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ABSTRACT

; Results from Loss-of-Coolant Experiment L2-3, which is the second ex- '

1
4

periment in the Loss-of-Fluid Test (LOFT) Power Ascension Test Series L2, |
*

' show that a core-wide rewet occurred early in the blowdown transient which
* was not calculated in the experiment prediction analyses. This posttest '

j analysis determines the cause of the disparity between the predicted and

.

measured data and provides calculated fuel rod temperature data that follow
:

| the trend of the measured data much closer than did the calculated data
,

from the prediction analyses. |
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;]/f SUMMARY
!

w
A posttest analysis of Loss-of-Coolant Experiment (LOCE) L2-3, which

was conducted in the Loss-of-Fluid Test (LOFT) facility, was performed to.

gain an understanding of the caust. of the disparity between predicted and
measured fuel rod cladding temperature responses in the LOFT core. 10CE,

L2-3 was performed as part of the LOFT Experimental Program conducted by
EG&G Idaho, Inc., for the U.S. Nuclear Regulatory Commission. LOCE L2-3 is
the second experiment in the LOFT Power Ascension Test Series L2 (first
series of LOFT nuclear experiments), which was designed to investigate the
response of the LOFT nuclear core to the blowdown, refill, and reflood
transients during LOCEs conducted at gradually increasing power levels.
LOCE L2-3 was conducted at a maximum linear heat generation rate of

39.37 kW/m, corresponding to 100% power for a typical large pressurized
water reactor.

Results from LOCE L2-3 show that a core-wide rewet occurred early in
,C) the transieni (during blowdown starting at about 8 s after rupture) which
(j was not calculated in the pretest prediction analysis. This early core-

wide rewet resulted in the peak fuel rod cladding temperatures being lower
(by a mean value of 166 K for 24 thermocouples) than had been calculated.

This posttest analysis was concerned with determining why the early core-
1

wide rewet was not predicted by the RELAP4/ MOD 6 pretest analysis. |
I

Three factors were postulated to have caused the disparity between
predicted and measured fuel rod cladding temperatures for LOCE L2-3:

(a) the initial fuel rod stored energy, (b) the heat transfer surf ace, and
(c) the calculation of system hydraulic response. These factors were ex-
amined and are discussed in this report. It was determined that the heat
transfer surf ace was the major factor causing the disparity.

.
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POSTTEST ANALYSIS OF LOFT LOSS-0F-COOLANT EXPERIMENT L2-3
-

:
'

] 1. INTRODUCTION
!
4

.

Loss-of-Coolant Experiment (LOCE) L2-3 was the second experiment per-
! formed in the Loss-of-Fluid Test (LOFT) Power Ascension Test Series L2,,

which is the first series of experiments to be performed in the LOFT facil-'

ity with the nuclear core producing power. LOCE L2-3 simulated a postu-
lated loss-of-coolant accident (LOCA) resulting from a 200% double-ended

;

3 .
offset shear break in the cold leg of the primary coolant system of a large '

pressurized water reactor (PWR). At the time of experiment initiation, the
'

LOFT reactor was operating at a 39.37-kW/m maximum linear heat generation
rate (corresponding to 100% power in a typical large PWR).

,

1Prior to conducting LOCE L2-3, pretest prediction analyses ,2;
were

3 4performed using the RELAP4/ MOD 6 and FRAP-T4 computer codes. In gen-,

i- eral, the system hydraulics predicted in the pretest analyses are in good
; agreement with the experimental data. However, LOCE L2-3 data showed that

Q a core-wide rewet occurred early in the transient (about 8 s af ter rup-,

| ture). This core-wide rewet was not predicted in the pretest prediction
2 analyses. A posttest analysis of LOCE L2-3 was subsequently performed.
J The main objective of the posttest analysis was to understand the cause of
j the disparity between the experiment predictions and the mear. red fuel rod
I cladding temperature response in the LOFT core. Based on this analysis,

recommendations were made to change the RELAP4/M006 computer code to allow,

a more physically realistic prediction of the data.-

;

A description of the LOFT systen and experimental program is provided
in Reference 5. The major components are illustrated in Figure 1. F ig-;

| ure 2 shows the fuel rod position designations within the LOFT reactor core.
!
i

4
'

. In this report, Section 2 presents comparisons of system hydraulics
; -data from the posttest analysis, pretest predictions, and LOCE L2-3. Sec-

'

tion -3 discusses the postulated factors to cause the disparity between the
predicted and the measured fuel rod cladding temperature for LOCE L2-3 and

; . proposes the resolution for possible causes of the disparity. Section 3 i

;

t
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also compares fuel rod cladding temperature data from the posttest anal-
ysis, pretest predictions, and LOCE L2-3. Section 4 presents the conclu-
sions and suggested future work.

.

2. ANALYSIS OF SYSTEM HYDRAULICS RFSPONSE .

This postlest analysis used the same RELAP4/M006 model of the LOFT

system, break flow multipliers (0.84), and transition quality (0.0025) as
the experiment predictions (EP)1,2 The RELAP4/ MOD 6 code was updated".

6to use B iasi's critical heat flux (CHF) correlation. The test initial
7condi tions given in the Experiment Data Report for LOCE L2-3 were used

in the posttest calculation.

Figure 3 shows the comparison of calculated and measured upper plenum
pressure. The predictions are in very good agreement with the experimental
data. F igures 4 and 5 show the comparison of measured and calculated mass

flow in the broken loop cold leg and in the intact loop cold leg, respect-
ively. doth the postlest analysis and EP calculated mass flows are in very
good agr eement wi th the experimental data. Figure 6 presents the compar-
ison of calculated and measured mass flow in the broken loop hot leg. The

posttest analysis and EP predicted mass flows are in excellent agreement
with the experimental data. F igure 7 indicates the comparison of calcu-
lated and measured fluid temperature in the broken loop cold leg. The pre-

dictions and the experimental dat a are in very good agreement. From the
above comparisons, it is concluded that the posttest analysis and EP calcu-
late tre most important system hydraulic parameters very well. More
comparisons of the calculated and measured system hydraulics are given in
Appendix A. In general, the predictions agree with the experimental data
within the range allowed by the instrument uncertainty.

