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1
l

ABSTRACT

Heat transfer phenomena are analyzed for test series 100
of the Thermal-Hydraulic Test Facility, part of the Pressurized-
Water Reactor Blowdovo Heat Transfer Separate-Effects Program.
Heater rod surface temperatures are found to be sensitive to
relatively small variations in flows The mechanisms causing
departure from nucleate boiling and rewetting are analyzed. .

1

Comparisons are made between heater rod surface tempera- ,

!tures calculated from thermocouple responses and surface
temperatures produced by the thermal-hydraulic transient
simulator RELAP4/M005 (update 2). The code's predictions are
relatively accurate in the lower region of the test section
and considerably high in the upper region. The procedures in
the code which produce these results are discussed in detail.

I. INTRODUCTION

This report is an analysis of the heat transfer phenomena observed
in test series 100 of the Thermal-Hydraulic Test Facility (THTF), part of
the ORNL Pressurized-Water Reactor (PWR) Blowdown Heat Transfer (BDHT) Pro-

gram. The program, which is sponsored by the Nuclear Regulatory Commis-
sion, was established to obtain information for use in develeping models
that can be used to determine the margin of safety extant in the design

of PWRs. Hence the program's primary objectives are (1) the determina-
tion of time to critical heat flux (CHF), surface heat fluxes, surface

'
temperatures, local fluid properties, and heat transfer coefficients

during a blowdown transiec.t and (2) the evaluation of the ability of

existing computer codes to predict the transient behavior of the THTF.
The primary source of data to meet these objectives is the THTF, a non-

!

nuclear pressurized-water loop containing 49 full-length,* electrically

!*
Full length refers to the 3.66-m (12-ft) heated length. For a de- ;

'

. scription of the THTF, see Ref. 1.
I

i

i

1
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heated rods arranged in a 7 x 7 bundle (Fig. 1.1). Test series 100 con-

[ sisted of six tests conducted from Apr11'23 to August 19, 1976 (Tablo I.1). -

| The overall system response of the TilTF in test series 100 was analyze-d
'

t

|' in a previous report.2 'r

n !

$
4

Table I.l. ORNL ADHT Separate-Effectn Program test mattfx - first 49-rod bundle !
|
'

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

n Tent No,
j Va s t ab le -

2t' lO(r 101 102 104 103 105
,

2-

| Nod pu er, kW/ rod 0 30.5 122 122 122 122
' l'npowered rods 0 0 0 0 0 0

,

foolant mass flow rate
hg m*# hr-l 10** 12.7 12.3 12.1 12.1 12.3 12.2=

lb, hr*5 ft'' 10** 2.60 2.51 2.48 2.51 2.51 2 50x

j Break locatinn (and area in (0.5A) Out In (0.5A) In (0.5A) In (0.4A) h (0.4A)
g ratio where applicable) Out (0.5A) Out (0.5A) Out (0.5A) Out (0.6A) Out (0.6A)

,

f Naminal brtak size /' t 200 lk, 200 200 200 200
4 Time heater rnd power 0 0 2 2 2 + power
, on after blowdawn decay"I luttiation, sec

h Coolant inlet temperature
A K 560 S SN 555 500 SSB $$eI *F 549 545 54s 548 545 5451

l Coolant outlet temperaturc l
d K 559 57:1 608 607 607 607I *F 547 571 611 6 'J 2 b32 b'2

'

i
ij System prennure

j IMPa 15.h th5 1%7 1%6 15.8 15.5 '

.; pntg 2263 2245 2271 22h3 2?84 2253
| Pump condit ton during
j blowdown off Off off off off off
i Sheath thi rviocouple upper
. set point
i Steady state T + $0*F or 28 k >

T[*"+$0*For28K 1150*F 1350*F 1450*F; Trann-tent
j 1005 K 1005 K 1061 K.

) sc hedule 4n3/76 5/27n6 6/lan6 7/en6 8/4/76 a/19/7n

thathermal test.

j A 200% break has a total break area A of 12. 5 cm' (0.0115 tt').
"lleater rod power decayed with a 0.45-set time constant for a total of eight time constants.

.

:
i

! |

| In this report the test section heat transfer is considered in de-

! tail. Since an understanding of the observed heat transfer phenomena is
.

impossible without familiarity with the hydrodynamic response of the sys-4

t

tem, the reader is urged to read Appendix A prior to reading the main text.
} Test series 100 was the first series conducted in the TitTF with the elec-

- tric rods'in place. The first three tests of the series were designed to ]3
:

$
.

.

$
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.obtain baseline hydraulic'information and did not have sufficient power
[

to produce a significtint number of departures from nucleate boiling (DNB).
-Therefore, only the last three tests of the series - 103, 104, and 105 -

will be considered here. 'Each'of these tests began with the THTF near ;

15.5 MN/m (2250 psigl and with 5.978 MW being supplied to the rods. The - ;2

system was then allowed to blow down into a large cavity at near atmo-

spheric pressure through two simultaneous breaks..
The heat transfer effects produced by these tests are analyzed both ;

qualitatively and quantitatively. An explanation of the phenomenological )

sequence, with emphasis on the causes of CHF and subsequent rewetting, is [
presented first. In this discussion, we use rod surface temperatures and

fluxes calculated from rod power and thermocouple responses. Fluid con-

[ditions have been inferred from measurements of volumetric flow, pressure,

density, and fluid temperature. Although THTF behavior is not claimed to |

model a PWR undergoing a hypothetical loss-of-coolant accident (LOCA),
this section identifies areas deserving particular attention by those :

attempting to develop accurare thermal-hydraulic codes for margin-of-
safety calculations.

Two important reasons exist for computer code verification work in

the BDHT Program. First, the thermal-hydraulic environment of the THTF

is in the range of operating conditions of c PWR. Thus the successes or !

failures of a code in predicting the transient behavior of the THTF can
|

provide direct guidance in choosing calcu".ational methods for future code
,

development. Second, calculation of local fluid conditions, such as ,

quality and mass flow, for use in heat transfer coefficient correlations
'requires the accurate " extrapolation" of fluid measurements outside the

| test section to specific locations within the rod bundle. na accurate

thermal-hydraulic code is therefore a necessity. This report evaluatas
the ability of RELAP4/ MOD 5 (update 2) (or RELAP4/M5U2)3 to predict THTF

behavior and to function as an "extrapolator" for experimental boundary

conditions. This version of RELAP is the most recent one in general use. I

!Although RELAP4/ MOD 6 has been developed, it is currently available for
r

CDC computers only and thus is unavailable for general use.!

