-reflood tests were conducted with a break configu-
ration representative of a 200% double-ended offset shear cold leg
break, and included the injection of a heated liquid from an accumulator
tank to simulate a steam generator tube rupture flow in_Ltiated at_the.
start of _ vessel refill . The purpose of Test S-28-1 and S-28-2 was to
provide data for an evaluation of the system and core thermal-hydraulic
response to secondary-to-primary flow rates near the analytically deter-O mined upper and lower limits of a range of tube rupture flow rates which
could lead to high rod cladding temperatures. The relatively high
secondary-to-primary flow rate for Test S-28-1 (0.54 kg/s) provides a
basis for. experimentally establishing the upper limit of the range of
tube rupture flow rates for which high cladding temperatures might
occur, while the small secondary-to-primary flow for Test S-28-2
(0.054 kg/s) provides a basis for establishing the lower limit of the
range of tube rupture flow rates for which high cladding temperatures
might occur.

During the period of simulated steam generator tube rupture flow for
Test S-28-1, the secondary-to-primary flow was the dominant influence on
the system and core thermal-hydraulic behavior. The simulated steam
generator tube rupture injection resulted in a strong reverse core flow
comprised of a saturated liquid-vapor mixture of secondary fluid. The
excellent core cooling provided by the strong reverse core flow and
secondary liquid-vapor mixture caused a rapid top-down quench of the
entire core. Because of the excellent core cooling following the initia-
tion of the secondary-to-primary flow, the maximum cladding temperatures
during the injection period occurred at the initiation of the secondary-,

to-primary flow, and were considerably lower than the maximum cladding
temperatures achieved during the blowdown period. The excellent cooling
of the core provided by the steam generator secondary fluid indicates

~

that the upper limit of the secondary-to-primary flow rates which couldi

lead to high cladding temperatures is considerably lower than indicated
; by analytical predictions.

Ymm + w
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The relatively small steam generator tube rupture flow for Test S-28-2
resulted in a system and core thermal-hydraulic response that was similar
to the response observed for the Series 28 baseline test, Test S-04-6.
The small secondary-to-primary flow for Test S-28-2 was not of sufficient
magnitude to maintain a reverse core flow after the initiation of the
intact loop accumulator nitrogen injection. The initiation of nitrogen

injection at about 66 seconds forced the initiation of vessel refill and
resulted in core reflood beginning at about 80 seconds (as compared to
about 58 seconds for Test S-04-6). The secondary-to-primary flow for
Test S-28-2 did not appear to significantly affect the core flooding
rate once reflood was initiated.

Following the initiation of core reflood, the core thermal response for
Test S-28-2 was similar to that for Test S-04-6. The peak cladding
temperatures for the two tests were essentially the same (1092'K for
Test S-28-2 as compared to 1075'K for Test S-04-6). The primary effect
of the tube rupture injection was to cause the peak cladding temperatures
on the rod high power step to occur somewhat later in the reflood phase h
of the test (between about 120 and 160 seconds) than occurred for Test S-04-6 -

(between about 60 and 75 seconds). In addition, the tute rupture injection
resulted in a short delay of the rod quench times especially in the
lower and upper portions of the core.

Very trul yours,

,N>
D. J. Olson, Manager
Semiscale Program

JMC:emw
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