.

a. RELAP4/M006, Update 4, Idaho National Engineering Laboratory Con- .

figuration Control Numbers H009884B and H009584B were used for system
hydraulics and hot rod calculations, respectively.

4
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Q Figures 3 through 7 also indicate that the results from the posttest
analysis are in.slightly better agreement with th? experimental data than
are the EP results. A sensitivity study which included a RELAP4/M006 sys-

; tem run using the measured initial test cerditions without the Biasi CHF.

correlation was performed to investigate the cause of the improved calcula-
tion of LGCE L2-3 results by the posttest analysis. The results of ihis,

,

I sensitivity study run and the posttest analysis using the Biasi CHF correl-
ation are almost identical. It is concluded that use of measured initial
test conditions improves calculation of the system hydraulics slightly in
the posttest analysis. However, to control the test initial conditions, as
specified in the experiment operating specification, is very important for

s

the EP analysis.

*

Figure 8 presents a comparison between the posttest analysis and ex-
perimental data for mass flow in the broken and intact loop cold legs.
Immediately after experiment initiation, the core inlet flow reversed to
supply the mass flow demand of the broken loop cold leg. Hot fluid from
the core passed downward through the lower plenum and up the downcomer into

(/ the broken loop cold leg. The hot fluid arrival in the broken loop cold
leg at 2.5 s dramatically reduced the mass flow. This is due to the tran-
sition from the high densitv subcooled break flow to the low density satur-4

ation break flow. The intact loop cold leg flow, driven by the operating
pumps, exceeded the broken loop flow for 2 s causing an increase in posi-

| tive core flow, which had rereversed after saturation in the lower plenum,
; and provided subcooled fluid to the downcomer. The subcooled fluid mixed

with saturated fluid in the downcomer and lower plenum and induced a two-
phase density wave which traversed the core from bottom to top. The two-

phase density wave was detected by the self-powered neutron detectors
(SPND), thermocouples, and liquid level detectors. Figure 9 shows the SPNDi

; and cladding thermocouple outputs. The decrease in negative SPND output
! was caused by the combined effects of local gamma flux attenuation and an

increase in the delayed neutron flux. The flux changes were caused by the
two-phase' density wave. Similar trends of the experimental data were pre -

,

' dicted by the posttest analysis. The predicted mass flow rate was inside,

the experimental data uncertainty band (+7%) as shown in Figure 8. How-

V ever, the transition from subcooled break flow to saturation break flow for

,

i .
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the posttest analysis was about 0.5 s later than was shown by the experi-
mental data. This is due to the coarse nodalization in the system model
from the downcomer to the break plane. The coarse nodalization results in
a lower average temperature at the break plane and a delay in transition -

from subcoolea to saturated flow. Figure 10 presents the comparison of net
mass f low in the broken and intact loop cold legs for the posttest analysis -

and the experimental data. The posttest analysis is in good agreeme1t with
the experimental data except for the intervals of 2.5 to 3.5 s and 4.8 to
5.8 s. From 2.5 to 3.5 s, the discrepancy is due to the nodalization. The

reason for the discrepancy in the 4.8-to-5.8-s ini.c. val is not known.

In general, the system hydraulics data calculated in the posttest
analysis agree with the experimental data very well. This is a very im-
portant factor to understanding the fuel rod temperature response discussed
in Section 3.

3. ANALYSIS OF FUEL ROD TEMPERATURE RESPONSE

Fuel rod cladding temperatures from LOCE L2-3 showed that a core-

wide rewet occurreu at about 8 s af ter rupture which was not predicted ay
the EP analyses. This section discusses the factors postulated to have

causeo the disparity between predicted and measured fuel rod cladding tem-
peratures and the proposed resolutions for the possible causes. This sec-
tion also compares fuel roa cladding temperature data from the posttest
analysis, EP analyses, and LOCE L2-3.

3.1 Discussion of the Disparity Between Calculated and Measured Fuel
Rod Surface Temperatures

Three factors were postulated to have caused the early core-wide rewet
observed during LOCE L2-3 to not be predicted by the EP analyses: (a) the

,

initial fuel rod stored energy, (b) the calculation of system hydraulic
response, and (c) the RELAP4/M006 core heat transfer. These postulates are

.examined in the following sections.

O
10
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3.1.1 Fuel Rod Stored Energy

The initial heatup rates have been shown to be a strong function of
stored energy and to be a weak function of initial heat transfer and gap -

0conductance . Sensitivity studies on the effect of stored energy, gap,
conductance, and heat transfer boundary conditions on the fuel rod temper- -

ature response have also been given in Reference 8. It was concluded in
Reference 8 that stored energy and initial temperature rise can be closely
correlated. The same correlation method which tabulated the initial clad-
ding temperature slope and fuel rod stored energy for LOCEs L2-2, L2-3, and
L2-4 was used te predict the initial fuel rod stored energy, as shown in
Figure 11. The correlation is in good agreement with the LOCE L2-3 data
and is within the +20 uncertainty band of the correlation parameters.
Therefore, the discrepancy between the cladding temperatures predicted in
the EP and the experimental data is not caused by the initial fuel rod
stored energy.

A

3.1.2 Calculation of System Hydraulic Response

As discussed in Section 2, it is shown that the system hydraulic con-
ditions predicted in the EP analyses are in good agreement with the experi-
mental data and that the difference between the EP and the posttest anal-
ysis calculations for system hydraulics is very small. In the posttest
analysis, a core-wide rewet was predicted. The only difference between the
EP and the posttest analysis is that in the posttest analysis the measured

7initial test conditions and the Biasi CHF correlation were used. It is

concluded that the disparity between the fuel rod cladding temperatures
predicted in the EP and those shown in the experimental data is not due to
the calculation of system hydraulics.