Following the discussion of RELAP are the results of heat transfer ;

coefficient calculations. These results are both tentative and limited
,

y

|

,

I
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because of our current inability to achieve the accurate local fluid con-

ditions ment.ioned in the preceding paragraph. We were able to calculate
fairly extensively the ratio of the surface flux to the difference of sur-

face temperature and fluid saturation temperature, but we are unable to
evaluate, for comparison, current correlations that require mass flux,
quality, or similar variabica, except in a very restricted period.

Finally, a summary of the most important points of our analysis is

presented. We believe that these results can make a significant contri-

bution in defining areas most in need of attention in the development of

codes for determination of the margin of safety for PWRs.
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Fig. I.1. Thermal-flydraulic Test Facility (TilTF).
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II. PHENOMEN0 LOGICAL ANALYSIS

-11.1 Discussion of E:tperimental Data
l
!

Any analysis of experimenta1'results must include consideration of
measurement error associated with the data acquisition and reduction

'

process. Therefore a brief discussion of measurement error in the THTF |
3

will precede.the description of tests 103~to 105. Several facets of this
I

discussion will be of considerable importance in Chapters III and IV as
'

well as later in this section.

The instrumentation in the THTF is described in Tables II.1 and II.2 ;

and can be located using Figs. I.1 and :11.1. Tables II.3 and 11.4 pre-

sent the precision of the recorded signals. The steady-state pressure
2difference across the THTF test section is approximately 0.207 MN/m

(30 psi) and is even smaller throughout most of the transient. Thus the
2standard deviation of the absolute pressure measurement [0.185 MN/m

(26.8 psi)] makes it impossible to accurately determine the pressure dif-
'

ference across the core by subtracting absolute pressures on each end.

Since the pressure difference instruments across the test section suffer

from excessive " ringing" in their output signals, accurate pressure dif-

ferences across the test section in the transient are not currently avai]-
,

able. However, absolute pressures and temperatures are measured fairly

! well. Unfortunately, the same cannot be said for the volumetric flow ,

measurements (Table II.4). Rather than accepting the manufacturer's

quoted errors in precision, BDHT Program personnel are verifying the pre-
cision of all THTF instrumentation. Such efforts have led to the dis-

covery of a large possible error in the turbine meter output." Although
,

these errors cause us to be suspicious of the magnitude of the output

signal at any giv6n time, we believe that the fluctuations in the signal
usually represent actual fluctuations in the volumetric flow. Even this

statement must be qualified by the fact that changes in rod bundle power
' or mechanical vibrations were apparently the cause of occasional reverses

in polarity _in the turbine meter signals, thereby reversing the algebraic
sign of their output. Further, the THTF drag disks were sized to measure

the violent initial shock of blowdown, thereby causing output signals for

>

, ,- - ,x, -- - -, m ,__ . . _ . .
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Table 11.1. Data sensor locations and systems characteristics

- - -.
,

[E g,a des nt on
"Location and measurement b

Main pump, j
Inlet pressure PE-76 P1

'

i| Inlet fluid temperature TE-74 TF3 'I

Differential pressure P E-78 DP1 ;d' Pump flow FE-1 F2 i

Discharge fluid temperature TE-4B, TE-568 TF2 *

t

Presi urizer

Vapor space pressure PE-106 P1 <

Vapor space pressure PT-102 P3
,

Vapor space temperature TE-1 TF4
Vapor space temperature TE N1 TF2
Bottom outlet liquid temperature TE-3 TF4
Liquid level LT-100 L

P, ump bypass heat exchanger !

Secondary outlet temperature TE-13, TE-557 TF2
Secondary flow FE-550 F1 -

Primary outlet temperature TE-5B TF3

Yuree main heat exchangers

Primary upstream pressure of all PE-44 P1.

Primary AP of all P E-46 DP1d
Primary AP of each .P T-48 DP>d
Primary outlet temperature TE-30B, TE-32B, TE-34B TF3
Secondary outlet temperature TE-52/-525. TE-54/-627, TF2

TE-56/-727 ,

Secondary flow of each FE-522A, FE-620, FE-720 F1
Primary downstream temperature TE-28B TF3 I

of all

Test section 1

bundle inlet pressure PE-156 P1N+

bundle outlet pressure PE-201 P1.

Test bund 1r AP P E-200 DP1d#Miscellaneous bundle AP P T-199d
Fuel pin temperatures TE-301-TE-349 (460 max)d TP
Inlet line fluid temperature TE-162 TF4
Inlet line fluid temperature TE-160 TF2
Outlet line fluid temperature TE-212 TF4
Outlet line fluid temperature TE-210A, TE-210B TF2
fundle inlet temperature TE-150-153 TF4
Inlet to outlet. fluid AP P T-30 DP2d
Voltage across bundle

dIndividual rod current
(49 m3x)d

1

Outlet subchatusel fluid temperature (64 max) TF1
Miscellaneous fluid temperature (36 max)d TF4 i
Outlet line pressure PT-32 P3
Individual generator currents (4 max)d I

,

I

,
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Table 11.1 (continued)
i

Instrument Sensor i
Location and measurement Iapplication No.G designation

J

Inlet line spool pieces''
1

Flui 9 density DE-20 DE-168 D i

Pressure P C-26. 10114 P1 )
Fluid temperaturt. TE-24, TE-l^/2 TF4 <

mf -22, F,g -170 MFMomentum flux F E E

? Velocity FE-19, FE-166 V

Outlet line spoo1J 1tces

Fluid density DE-36, DE-218 D

Pressure PE-42, PE-224 P1

Fluid temperature TE-40, TE-222 TF4

mf -38, F,rE-220 MFMomentum flux F E

Velocity FE-34, FE-216 V

4

Pressure-suppressiorgsystem
Receiver pressure PE-412 P1 ,

Recirculating water temperature TE-408B TF3
Recirculating water flev FT-406 F3

Blowdown lines:

Initiation of blowdown XE-4 2 0-XE-4 2 3 BW
l Rupture disk buffer pressure PE-979, PE-989 P2

#Many of the symbols on the figures in this report refer to the instru-
ment application numbers given in this column.

Sie Table 11.2.
#Three different measurements possible; only one monitored at any one

ceme.
dNumbers in parentheses indicate quantity of sensors for the measure-

ment.
#There are two spool pieces in the test section Inlet line and two in

the test section outlet line, with the blowd,wn lines connected between the

spool piece in each line,

most of the transient, when momentum flux is much smaller, to be of the
same order as the instrument uncertainty. Efforts to improve TllTF in-

strumentation are under way.

When analyzing three-dimensional phenomena, it is important to remem-
ber the distinction between quantities measured directly and quantities
calculated ftom direct measurements. This is particularly important for

transient three-dimensional phenomena. Determination of rod surface ;

,

k

n

e
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Table 11.2. Sensor description
I

Measurement Designation Type .' i

i
Fluid temperature TF1 Chrome 1/Alumel, 0.090-in.-0D metal-sheathed ;

; . thermocouple J
''

TF2 Platinum RTD
'

TF3 Chrome 1/Alumel, 0.125-in.-OD
TF4 Fast-response, exposed-Junction Chromel/Alu- ,

mel thermocouple
Fuel pin simulator TP Chromel/Alumel, 0.020-in.-0D metal-sheathed,

insulated-junction thermocouple
Pressure Pl Strain gage

,

'

P2 Bourdon tube gage
P3 Force balance pressure transmitter

i Differential pressure DPl Strain gage oo

i : DP2 Force balance DP cell ,

Fluid flow F1 Turbine meter -

1 F2 Orifice
! F3 Pipe elbow taps |

Momentum flux MF Strain gage castilever beam (drag disk),
'

bid irectional

Density D Gamma attenuation /photomultiplier tube
'

Voltage E Voltage divider
Current I Shunt
Initiation of blowdown BW To detect when rupture disks have broken

(blowdewn initiated)
Liquid level L Force balance DP cell
Velocity V Turbine meter, bidirectional

4
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Table ~11.3. Precision of experimental measurements
in the THTF for test series 100

System Standard deviation :

2
3 - Pressure measurement, MN/m gpggg) ,

Computer-Controlled Data Acquisition System 0.185 (26.8)
'

,

(CCDAS)
.

Analog tape system 0.197 (28.5)

Pressure difference measurement !

2CCDAS, FW/m (psid)
26.89-MN/m (1000-psid) span 0.025 (3.6)
21.38-MN/m (200-psid) span 0.005 (0.72) i

20.34-MN/m (50-psid) span 0.001 (0.18)
2 ;Analog tape system, MN/m (psid)

86.89-MN/m (1000-psid) span 0.033 (4.8)
21.38-MN/m (200-psid) span 0.007 (0.95) ;

i
2l' O.34-MN/m (50-psid) span 0.002 (0.24)

Temperature measurement, K (*F) 2.4 (4. 3)
Electric core power measurement

,

Rod current, A 0.877

Rod voltage, V 0.304
2 2

Momentum flux measurement, kg/m-s (Ib ,/ft-sec )
CCnAS 2264 (1522) i

Analog tape systec 2554 (1716) ;

3 IDensity measurement at 961 kg/m (60 lb,/ft3), 12.9 (0.81)
kg/m3 (1b /ft )~8

,

'.
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I Table 11.4. Precision of flow measurements |
!in the THTF for test series 100{

4

e

3Standard deviation [m /s (gpm)] ,

Measurement,

! "7" ""
Forward Reverse ;'

!
!

4 .,

All tests except test 101
,

i i

! FE-19 +0.0009 (+13.97) +0.0011 (+16. 77) }
4).0002 (-2.90) -0.0004 (-5.70) i

i FE-166 +0.0012 (+18.74) +0.0010 (+16.15)
i -0.0005 (-7.68) M).0003 (-5.09)
L FE-216 +0.0048 (+75.59) +0.0020 (+31.79)

Ej -0.0041 (-64.52) M).0013 (-20.72)
! FE-34 +0.0021 (+33.39) +0.0124 (+197.11)
| -0.0007 (-11.26) -0.0110 (-174.97)

Test 101

1 'i
i FE-19 +0.0018 (+28.59) +0.0022 (34.15) ;

f -0.0004 (-6.45) -0.0008 (-12.02) ]

| FE-166 +0.0051 (+81.55) +0.0034 (+53.43)
| 4 .0037 (-59.41) -0.0020 (-31.29)
1
; FE-216 +0.0101 (+159.35) +0.0040 (63.35)
| -0.0087 (- 137.21) -0.0026 (-41.21)
!- FE-34 +0.0021 (+33,39) +0.0124 (+197.11)

M).0007 (-11.26) -0.0110 (-174.97)
i . _ . .

!
t i

i i

| temperatures, rod surface heat fluxes, local heat transfer coefficients, |

| and mass flows requires the use of cal'culational procedures to derive these

quantities from measured properties. In the literature, errors quoted for
,

|
such quantities are usual.ty derived by assuming the method of calculation

to be exact and simply computing the propagation of the errors in the di-

| rect measurements. Since there is seldom any way to quantify the error

| inherent in the calculational method, there l's'little else one can de,

| However, this implies that adoption of a et;6de but simple calculational

; procedure will make error calculations quick and easy and may produce

; small computed error in the result. A more sophisticated and rigorous ,.

1 :

calculational method may result in error calculations becoming quite !

l
;

1
1

t

:
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difficult and in 'the ultimate _ production of larger quoted errors. Even
'

though this-latter method appears to require greater effort and to give
a poorer result, it is frequently superior to the former. Data ana.1.ysis

^

is commonly performed using crude calculational models that produce cos-
metically superior results without consideration of the possible errors ,

introduced by these models. The BDHT Program personnel have resisted

this temptation and are attempting to use calculationa] procedures that
are as accurate as possible for each computed quantity.

7

Design of the heater rods in the THTF was motivated by a desire to >

simulate the thermal-hydraulic response of nuclear fuel pins. The re -

sulting complex design (Fig. II.2) has produced considerable problems )

in the calculation of surface temperatures and fluxes, Notable among

these problems have been imperfectly crushed Mg0 and BN within the rods, |j

which makes it impossible to use tabulated values for their thermal
properties, and the presence of a gap near the thermocouple groove between
the two steel sheaths, which introduces a large step in the radial rod

temperature profile. A major effort is being made to properly account
for the effects of these factors since ignoring them would introduce

considerable error in the calculated surface conditions. The code

was developed to pe' form these calculations in one dimension. All5ORINC r

surface temperatures and fluxes described as experimental in this report

have been calculated by ORINC from direct measurements. Because of ORINC's

complexity, the calculation-ot error propagation is difficult and has not

been completed.' Work is currently under way to develop a code that will ]
perform three-dimensional calculations of rod surface conditions, thus |
evaluating azimuthal variations due to the thermocouple grcoves, off- |
center heating elements, and similar factors.7

Mass flows must also be calculated from direct measurements. A

common method of calculation is to multiply measured density and measured

volumetric f1-ow. This method, however, ignores the slip that is present

in most two-phase flow. A method has been devised to calculate mass flows
accounting for slip by combining momentum flux measurements with density
and volumetric flow measurements.8 Unfortunately, neither of these
schemes has been executed satisfactorily for the THTF because of the pre-

viously described large errors in the primary instruments. Mass flows

|

|

|
i - ,
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have been calculated,' but their accuracy is highly: suspect. No calcu-
lations have been performed which propagate'the errors in the insttuments.
through the calculational procedure.