3.1.3 RELAP4/M006 Core Heat Transfer
.

From the RELAP4/M006 heat transfer study, it is shown that the use of
.

the boiling curve in RELAP4/M006 has two variables which can be altered and

may cause early fuel rod rewet to be calculated: The first variable is the

12
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CHF and the second is the minimum film boiling temperature (o'emin}' ^

review of heet transfer correlations used in RELAP4/M006 has been performed,
and a 3-D plotting routine has been used to plot out the heat transfer
surface calculated by RELAP4/M006.# A comparison of AT m sus X -min
(quality) curve data from a General Electric Company Test 9 and data gener-

ated by the HTS 2 routine of RELAP4/ MOD 6 is shown in Figure 12. Figure 12 .

shows that RELAP4/M006 will never predict rewetting when the local equilib-
rium quality is greater than 507. at 6.87 MPa. The reason is that

0Hsu-Buckner's CHF correlation used by RELAP4/M006 was developed by

correlating the Semiscale high-flow CHF cata and may not be suitable for
2LOFT mid-f low cases (mass f lux of 100 to 600 kg/s-m ). As an alternate

6approach, the Biasi CHF correlation which covered the mass flux ranges
2trom 100 to 6000 kg/s-m has been built into RELAP4/ML6. Figure 13

presents a similar comparison to that shown in Figure 12. With the Biasi
CHF correlation, RELAP4/M006 can calculate rewetting for quality higher
than 50%. However, the trend with respect to mass flux is the opposite of
that shown by the General Electric Company minimum film boiling temperature

9test data which shows AT increasing as mass flux increases. Itmin
siivuld also be noted that the RELAP4/M006 data show lower temperatures than
is shown in the experimental data. However, the uncertainty on the minimum

film boiling temperature test data from General Electric Company is very
large.

The LOCE L2-3 posttest analysis was performed with RELAP4/ MOD 6 updated

(changed from the configuration used in the EP analyses) to include the
Biasi CHF correlation and measured initial test conditions. The fuel rod
terrperatur e responses calculated by the posttest analysis followed the
experimental data much better than those calculated in the EP analyses and
showed an early core-wide rewet. Therefore, it is concluded that the dis-

parity between the fuel rod cladding temperature responsa of the EP and the
experimental data is mainly due to an unrealistic heat transfer surface in

'

RELAP4/ MOD 6.

.

d. A detailed discussion of the RELAP4/M006 heat transfer surface is given
in Appendix B.
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_ . . _ _ _ _

3.2 Comparison of the Fuel Rod Cladding Surface Temperature Response
() Between Posttest Analysis and Expyrimental Data

Figures 14 through 29 show the fuel rod cladding surface temperature,

response calculated in the posttest analysis compared with the experimental
data. A core-wide rewet was predicted in the posttest analysis calculation.,

The fuel rod cladding surface temperature calculated in the posttest analy-
sis is in reasonably good agreement with the experimental data. However,

the peak cladding surface temperature in the posttest calculation was about
70 K Sigher than was observed in the experimental data. During the first

10 s of the LOCE L2-3 blowdown, the CHF time calculated in the posttest
analysis occurred about 0.5 s later than in the experimental data, and for
the lower and upper thirds of the fuel rod, the rewet time was calculated
to occur about 0.5 to 1.0 s earlier in the posttest calculation than in the
experimental data. For the upper third of the fuel rod, the experimental
data show that the fuel rod experienced a multiple rewetting. This multiple
rewetting phenomenon was calculated in the pos+ test analysis but was not
predicted in the EP. Similarly, the posttest calculation for the second

( rewetting for the upper third of the fuel rod was about 3.0 to 3.5 s ear-
lier than was shown in the experimental data, and the second CHF time was
about 0.5 s later in the calculation than in the experimental data. These
discrepancies resulted from the dryout void fraction used in RELAP4/
M006 and some of the fine hydraulic structures not predicted in the posttest
calculation.

The high fuel rod peak cladding surface temperature calculated in the
llposttest analysis was reinvestigated. A FRAP-T5 code model using the

flow and heat transfer values calculated by RELAP4/M006 as boundary condi-
tions was used to calculate the fuel rod cladding surface temperature.
Figure 30 presents the fuel rod cladding surface temperature at the hot
spot calculated by FRAP-T5 compared with the experimental data. The FRAP-T5

*

calculation is in excellent agreement with the experimental data. A study
'

,

has been made to find the reason why the cladding temperature calculateo by
FRAP-T5 is lower than that calculated by RELAP4/M006. Table 1 shows a

-

p comparison of fuel rod models used in the RELAP4/M006 and FRAP-T5 codes.
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TABLE 1. COMPARIS0N OF FUEL ROD MODELS USED IN RELAP4/M006 AND FRAP-T5

Modeling of Fuel Rod Phenomena RELAP4/M006 FRAP-T5

Elastic-plastic fuel and cladding Radial and axial expansions for Radial and axial expansions fordeformation pellet and cladding pellet and cladding; pellet
relocationa

Fission gas release GAPCON model l2 GRASS modell3

Gap conductance MacDonald-Broughton model l4 Ross-Stoute15 with fuel crack
model

y Transient fuel rod Ideal Gas Law Ideal Gas Lawgas pressure,

Material table MATF^L, Version 716 MATPRO, Version 1117

The fuel relocation and fuel crack models are used together in the FRAP-T5 code.- a.

|
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The main difference between the fuel rod models used in the RELAP4/ MOD 6
and FRAF-T5 codes is the fuel and gap conductance models. The fuel reloca-
tion model used in FRAP-T5 would result in a smaller gap width than that
calculated by RELAP4/M006, and a smaller gap width would result in lower .

initial storage energy. During the heat up period of the blowdown, the
heat up rate calculated by FRAP-T5 is smaller than that calculated by

.

RELAP4/M006 because the storage energy calculated by FRAP-T5 is lower than
that calculated by RELAP4/M006. Therefore, the cladding surface tempera-
ture calculated by FRAP-T5 for LOCE L2-3 is lower than that calculated by
RELAP4/M006.

4. CONCLUSIONS

The posttest analysis using RELAP4/M006 calculated the hydraulic
behavior in the LOFT system for LOCE L2-3 very well. A core-wide rewet was
calculated by RELAP4/M006 when r.7dified to include the Biasi CHF correla-

tion. When FRAP-T5 was used to calculate the fuel rod cladding surface
temperature, the calculation was in excellent agreement with the experi-
mental data. However, the AT trend with respect to mass flux

min
calculated by RELAP4/M006 was opposite (o the minimum film boiling test
data (AT increases as mass flux increases) from General Electric Com-min
pany. The calculated CHF time and rewetting time were a little too late
and too early, respectively. The transition time from subcooled to satu-
rated break flow calculated in the posttest analysis was a little too late.
To solve the above discrepancies, the following future work is planned:

1. More accurate AT tests for the mass flux from 10 tomin
2300 kg/s-m will be performed to check the RELAP4/M006 pre-

dicted AT and the AT trend with respect to mass fluxmin min
calculated t;y RELAP4/M006.

'

2. The fuel rod model used in RELAP4/M006 will be changed to be

consistent with the model used in FRAP-TS.
.

3. The dryout criterion in RELAP4/ MOD 6 will be reevaluated by com-
paring more existing experimental data.
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4. A detailed understanding of post-CHF heat transfer to develop
mechanistic models for analyzing and correlating the data will be ;
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COMPARISON OF CALCULATED AND MEASURED SYSTEM.

; HYDRAULICS DATA FOR LOCE L2-3
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) The most important system hydraulic parameters calculated for Loss-

of-Coolant Experiment L2-3 in the prediction and posttest analyses are com-
! pared with the experimental data in Section 2 of the text. To obtain bet-
j ter. understanding of the system hydraulics calculated in the posttest anal- i

ysis, more comparisons are given in this Appendix. Figures A-1 through.

A-84 show the system hydraulics data calculated in the posttest and predic-
'

tion analyses compared with the experimental data. In general, the post-
i tett end prediction analysis calculations agreed with the experimental data
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within the 'nge allowed by the instrument uncertainty.'
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Figure A-30. Comparison of pressure in broken loop hot leg for prediction,
posttest, and experimental data.
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Figure A-37. Comparison of pressure at instrument Stalk 1 at 0.631 m above

reactor vessel bottom for prediction, posttest, and
experimental data.

20.0
,

- --

0 RELAP4/ MOD 6 PRETEST DATA -

- -

- A EXPERIMENTAL DATA -

RELAP4/ MODS POSTTEST DATA -

e
-

15.0 _ 22 2 2

.- -_ - ,__ __...i I _.

._ ..._4__._. .p I ___

g . --
_ _ . . _ ..

_ . _ .,__ . . - .___ a_E
L

_ !'.__ _ _~

i _10.0
W \

'

_ .. _ _ _,.. ,. _ . ._ j _3-__l

.-_7__._
-

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

,

, _..__ __ _

g ;
._ ._ _

, . , _ _ .Q. I t ,N hL i i '*

i '
-__ ( :

,_ _ y- . - .. ,_ ,| ji i
.

_ . .

-

_ ___ k. i
.. ____ _ . .. . . N

_ - . ,-

_ ' . _ .a
._..__1 ,

4__ _ _
_ . .. _ _ ._.. . , . . ._. _,. __ s

. _ . . _ 4._
-

_

0.0 I ~

~~ ' '

' , ,

-10.0 0.0 10.0 20.0 30.0 40.0 .

TIME AFTER RUPTURE (31
Figure A-38. Comparison of pressure at instrument Stalk 1 at 5.319 m abover

'

reactor vessel bottom for prediction, posttest, and
experimental data.

54

|



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

20.0 . , , ,

o RELAP4/ MODS PRETEST DATA -

j
- A EXPERIMENTAL DATA-

e RELAP4/ MODS POSTTEST DATA -

15.0 2 2 2 2 2
, _ _

m e--i
-. _.

*
-. --

I.

k
~

10.0
W l 1_ ____ __g
3 l k

_ _

$ %
__ _ ,. _.W I ~" tmg

, . + _ _ - .-

5.O
___j_[. __ N

__ .__.j _ L_ _.._g
.l .___. % . _ _ . .._ ,____

____4_ __

'
- __ p

|
-

|
-

. -_
~

0.0

''.0-10.0 0.0 10.0 20.0 30.0 40

TIME AFTER RUPTURE (s)
Figure A-39. Comparison of pressure at instrument Stalk 2 at 0.631 m above

reactor vessel bottom for prediction, posttest, and
experimental data.

j | 0 RELAP4/ MOD 6 PRETEST DATA
a EXPERIMENTAL DATA
* RELAP4/ MOD 6 POSTTEST DATA

0.4
- | |

-

|
4

-

E 0.3 -

!
-

! "h- * *

h | | "f t
-

i
__ __c_..w

/g ,pnr
p"|,

W I
,

/ .#
$

i

00'2 -
- ! '

$ ||l
V [ l | | | 1 |,

$ ____ g #
# # # # !0.I'

I

| |! || ii
'

i

|0.0
-10.0 0.0 10.0 20.0 30.0 40.0

.

TIME AFTER RUPTURE (s)
Figure A-40. Comparison of pressure in blowdown suppression tank for

prediction, posttest, and experimental data.

55

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



6.5

__.f _ h. . . . . . _ .. _ _ .__ o RELAP9/ MOD 6 PRETEST DATA
_.

.

,
,

,

| j
+- t -+-- a EXPERIMENTAL DATA

* RELAP9/ MOD 6 POSTTEST DATA ~| 4- .__.-

V

!

- .