Axial locations of thermocouples along the heated rod . length are re-
ferred to as levels'and are designated.by the letters D to N, au shown in

'

Fig. II.3. The heated region of the rod bundle will be referred to as

.the. core. The individual rods are assigned numbers (1 to 49) and are-

fgrouped in regions, as shown in Fig. 11.4. This discussion will describe-

the behavior of rods at each level as a group, since radial effects within
the bundle are small for most of the transient. Typical radial effects
within the bundje will be described in Chapter III. Calculated rod sur-

|
face temperatures for each level of each test are presented in Figa. 11.5
to II.38 (see Table II.5 for key to the symbols used on these and other
figures in this report). The temperatures shown are for all rods in the

center region that had thermocouples. The intermediate region for level
F in test 104 (Fig. 11.13) is also shown since two of the six center rods i

behaved atypically at that level in that test. So few rods had thermo-
couples at levels M and N that they are all shown.

m

'The reader will notice that the calculations for rod 25 for all
levels above level H (TE-325 I-N in Figs. II.21 to 11.38) produce mar-
kedly higher temperatures than those for immediately adjacent rods. Manu- !

facture of the heater rods resulted in static torsional stresses in the
two outer stainless steel sheaths (Fig. 11.2). Since the width of the

,

air gap between the sheaths is a function of rod temperature and its
gradient, a model is required to predict such variat1ons for use in

extrapolation of sheath thermocouple temperatures to surface temperatures. .

During numerous calibration experiments, several rods at various levels !

exhibited changes in gap sizes which do not conform to that expected on
the basis of thermal expansion and rod geometry. We are currently un-
able to model these unusual changes, which may be due to relative azi-
muthal rotation of the' sheaths produced by the interaction of thermal

expansion and static torsional stresses produced during manufacture.

Surface-temperature calculations for rods with deviant gap-size fluc-
tuations are made by using an average gap size held constant throughout
the transient. This procedure has generally worked well for most rods i

i

l

!
1
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Table 11.5. Key to symbols used on figures"

ORINC Rod Surface Temperatures

ORINC rod surface temperatures are designated by the particular sheath
thermocouples used in the calculation of those temperatures according
to the following scheme:

'
T E - 3 _1 7 _A D

# A4 axial thermocouple level

--azimuthal thermocouple location

rod number

Thus this designation refers to the sheath thermocouple in rod 17 at

level D. (Rod numbers ate shown in Fig. 11.4.)

Qu_antities Calculated by RELAP

Quantities calculated by RELAP are designated according to the following

scheme:

SR12
--

Two-letter symbol Number of applicable slab,
for quantity volume, or junction

"0" refers to system-wide

j quantity
,

|

The two-letter symbols used are:

AP - Average pressure FR - Slab surface heat flux

AT - Average temperature KR - Slab surface heat transfer mode
AR - Average density DR - Slab critical heat flux

AX - Average quality LE - Total energy leaked from system

WV - Volume average mars flow LM - Total mass leaked from system

! JF - Junction volumetric flow CR - Slab surface heat transfer
'" I'I "'

SR - Slab surface temperature

#Additional instrument designations (e.g. , DE-36) used in the
figures are listed in Table 11.1.

- _ - _ _ -
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1 with unusual gap behavior, judging by the similarity of calculated I
< .

I
i

{ ' temperatures to those of adjacent rods with more predictab3e gap vari-
ation3. The exception is rod 25 above level H. However, steady-state.,.

4 . ,

, data for rod 25.above level H indicate that its gaps are dramatically
j larger than those for any levels of any other rods. The unusual results

-

i ,

of the transient surface temperature calculations for rod 25 above level.

4,

I

f H cause us to suspect that a large, unusual gap-size change occurs in |
[ rod 25 at these levels. The calculated surface temperatures for rod 25

|- at these levels are considered to be extremely inaccurate.

1
i
! II.2 Phenomenological Sequence
i
!- R

Tests 103, 104, and 105 will now be considered in detail. The reader j
| 1s once again urged to read Appendix A to familiarize hin:self with the key

| hydrodynamic features c>f these tests. The following description will com- '
pare the three tests, proceeding chronologically from break initiation.,

4

) " Positive flow" refers to flow in the same direction as in steady state:
j through the inlet spoo) pieces, down the downcumer, through the lower
h plenum, up the core, through the upper plenum, and through the outlet spool
4 pieces (Fig. 11.39). Note that positive flow at the vertical inlet spool

piece (VI).and negative flow at the vertical outlet spool piece (V0) will
d

indicate flow into the test section. Tests 103 and 105 had a total break
2 2area of 12.5 cm (0.0135 ft ), divided 60% at the outlet and 40% at the

inlet. Test 104 had the same total break area, evenly divided between
'

inlet and outlet. Tests 103 and 104 had full power (5.968 MW - 122 kW/ rod)

supplied until 2 sec after rupture, when power was cut off. Test 105 had

the same power until 2 sec, after which power was decayed exponentially
a

with a 0.45-sec time constant until 5.8 sec and was then cut off.
The transient is initiated by simultaneous opening of inlet and

outlet break orifices. Flow reverses immediately at the VI and re-

; verses at the VO beforc 1 sec. Thus a flow stagnation point is created

at the VI and moves through the core, eventually reaching the V0. During

the initial pressure drop, the pressure becomes low enough that fluid
near. level M would be expected to saturate, based on the initial tempera-
- ture distribution. Since movement of a flow stagnation point through

.