'c4 "o \ _. a_ __ ___ r_| | | | | |
'

# |,W%| | |
!y .__ ,! ._ ,' ._ ,i __ ..I_j_ ._..l_

7._ t
: i 'i',

*
; i i i | S
g _p.. _% _. %__ i .I i i i

'

:% _ -..__
7_ .5 ._

- __ _.

_ .{ _ _ _ .4 -._. _ f .
,

A
,

y ; :| : : - - - - - kt }- -I--b i-- b - -- I -4 -
] _ 1 _;. .
. I

._ . _ _._

, . - , , !\
__ j F. . . _ _ ._ _i....;

, , t i
$

'

i i

.

jLAi.N 4,_l | L ; .I ,
m ....;__._- f7 I l\t f m!

3

! - . _ .

}C'd _. . i . . +i . _ H -
:

.

-t--- -"
'f-' ,- --''--'---'T

__L_. . - s-_ .._f-_..'_-
. ... - . _ . _ ._ - . _ . - . - . .w.. . t.

| | ; ! ' ! I i ! i
' . .

i *

5.0 i

-10.0 0.0 10.0 20.0 30.0 90.0

TIME AFTER RUPTURE (s1
Figure A-41.

Comparison of pressure in stear" generator secondary side for
prediction, posttest, and experimental data.

6.0
. .

. _. ] __.. . ._

_q._ 7_ . . _ __

.._ l--E o R E L AP 9 / MO D6 PRE T E S T_.. _ . - ~ DATA ~

r---- 4 EXPERIMENTAL DATA
_{. _ RELAP9/ MOD 6 POSTTEST DATA. _ . -__ e

5.0
"__} _.

I

-- _._.
fI i

____- | | J___L
'

-

__

. _ , _ . --_

.3. . _ .

|
7_._ .

._ _[ --y- -
. _ .._ _

; - ; ;; 1- _-.4_ ._ , ;

- -'

.0
@ . _ L g_

__ j_ ,_ L j _ --
._. _ . _ .._. .__ . s

g __.

3
.__ . . _ _ .._ t_-.._,_4,__ s ,_-4,__.. ._ j . ~t -+-b ~

v --..
._~ _ _ + -

$ '3'0 ' !

$
_ __ f. _ L._.__. . _ . __ j___ .4_ ___

__ L_ _;__ ;._{ . ! _j__. j . -.; -

- {_.._f__.._[-.Ly

_g_p . . _-- 4_ __ .
. .__ p __ %-_ _7 _p - 4

. { _ _ . ._

_

. p_. . ... j ._a
-- _ . . -[ __7 _ _

q_. _, __q ____
2o

__ . | _ W.c :

_ 7_ .y.__1_. . .

. __{ .1. _ .. [. E d-o.__... _l ._t,.
1 _ p+Ma_ a_ 2.

_ ___
. ; _. p4. _L .y_ L . L__. ._._- { - .q

4 -

. . q 7 h.- -

_. f___
9 .}_ .

I_
. __,

,-3_
_ _ .

. 7_. .t" i '' -f'' T ']-- - #'~'~~'* * - * ' *~ '4'*

l.0
-10.0 0.0 10.0 20.0 30.0 90.0 .

TIME AF TER RUPTURE (si
Figure A-42. Comparison of pressure in accumulator for prediction,

posttest, and experimental data.

56



- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

20.0
M'

. .

a RELAP4/ MOD 6 PRETEST DATA
-f a EXPERIMENTAL DATAg f

V ---_- e RELAP4/ MOD 6 POSTTEST DATA
~

. . . ~ . I I II j15.0 - - - - -

J l 1 ,
; - -

.

j l e
,

i

1 I
f

a
0. '

| I'

b ~

[10.0 j 'li ,

'
' '

y ._M D I | __1

m __ j. % I

._! !
'a 1

m _. %. ! _I . i"

I
--.

.
-

k I. k2k . II I
*

!'

_Li_LL . ! ! '4 i I L.!_. ._ Ll_ __..l_*_; ! |_ _|_p_ L .
_ I ,% ! _i_ J__ .._j _i

J. _ ! _ _i i I *
__,_

i-~ ~ i t -
Mbb .... -_ j .* ' i i

i l i_ 1= m;j jw 60.0 - i - ,
- ' ''

,,,
'

-10.0 0.0 10.0 20.0 30.0 40.0 |

TIME AFTER RUPTURE (s)
Figure A-43. Comparison of pressure at emergency core coolant cold leg !

injection point for prediction, posttest, and experimental |

O data.
1400. |

. ,
, , ,

O RELAP4/ MODS PRETEST DATA
a EXPERIMENTAL DATA -

RELAP4/ MODS POSTTEST DATA -

*

1350.
_ _ __ _ _ _ _ l _| _ __ _ _

~
_ _ _ _ __ _ _ _

lla

| |
a

2
----- ------ -- 1 , ..._-- -----

o 1300. ----- ---- - - , . . .--

----- --- l $ E -
-yI I.lM h-|g _

-

|
* 5 II s n I

' '
.

a. I i| |

5 mu ' - ^- / I I
"--

a 1250. -.

: : : : : : : : : : : : (y: : : : : : : : : : : :

II
II.

1200.
-10.0 0.0 10.0 20.0 30.0 40.0.

TIME AFTER RUPTURE (s)O. ()g'

Figure A-44. Comparison of Pump 1 speed for prediction, posttest, and
experimental data.

57

:



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

40.0
h k- -

a RELAP4/ MOD 6 PRETEST DATA
~f ~~ *~ '~~ --' 6 EXPERIMENTAL DATA
]Z 4[ e RELAP4/ MOD 6 POSTTEST DATA' ' ''

_+!-___ j -; ; ; ,
30.0

,
-

y .__ _ . , _ . _ .. . _ _ . _ .

. .

7-.- . . . ; ,

,
j ,-

e j -r ! t --
.._7_

_

_ 7__ p- 7 7-,20.0
'-

-- ;; ;; , , ! j ! ;
>-

==
.__ ...___i_.. . _.w_.4___{ --

j | g
+--t

j'-i> r
,

,

g' |
'

", , h " ,

-

-- fo,
-

,
t_

_ s , , - , ,
L;8 10.0

- -
g g g. 3 = - g , t._

,
1

, _gw, 3
n _2T.E I~ %

'- | Ey ~

T-~
~ Qt -m -J,[

,

% 1M y -'

< ~~~

v.- a gg ;

ir si
'

JJ f | r< ia
'-

, i 3,;J D
g

-

---]'- 4__p j .. __1. j 7__h. ._."yi
W 0 * 0'--~

_1_ - _.4. .

-,.(. _- .___.. _ _ + _ . + - - .

._.._9._. q _ . 4._ --a. .. [._ - ._ _p_-__. j __ .-y.+-+- - + -- t- -y_ _ . + - . .--- * *

p-. p-+. .. .-.

_ . . . _ _ . } _. _ _; 77. m .__7 m . -.r. r r . -- t .

-10.0
-10.0 0.0 10.0 20.0 30.0 40.0

TIME AFTER RUPTURE (s)
Figure A-45. Comparison of average fluid velocity in broken loop cold leg

for prediction, posttest, and experimental data.

30.0 , , ,

--- - - -- ! O RELAP4/ MODS PRETEST DATA
y-. _ _ _ _ .. _ _ . . .

7--- 6 EXPERIMENTAL DATA
' '

* RELAP4/ MOD 6 POSTTEST DATA
I

~ [~~~~
|

20.0 '

~f '

I i j! | | 1 |

( ! +.. -- l
-

- i i,

: : . ' '-

, --

_1_f.__ .. _1_ L.__
| I,

l'e I ,

._ -
i j_ - -_ p- ,

,

? . J . _.. _ i

' - - -

g# ar'S T 1 4" " '

! ' ' '0 10'0 ^I"

6 ' Mo I ! i_ .

f
_

C # WW N
w - .L L_. . !

'

1

T) _ |
> ! i

r i_~ _t_ w
_._.

~

1

- - I
0.0 _ .__

i

E g

| | _. __L__ __.

, ,,
_4 _ _ ._ _: . . ,_. j _ . L_. .__;_{ _ ; .._ .

, . ,,w
._7_ . .

..d _. p. r- F '
4 - * - * - ' - * - -~*-i--+--+--

-._

_- M ~~-'J_-- +---~--{ T *- .--9._ L_ L. _ _ ._..y . . ; ___. _. . . _ 7 . ; . . ._. . . ,

. L.. -. g . . _ <. . . _ . . p . . p. . . . . . . . . . . . . ._ . .

-10.0
-10.0 0.0 10.0 20.0 30.0 40.0 .

TIME AFTER RUPTURE (s)
Figure A-46. Comparison of average fluid velocity in broken loop hot leg

'
for prediction, posttest, and experimental data.

58



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

75.0 , , ,
,p) - +- o RELAP4/ MOD 6 PRETEST DATA

4 -- ---- - A EXPERIMENTAL DATAD
-t --- e RELAP4/ MOD 6 POSTTEST DATA

i
~

; 50.0
' | I | | l I I II I I

;
,

i
_ __ [__ __.

1_-
,

; ft-
__. . _ _ ..__. _ _ . . _ _ . <. _p -

- _

i ! I __ j6
2_

-
, fo 25.0

iO k ._. . ._l j _._p l _ .._ -[.-_ L _f-___. r. p
_l s [ 4 4 _ ._p.w
_i _.. . _- _ _ _ .-. . s ___y _._J>

_ i . n_n
: -,- = t J 3 --

_

^,
'

j ~ f, T

0.0a _[ l , , ,,,y __ q _ _a. . . . r - ._ .._

Q -. . . _ . . _ - __g .. _ _ + _ _ _-|. . . .s- r L..._.,_..-.s-

_, _ _. _ - . _ _ _ _ . ._ 4 . . . . . _ . . . - .

. q- .__. 3 3 7..
. __. . ( -- _ .. . . . ..

-25.0
-10.0 0.0 10.0 20.0 30.0 40.0

TIME AFTER RUPTURE (si

Figure A-47. Comparison of average fluid velocity in intact loop cold leg
for prediction, posttest, and experimental data.

30.
_L _L. k_ .- --0 RELAP4/ MOD 6 PRETEST DATA -

, , ,

d- f- b - A EXPERIMENTAL DATA
_ p.._. __ . e RELAP4/ MOD 6 POSTTEST DATA
_ t _.Fy

.

' I ! ! I I ' I f '"l
.

.

{ _ _'__;__ l 8

~

20' .

.i_
__L_ _ ___ ! l 8>

l
.

r __ ___ ____| t
._

f'
_

o 10.
o, _ _ _ _ . _ . ' __ l #

; ,w .
_ ! I _f.>

. ;_ _._L; : LE I i I -] _i_...

w W U . m Mk
_'T"V A l d.a JJT

m, !1La 1 j
$ ri %j

." " "

U**
11 h

. i. J ' ~

r

$ IT 'l X | J .!
; , __, N j,,. 4

_ _ . .

~__ p -- ], - r-- + -
*<

_ j .q _ -- _7-
- m,+-

._. .-

.. p .. _

. p p .+ . ..l _ . _._______4_..
_..._.3,_ l, t._. _ _ + _i | | | i t i-10.

-10.0 0.0 10.0 20.0 30.0 40.0.

TIME AFTER RUPTURE (s)
Figure A-48. Comparison of average fluid velocity in intact loop hot legV for prediction, posttest, and experimental data.

| 59
|
|

1
--. - -



600.
. .

O RELAP4/ MOD 6 PRETEST DATA -

' o EXPERIMENTAL DATA -h * RELAP4/ MODS POSTTEST DATA -h- ;,
. ^ . - >

_ . - - - -y ;-
x 550.

, %w-
-

w 1
$ \

. _ ,

r 9 -_ __,_

< g
-

-

$6 500.