_______ _ .- .. . .,,.,,,.e, , 3-. y , ,-r-
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'subcooled water must be extremely rapid, the stagnation point is expected.

i- to reach the top of the core'almost immediately. This causes the rela-
'

tively hot fluid in the upper core to pass back down through the core,

thereby increasing its_enthalpy. The passage of hig;.-enthalpy fluid
,

causes uniform DNB at approximately 0.6 cec at level H'and below in tests '

103 and 105 (Figs. 11.5, .'7, .8, .10, .11, .14, .15, .17, .18, and .20).

Levels D and E are at lower power than F, G, and H, but fluid reaching -

D and-E has increased further in enthalpy; so general CHF still occurs

at this time. Levels I and J (Figs. II.21, .23, .24, and .26) are at

the same power as level E, but the fluid at I and J has had too little

increase in enthalpy for widespread DNB. Some rods at these levels show _;

brief temperature excursions, around 0.6 sec, presumably due to tempo- !
i

rary local variations in fluid conditions. Test 104, with its smaller !
;

outlet and larger inlet break sizes, experiences much stronger negative

flow through the core than tests 103 and 105. One would expect the

stronger flow to reduce the enthalpy of fluid reaching the lower core

(smaller transit time), promote better heat transfer, and, perhaps, make
it more difficult for steam formed on the rod surfaces to coalesce into

:t

a film. Less CHF 10 observed in test 104. Level H, in spite of its :

high power, does not have fluid enthalpies high enough for CHF to occur
for all rode (Fig. II.19). Level H in test 104 behaves like levels I :

and J in tests 103 and 105, while' levels I and J in test 104 (Figs. II.22

and .25) show no CHF at all until well after 0.6 sec. Note that in the ,

t

lower core, some rods at level F (Figs. 11.12 and .13) and some at level

E (Fig. 11.9) do not have DNB at this time, while levels G (Fig. II.16)

and D (Fig. II.6), wh/ch surround E and F, show general CHF. We currently

have no explanation for this.

Between 1 and 3 sec, flow at the VO becomes positive again, r.nd flow

from both vertical spool pieces ir, toward the breaks. In tests 103 and

105, flow at the VI is much greater than at the VO, with flow at the VO

8reaching 0.013 m /s (200 gpe) slightly before 2 sec and remaining near
this value for over 1 sec (Figs. II.40 and .41; note time scale). From

_

this we infer'that the flow stagnation point has mcVed from the VO down
'

into the core and : resides within the core for this period. Between 1.8

and 2.5_sec, there is.a general occurrence of DN3 at levels I, J, and K

~. , . -,. - . . . - - - - . - - . - . --. . _ _ _ _ _ .
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in tests 103 and 105 (Figs. II.21, .23, .24, .26, .27, and .29). The4

stagnation point is probably in the upper. core and the associated low

I flow causes'the CHF. Levels I and J are in the same power zone, but J

, shows lower temperatures resulting from the 2-sec CHF than does I. Level
- '|-

L (Figs. 11.30 and .32) is in the same power zone as X, but some rada at i
r

.

this time. This could be explained if the stag- ;

;

L do not undergo CHF at.

nation point is assumed to be at or below level I, which would cause fl.ow

at J to be greater than at I and flow at L to be greater than at K. Al-
,

,

ternatively, rince levels K and I are very near spacer grids, their ;

' higher temperatures may be the result of flow effects produced by the |,

i . i

'

spacer grids. A third possible cause of the lower temperatures at J and :

1

1 L is axial conduction; the thermocouples at J and L are only 2.54 cm (1

in.) from the next lower power zones. In test 104, flow at the VO (Fig.
SII.42) is positive for a much shorter period and reaches 0.013 m /s (200

1
gpm) for only a brief mcment, rather than remaining near that value for1

)j a second as in tests.103 and 105. Thus the stagnation point is in the i

n 1

i core for a shorter period of time, and the VO f]ow data suggest that it j
v i

'

j may move more rapidly while inside. In test 104, DNB is observed in the

upper core at this time (Figs. 11.19, .22, .25, .28, .31, .34, and .37), j-

but the temperature excursions are much smaller than in tests 103 and 105. )
This may be due to more rapid entrance and exit of the stagnation point

or to the removal of more energy from the rods by the stronger early ;

negative flow of test 104. The rods at J ovels E and F (Fig.11.9, .12,

and .13) that had not had large temperature excursions with the rest of !

the lower core at 0.6 see have DNB at this time. The movement of the
fl ow.' stagn * ion point into the upper core probably reduces flow in the l,

9 <

| lower core, which may cause these excursions at levels E and F. I

i

: Between approximately 3 and 5 sec, arrival of low-quality' fluid at |

the horizontal outlet spool piece (HO) causes flow out of the test sec-
2

tion at the VO to decrease. During this period, all three tests exhibit
a

rewetting between the levels at the top of the core and various lower

levels. Test 105 shows complete rewetting down to level K, with some
' I

|
,

. .

Test 103 shows rewetting completely from the. rods rewetting at I and J.
A

top to.Jevel 1 and some effects at level H. Test 104 shows rewetting

i

- -
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completely through' level G and considerable rewetting at F and E. Test t
t

104, which shows the most rewetting, also shows the greatest decrease'in -|
flow at the V0;' test 105 shows the least rewetting and the smallest de- .

crease in VO. flow. Test 103 falls between the other two tests in both
extent of rewetting and VO flow decrease.

Although these rewets are considered to be triggered by the change {
in t' low, the precise mechanism of the phenomena is uncertain. In test

104, VO flow first becomes negative at 3.1 see and oscillates about zero :

;
3 '

until 4.4 sec, when it moves more negative, reaching -0.008 m /s (-120
gpm) at 4.9 sec (Fig. 11.42). During this period the VO densitometer

8(Fig. II. W signal ctops falling, begins fluctuating at about 240 kg/m j

(15 lb /f t ), and sur>;es to 560 kg/m (34 lb /ft8) coincident with the :3 3

m m ,

negative surge in the VO flow. The flow stagnation point has moved out
of the test section and into the V0. The instrument readings imply that

low-quality fluid from the 110 has entered the vertical piping leading to i

the test section. This suggests that the low-quality fluid from the 110

may be the source of the core rewets. Ilowever , in test .103, the VO
,!

densitometer (Fig. II.44) shows a much smaller increase between 3 and 5 :

sec, and VO flow (Fig. II 40) fluctuates about zero but never becomes ;

8lower than --0.003 m /s (-50 gpm). Much less low-quality fluid appears

to have penetrated the test section; yet sharp rewets are seen as low as [
l

| level I. In test 105, the VO turbine meter signal (Fig. II.41) drops to '

O.007 m /s (100 gpm) from 3.4 to 4.2 sec, after which it drops to zero !8

but never becomes negative. A small but distinct density increase is {

seen at the Vo from 3.4 to 5 sec (Fig. 11.45). The occurrence of this |

censity increase while the turbine meter still shows flow toward the|

!

| break suggests countercurrent flow, but one must keep in mind the large j

possible errors in the flow measurements (Table II.4). The lack of !
!

precision in the turbine meters prevents us from knowing with certainty !

whether flow was negative'during the 3- to 5-sec period in these tests. .