E
-

% /vu % I
%%N "y

Z
< 450. T
J ,

s
o ' -

lo '%
g .

400.
-10.0 0.0 10.0 20.0 30.0 40.0

TIME AFTER RUPTURE (s)
Figure A-49. Comparison of average coolant temperature in broken loop hot

leg for prediction, posttest, and experimental data.
600.

, , , , , , , , m --

0 FELAP4/ MOD 6 PRETEST DATA
A EXPER! DENTAL DATA [

w.RELAP4/ MOD 6 POSTTEST DATA _

*. . . - - -
'" c= s- wn

sto
7k

h
- n

500.
w ~ Q

q,
$ Vr
4 t >A
a 450. , y

'

t
a

y , ,

Fa
G. I ' | [' rE ,

U Rn , M. i

% ( l I
'

[400. ', '
/ ,.

,uu
-- I \' H|

'

\ '

350.
-10.0 0.0 10.0 20.0 30.0 40.0 ,

TIME AFTER RUPTURE (n)
Figure A-50. Comparison of average coolant temperature in intact loop cold

leg f.or prediction, posttest, and experimental data.

60

1



. _ _ _ _ _ -

|

|

\

l

600.,_, 1
,

. , . x

g a RELAP4/ MODS PRETEST DATA
! A EXPERIMENTAL DATA -\ L * RELAP4/ MOD 6 POSTTEST DATA -h

's >-%550.
. ' h

_

Nk_

x 1L
'.

W t

i($ 500.
s
< h
5

.
.___ __

%
b A

-. -

|
ct

\r 950.
%

tk.A A

--- %
m

400.
-10.0 0.0 10.0 20.0 30.0 40.0

TIME AFTER RUPTURE ts)

Figure A-51. Comparison of average coolant temperature in intact loop hot
p leg for prediction, posttest, and experimental data.

600. , , ,

_

o RELAP4/ MOD 6 PRETEST DATA
a EXPERIMENTAL DATA
o RELAP4/ MOD 6 POSTTEST DATA,

w 2 *+,,..w.sysrs w

7DD ,

- | F-O- e*-e*e- #-
y 550.
-

, q,.
. . ,g . . .

w
. . .E

p .
.

H
< ,

.

$ 500. Nc.
I
w '

H
. . .. .

r
.Z

< 950.
J

Ys.o
O a

,'em
,

4

900.
-10.0 0.0 10.0 20.0 30.0 40.0.

TIME AFTER RUPTURE isi
O) Figure A-52. Comparison of coolant temperature on instrument Stalk 1 at(

i s/ 4.808 m above reactor vessel bottom for prediction, posttest,
! and experimental data,
i

61

. . _ . . . - -.



600.
, , .

- -

0 RELAP4/ MOD 6 PRETEST DATA '

A EXPERIMENTAL DATA-

, . . * RELAP4/ MOD 6 POSTTEST DATAM< r a-at-e t-a ta

O 550.
_ k#'

%gg .s
. ..

w -

E ,

D .
.

>-
4 . .

-

" 500. *

a
r
y . . .

*-
. .

*-
iZ

< 450.
,,

j 1,g .
o 6
0

- $. 6

't

400.
-10.0 0.0 10.0 20.0 30.0 40.0

TIME AFTER RUPTURE (s1
Figure A-53. Comparison of coolant temperature on instrument Stalk 1 at
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and experimental data.
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F igure A-57. Comparison of coolant temperature on instrument Stalk 1 at

1.760 m above reactor vessel bottom for prediction, posttest,
and experimental data.
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and experimental data.
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Figure A-59. Comparison of coolant temperature on instrument Stalk 1 at
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Figure A-61. Comparison of coolant temperature on instrument Stalk 1 at

0.338 m above reactor vessel bottom for prediction, posttest,
and experimental data.
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Figure A-63. Comparison of coolant temperature on instrument Stalk 1 at

1.166 m above reactor vessel bottom for prediction, posttest,
(h and experimental data.
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Figure A-64. Comparison of coolant temperature on instrument Stalk 2 at

x 4.808 m above reactor vessel bottom for prediction, posttest,
and experimental data.
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Figure A-65. Comparison of coolant temperature on instrument Stalk 2 at

4.199 m above reactor vessel bottom for prediction, posttest,
and experimental data.
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Figure A-66. Comparison of coolant temperature on instrument Stalk 2 at

3.589 m above reactor vessel bottom for prediction, posttest,
and experimental data.
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Figure A-67. Comparison of coolant temperature on instrument Stalk 2 at
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2.370 m above reactor vessel bottom for prediction, posttest,
T and experimental data.
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Figure A-69. Comparison of coolant temperature on instrument Stalk 2 at

0.643 m above reactor vessel bottom for prediction, posttest,
and experimental data.
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! Figure A-70. Comparison of coolant temperature on instrument Stalk 2 at

0.541 m above reactor vessel bottom for prediction, posttest,
and experimental data.
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F igure A-71. Comparison of coolant temperature on instrument Stalk 2 at

0.236 m above reactor vessel bottom for prediction, posttest,' and experimental data.
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71



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

700.
; ; ,

_. -_{.- -t-4 - O RELAP4/ MOD 6 PRETEST DATA
,

,

._i.__ -_ J_ [-- a EXPERIMENTAL DATA_.

;- I - - - [_-L-t FJLAP4/ MOD 6 POSTTEST DATAe
t

. _ 4 _ . . .t,_.
. .

__4
|

! l
*

V 600. ; t i i l l | | 1 ! | | | | | |

_ _ ].-_! . .
I

~

_ _ _ _ .. |]_ . } _. _ .J _ [._.__ J ..[
*

1.
_. _ _ .j_ __ d. _ . i.- ] _g g4;|__ .