!

Thus,-penetration of the test section by low-quality fluid from the H0 j

remains a possibic cause of'the observed rewets. I'

| In all three tests, from 3 to 5 sec, flow at the VO toward the out-

let break drops or reverses, and flow at the VI almost doubles toward the
inlat break. 'This implies that the flow stagnation point has moved toward |

1

- - . _ . _ = _ __ , _ _ . , - _
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the outlet and that flow-through most or all of the core is negative and )

increasing in magnitude. A second possible explanation for the observed

rewets is that-the increased flow cools the upper rod, surfaces below I

their.Leidenfrost temperature, allowing liquid phase already extant'in

the core to rewet those surfaces. If this explanation were correct, one
i
>would expect test 104 to show the greatest rewetting because in this test -

core flow is largest from 3 to 5 sec and rod surface temperatures are-

lowest at 3 sec. Similar reasoning would lead one to expect the least {

rewetting for test 105, as observed. Rod surfaces in the lower core may ;

fail to rewet.because of a combination of increasing quality or super- !

neating of the fluid as it flows down through the core and the higher i

i

temperatures of the lower surfaces from the earlier CHF. Some of the j
four fluid thermocouples located in the base of.the lower plenum show

the existence of superheated fluid during this period for all three tests,

with 105 showing the most and 104 the least. Thus, cooling below the |
Leidenfrost temperature due to increased flow is also a possible explana-,

tion for the observed rewets from 3 to 5 sec.

In addition, the possible existence of liquid phase caught or en-

trained in the upper plenum may contribute to the rewetting. The rods

enter a guide box as they pass through the upper plenum. The fluid in

the upper portion of this box cools the upper plenum pressure seals and
is at a temperature >56 K (100*F) below that of the test of the upper
plenum. The box has holes in its sides near the bottom, allowing flow ;

into the upper plenum. The fluid in this box which has not been swept ,

1

to the outlet from 1 to 3 sec might be liquid phase and able to penetrate

the core from 3 to 5 sec. The complex geometry of the upper plenum may
!

allow liquid phase in flow from the core to be deentrained and subsequently

to fall back into the core during the flow change from 3 to 5 sec. Of

course, the observed rod surface temperature behavior may be due to the

combined effect of all of the possibilisies previously discussed.,

At approximately 5 sec, the last of the low-quality fluf d from the

H0 is expelled-through the outlet break, and the increased volumetric

-flow at the outlet break produces the second complete reversal of flow

in the core. Flow toward the break in the VO increases dramatically

|

;

)
!

.i
1

'

__o_... . . ._ - . _ . , . , , . , ,
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(Figs. 11.40 to'.42), and flow toward the break at the VI begins to de- I
:

crease, culminating 1n flow toward the test section by 7 sec. Thus the ]

flow s'tagnation point moves completely through the test section from
outlet to inlet. As mentioned previously, fluid thermocouples in the

~10wer plenum indicate the presence of superheated fluid during the nega-

tive core flow from.3 to 5 sec. The flow reversal sweeps this super-

heated steam back up the core, where its passage is recorded by fluid q

~ hermocouples located just above the heated zone in the subchannels be- -|> t

tween rods (Figs. II.~46 to .48). The passage of this steam produces ]

temperature excursions at all levels. The excursions are smallest for -)

test 104, whose subchannel thermocouple signals show very little super-
I

heated steam, and largest for test 105, whose subcla nnel thermocouple j

signals show the most. The subchannel thermoccuples indicate that the '

|
stear has collected in the cencer of the bundle, with little er no super- i

:

heat being shown by the instruments near the corners and walls. This
,

explains why the corner and wall tods for levels M and N (Figs. II.33 to
.38) show little or no temperature excursion. The temperature increases ,

i

are ' smaller and of shorter duration in the upper core, where the stored |
energy remaining in the rods is lower. Test 104, which has littic super- ,

heat, has only small temperature excursions at all levels except level F. ,

,

Once the flow stagnation point reaches the inlet break plenum and

flow at the VI reverses, fluid from the horizontal inlet spool piece (HI)

passes through the VI toward the test section. At approximately 7 sec j

the system pressure has reached the saturation pressure of the relatively . |
cool fluid in the HI. Thus the fluid entering the V1 is saturated but is J

of low quality, as indicated by the VI densitometer (Figs. 11.49 to .51). ,

Positive flow in the VI and its penetration by low-quality fluid produce ;

the revet at level D at approximately 8 sec (Figs. 11.5 to .7). The
#fluid that actually rewets the rods may be liquid phase which has collected

in the lower plenum in the previous few seconds. Note that while the VI

density for test 104 shows a single narrow peak at 8 sec (Fig. II.49), j
test 105 has a'second smaller surge at 11.sec (Fig. 11.51), and test 103 - '

has low quality from 8 to 11 sec_(Fig. II.50). Both tests 105 at d 103 !

!

have a"second positive surge in the VI flow. The higher temperatures of- |

test 105 coupled with the very small decrease in quality of this second
n

.

,

* - , . ,- r - .r r



h ,

20

surge prevent the rewetting of any more levels, while in test 103 the

second surge'is able to. produce rewetting of level E from 10 to 11 sec.

In both tests the cooling effect is apparent at all levels from the dip

in rod surface.temperaturesfat thic time. The flow pattern is apparently

annular in the upper core since the cooling effect at.the top three levels

is seen in the center rods (Figs. 11.30 and .32) but not in rods near the

corners or walls (Figs. 11.33, .35, .36, and .38 contain corner.and wall

rods). i

Starting at approximately 9 sec, ev1dence of a general lack of liquid

phase in the upper core is observed in tests 103 and 105. Those rods that

were not already at' temperatures well above the fluid temperature (levels

L and above in test-105 and J andi bove in test 103) begin temperaturea

excursions. Dryout is not seen in the lower levels (D in test 105 and

D and E in test 103) until 12 see or.later. In test 104, dryout is seen

between 10 and 12 sec. Those rods already at elevated temperatures slow

or halt the gradual cooling they had been exhibiting. Beyond 11 sec,

dryout is interrupte'd at times by penetration of the core by low-quality
j fluid from the HO. This fluid probably originates in the main heat ex-

{ changers. These " slugs" of low-quality fluid appear at different times

f in each test and cause the observed dips in rod temperatures.
i
..