' '

a -; m _ L4 _.
-

l_ . _i - 4- _
! L.' r t i

. ._ _. _ ; _ 1_ __ . . .*
-. , - .' - . . + - - -

. ,

- !
:

- - . - -

500.u
g .3 , , , , ; ; i

t T' ~ ij~I
, , ; i , i_ ._ . r 7,_.". ~~t;Q

. . ] , . & __
._

I
__ 7 -_ i _[_

f'
J.~ +. .

.i . . is
' t ! l,

_.f_ .l -
i. 7_ . . _ p- ; ___ g . ._ . {.__

. . _ . |.

g 1...._
< 400. -

... j ._.p p . ._ J _

_, . . . .

_;
.' .!-- .' . i ! - ,!_

q 1 -._.; . . _ . J 4_o
. . - | ' ' tg 7_.,_. y {. ; _.

4- r e.o -; ._... . 4 .. -. ;_

_{
_ _ . . _ ,

7...- _ .7 ,_ . - _ _ _ . . . _ . ._

7 .-_,__4_ -_q _ -
.

_ g _ --, .; ! ! 6 i 1 r I .
_,-.._.5 .

I i ,ii'300. ,

-10.0 0.0 10.0 20.0 30.0 40.0

TIME AFTER RUPTURE (s)
F igure A-73. Comparison of coolant temperature in fuel Module 1 lower end

box for prediction, posttest, and experimental data.
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F igure A-74. Comparison of coolant temperature in fuel Module 2 lower end

box for prediction, posttest, and experimental data.
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F igure A-75. Comparison of coolant temperature in fuel Module 3 lower end
box for prediction, posttest, and experimental data.
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F igure A-77. Comparison of coolant temperature in fuel Modu 1 upper end
box at drag disc-turbine transducer for prediction, posttest,
and experimental data.
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Figure A-78 Comparison of coolant temperature in fuel Module 2 upper end

box for prediction, posttest, and experimen al data.
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Figure A-79. Comparison of coolant temperature in fuel Module 3 upper end

box for prediction, posttest, and experimental data.
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O Figure A-80. Comparison of coolant temperature in fuel Module 3 upper endC/ box at drag disc-turbine transducer for prediction, posttest,|

and experimental data.
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APPENDIX B

:

RELAP4/M006 HEAT TRANSFER SURFACEe

3
,

An essential element of calculating rewet behavior using RELAP4/
M006 is in the proper prediction of post-critical heat flux (CHF) heat
transfer as reflected in the calculated boiling curve. The RELAP4/
MOD 6 post-CHF portion of the boiling curve is constructed by summing the
transition and the film boiling correlations, as shown in Figure B-1. Al-

though a minimum wall superheat, ATmin, can be calculated, it is not
generally. For a given pressure, mass flux, and equivalent diameter, a
family of boiling curves is obtained by varying the quality parameter of
the post-CHF haat transfer correlation in RELAP4/ MOD 6 generating a heat
transfer surf ace, as shown in F igure B-2. The locus represents the in-
stantaneous fuel rod surface condition. The trajectory of the loci shows

~] the fuel rod surface condition during the transient.
[V,!

The f ailure of RELAP4/M006 to predict rewet can now be explained.
Since the RELAP4/M006 post-CHF heat transfer correlation is related to the
heat flux at the CHF point, different CHF correlations will result in dif-
ferent boiling curves as shown in Figure B-3. For medium mass flow rates,

the Biasi CHF correlation will calculate higher q"CHF than will the Hsu-,

Buckner CHF correlation and the AT calculated by the code will be lar-min
ger for the Biasi CHF correlation than for the Hsu-Buckner CHF correla-
tion. For example, at the same AT , the B iasi CHF correlation will re-y

duce the rod surface temperature below rewet temperature, while the rod
surf ace temperature calculated by the Hsu-Huckner CliF correlation will

still be above the rewet temperature. This does not mean that an arbitrary
CHF correlation can be used. The CHF correlation should cover-a large

,

range of test parameters, and the AT calculated by RELAP4/M006 shouldmin
compare with the experimentul data.

,

81

. . -. - . . >



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

h

9"DNB
___

1

I
i

- Nucleate | Transition
I" boiling boiling >

& I ='\l -s -J"
____

$ \ I

l \NI
g \ l

| \I Film boiling
i \1
I I

l I

I I
I I
I I
I l
I l
i I
I I

ATDNB ATmin

Log ATsat IN E'. A-14 157
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[m As mentioned in Section 3 of the text, the use of the boiling curve in
\

Q/ RELAP4/M006 has two variables which can be adjusted to cause fuel rod rewet.
The first variable is the CHF, which is discussed in the preceding para-
graphs, and the second is al To use the second variable, the manner, min.
of generating the boiling curves in RELAP4/M006 should be revised in a

manner similar to that used in TRAC-PlA -1 Figure B-4 represents aB
.,

typical TRAC-PlA boiling curve. The post-CHF region is generated by using
the nucleate boiling and the CHF correlations to define q " and AT

0NB DNB'
Next, AT and the film boiling correlation are generated through use ofmin
the minimum wall superheat correlation and evaluated at AT to yield

'

min
These two points are then interpolated, with respect to wall"qmin .

superheat, linearly on a log-log basis to produce the transition boiling
oortion of the boiling curve.

If the temperature at which the rewet should be predicted is now
denoted as AT its relative position on the boiling curve is ast.2-3 rewet,

shown in Figure B-5. If the AT calculated by RELAP4/M006 is less thanmin
ATL2-3 rewet, the code will not predict rewet. The second option is to

( change the AT such that AT is larger than ATL2-3 rewet; there-min min
fore, transition boiling is introduced instead of film boiling and a rewet
is calculated. Using TRAC-PlA for example, the AT was defined by themin

BHenry correlation -2 and is less than AT as shown inL2-3 rewet
F'gure B-5. For this reason, the TRAC-PlA calculation does noi. predict
rewet. However, TRAC-PlA + Iloeje, which used the Iloeje AT conela-min
tion, calculated AT I oeje as greater than the aT There-min L2-3 rewet.
fore TRAC-PI A + Iloeje predicted rewet.
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