! II.3 Conclusions
!

i
j Before some general conclusions are drawn, the preceding discussion
,

I will be summarized. The initial f.Fow revercal causes a quality increase
in the middle and lower core which is suf ficient to produce early CHF

i there (at approximately 0.6 sec). Low flow in the upper bundle. produces
,

*

CHF in the upper ' core at approximately 2 sec. Superheated steam, gen-

erated by negative flow through the core, is swept up the core by the j

; 5- to 7-sec flow reversal and causes a second occurrence of DNB in those
rods that had rewet. The major rewets are caused by flow bringing lower

.
qual!ty fluid'into the core or by increased cooling du'e to increased flow,

1 A general comparison of the rod surface temperatures and flows of

the three tests leads to an important conclusion. Comparing the tempera-

ture behavior in general, test 104 shows considerably smaller temperature
,

a

_ _ _ _ . _. _ _ _ , - _ , - _
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excursions than tests 103 or 105, most notably in the upper core. Tests !
~

103 and 105Lare relatively similar, even though 22% more energy was added
to the core.during the transient in test 105. The flow patterns of tests'

103'and 105, both of which have 60% to 40% break area ratios, are almost ;,

lf ^ identical (see Appendix A). Test 104, with its 50% to 50;$ ratio, has a ;

+ flow pattern that still contains all the major features of the flows of,,

tests 103 and 105, although different in magnitude in.some places. Yet
this somewhat different flow pattern pr'odi.ced a much larger variation
in rod temperature behavior than the addition of more energy. Thus we *

'

conclude that rod temperature behavior in the THTF is sensitive to flow
and density variations but that the flow itself is not as sensitive to

the addition of energy through the core. It is clear that accurate pre- -

diction of rod surface temperatures in the TdTF would require extremely '!

accurate predictions of fluid flow and density variations. We believe !

it possible that reactor cladding surface temperatures might exhibit a ;

similar sensitivity to flow and therefore that a code for margin-of- |

safety calculatione must show considerable success in predicting the :

hydrodynamic response of pertinent systems.
.
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III. RELAP CODE VERIFICATION

III.1 Background

An analysis of existing light-water reactor transient thermal-
hydraulic codes to determine which features are successful or unsuccessful

in predicting' experimental results can provide guidance in the develop-
ment of codes'for margin-of-safety calculations. Within the PRR-BDHT
Program, the code RELAP4/MSU2 is undergoing analysis.8 This section pre-
sents the results of this analysis to date and wfl1 concentrate on RELAP's

heat transfer calculations and those parameters which most directly affect
heat transfer.

RELAP'3 ability to predict the hydrod n.a. .c response of the THTF for.

test series 100 was analyzed in a previous repcrt.2 One of the major con-
clusions of that report was that RELAP's assumption of homogeneous thermo-

dynamic equilibrium in each control volume at each time step caused the
code to predict low pressures and gradual density changes when, in reality,
large and abrupt changes in density occurred, These factors then combine
to cause markedly incorrect predictions for saturation times, fluid tempera-
ture increases, and flow reversals. Errors in the prediction of density
changes and flow reversals are of particular sigtdficance when one can-
siders the sensitivity of surface temperatures in the THTF to flow aad
density variations.

The configuration of RELAP used in reactor licensing, called the
Evaluation Model, was not used because its restrictive assumptions ele
not appropriate for code verification utilizing the THTF. Rather, RELAP
in its configuratica with minimum controls was used in order to allow
maximum freedom in obtaining the most accurate calculations possible.

In this section, two applications for the code are investigated.
L First, RELAP's ability as a pure predictor of THTF transients was studied.
|' Second, RELAP was provided with experimental boundary conditic.as outside

the test section and was used to " extrapolate" these conditions into the
Since flow and density measurements are not available within thecore.

THTF core, some_ calculational procedure is required if correlations re-

quiring these or'related parameters are to be evaluated or developed.

_ __ _ _ _ _ _ - - _ _ - _ - _ - - - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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For predicting THTF' behavior,'a system model was used to provide calcu- ;

-!
lated boundary conditions to a more detailed test section model. For -

" extrapolation," experimental boundary conditions were supplied to the
detailed test section model. 1

:

. a

III.2 THTF System Model
i

'The system model used for this report is a refinement of the models i
e

discussed in the' data evaluation report for system response in test series

100.2 When the' strengths and weaknesses of a code are analyzed, every ef- |

fort must be made to ensure that inaccuracies in the predictions reflect ,

inaccuracies in the code itself and not poor modeling by the code user.

Several improvements to the system model have been made, and although no
7

significant difference in RELAP's predictions resulted, these changes add :

confidence that we are not attributing errors to RELAP which are the re- -

sults of deficiencies in the model. A nodalization disgram of the system i

model used in this report is presented in Fig. III.1, and a system model

listing is given in Appendix C. Since the heat transfer from system

piping was found to have a significant effect on system pressure late in

the transient, the test section is noded fairly simply to free as many
,

heat slabs as possible while providing a heat slab for each volume.

Although flow in the secondary side of the main heat exchangers is

stopped during the transient, flow in the secondary side of heat exchanger

| D (a small heat exchanger near the pump) is lef t on. Thus the main heat

exchangers have modeled secondary sides, while heat exchanger D is modeled

as a constant temperature heat sink. The new model includes a small line

| [approximately 0.8 cm (0'.3 in.) in diameter] which leads from piping near i

.

|
the pump to the top of the upper plenum. In' steady-state operation, the ;

fluid in this line is cooled to 450 K (350*F) by a small heat exchanger >

that is inoperative during the transient. The fluid is then used to cool
,

pressure seals.around the rods in the upper plenum. After passing through
,

j a flow restricting plate, referred to as the baffle outlet zone orifice

(B0ZO), the cool fluid enters the upper plenum in a rectangular skirt
'

(surrounding the upper parts of the rods) which has holes in the sides.
The volume inside the skirt has been modeled as a separate volume at a

[
t

l
, - . , ,. -- .- , . . - . . - , , I
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temperature below that of the upper plenum. The THTF shroud box c::tends

beyond the heated length at' both the top' and bottom of the core. These 1

l

unheated fluid volumes had previously been modeled as part of the lower
]

and upper plenums but have now been included in the adjacent heated vol-
umes. This change was made to more correctly model the hydraulic resis-
cances and geometry for this fluid. In addition, revised estin.ates of

hydraulic diameters and form loss coefficients have been included through-
out the core and plenums. As mentioned previously, no'significant'dif-
ferences resulted from these changes.

III.3 THTF Test Section Models

Three different test section models were studied to determine whether
multiple-channel models of the THTF core would allow RELAP to predict
radial surface temperature effects within the bundle or would improve its i

surface temperature predictions in. general. Actual radial variation in 5

surface temperature in the THTF is not large through most of the transient. ;

5Surface temperatures calculated by ORINC for each radial region (Fig.
111.4) for level G, test 103 (Figs. 11.15 and III.2 to .4) show as much j

radial variation as has been seen in tl'e test series. The RELAP models
Iconsidered had three channels (Figs. II1 5 and .6), two channels (Fig. '

III.7) and one channel (Fig. III.8), re6pectively, within the core. The

two-channel model is basically the model developed at the Idaho National
Engineering Laboratory (INEL) for the THTF.IO The internal rod geometry,
material properties, and some correlation choices were altered so that
the three RELAP models would differ only in their channel geometries.
All models had the same axial divisions in the noding of the heated |

1ength, and all were supplied with the same experimentally determined
boundary conditions for these comparisons. Neither of the multiple-

channel models had junctions laterally connecting the parallel core i

channe.ls (i.e., no cross flow).

At each axial level,-the rod surface temperature predictions of the
one-channel model and of both wall and center nodes'of the two-channel
model were virtually identical. Further, rod surface temperatures pre-
dicted by the three-channel model for its wall and center nodes matched -

.

., . .
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those of the other models. The predictions of the three-channel model
!'for its' corner channel were several hundred degrees.below those'for the

center and wall channels. Lateral' connections between channels were then -

added to the three-channel model to determine whether the code's calcu-
lation of cross flow might ameliorate.the radial effects predicted for. ,

the corner channel. Cross flow had little or no effect. Therefore, we

conclude that the two-channel model provides no improvement over the one-
channel model and that th'e three-channel model grossly exaggerstes radial

effects in the corners. Since the one-channel model uses fewer heat slabs ]
per level, considerably more axial detail could be included in the model
within RELAP's limit'of 50 slabs. Therefore, a more detailed single-

channel model was created (Fig. III.9) and is used as the test section
'

model in the rest of this report. C. B. Davis of INEL, while making i,-

RELAP calculaticns of THTF behavior,10 found that some unrealistic flo- rw

'surges predicted by RELAP resulted from flashing of downcomer volumes
and that this effect could be minimized by fine downcomer nodalization. -,

The current single-channel test section model, therefore, has detailed

axial divisions in the downcomer as well as in the core. '

III.4 Experimental Boundary Conditions
P

As mentioned previously, RELAP is being used to " extrapolate" experi-
mental conditions into the core, thus providing estimates of . local flow

and quality. RELAP calculations can be bounded by specifying mass flux

| and enthalpy at a junction (fill table) or by specifying time-dependent
fluid conditions in a volume (TDV). The instruments in the THTF provide

,

.

various means ef calculating either of these boundary conditions for the |

vertical' spool pieces. The use of calculated mass fluxes as fill tables

simultaneously'at both the inlet and outlet of the test section model re- !

sulted in RELAP calculations of pressure considerably below the measured
.

pressure. This discrepancy may-be due to our current inability to cor-
.

rectly calculate mass flows and may not reflect calculational error by ;

RELAP. A TDV in RELAP can act as an infinite flow source or sink, the |
[ 1
l calculated flow being-dictated by the specified pressure in the TDV. Use j

of a TDV in'RELAP calculations of the THTF causes RELAP's calculated

. - _ _, _ -. _ _ _ _
!
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pressures throughout the test'section to'be reasonably close to the meas-
ured pressures. However, RELAP calculations made with a TDV specified at ,

both inlet and outlet did not produce calculated volumetric or mass flows

- close to the experimental flows. Since the steady-state pressure dif-
2' ference across.the core is approximately'0.207.MN/m (30 psid) and the

2 -absolute pressure measurements have a standard deviation of 0.185 MN/m

(26.8 psig),-this is not surprising. Calculating a value for the pres- j
sure at one end of the test sec tion from an absolute pressure measurement ~ [

at the other end and a pressure difference measurement produced no better

results from RELAP, probably.because of the " ringing" in the pressure
difference instruments.

The best combination of' flows and pressures was calculated by RELAP
:

when the test section'model was. bounded by a fill table at one end and a 'h

TDV at the other. RELAP's calculated flows at the spool piece used as

the TDV were still not good enough to suggest that accurate " extrapolation" j

of the experimental conditions was being achieved. Whether RELAP could

provide accurate extrapolation if it were provided with more accurate mass
flows or an accurate transient measurement of the core pressure difference

j

i

remains unknown. Improvement in the'beundary conditions will probably re-
'

quire work in the following areas: (1) improvement of current spool piece
instruments; (2) addition of measuring stations in closer proximity to
the phenomena of interest; (3) new measurement concepts; and (4) new data
reduction and utilization techniques. |

Although RELAP's calculations of flow's and other fluid quantitles
using the test section model bounded by a TDV and a fill table are poor,

they are still the best we can presently obtain. They are an improvement

over fluid conditions predicted by RELAP when the. test section model is

bounded by RELAP's predictions'using the system model. Therefore, in an
analysis of RELAP's heat ~ transfer procedures, a study of their response

to the more correct fluid. conditions produced by experimental bounding
is useful. In the' remainder of this report, experimentally or hydrauli-

cally bounded RELAP calculations will refer to the test section model

bounded by a fill table and a TDV. .Specifically, the vertical inlet

spool piece (volume 1, Fig. III.9) was used as the TD'V, and one end of
.the vertical outlet spool piece (junction 36, Fig. III.9) was bounded

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

by a fill table. Note that th'is test section model requires a boundary ;

condition at' the B0ZO (junction 37, Fig. III.9) as well as at the inlet ';

and outlet. No data.were recorded for conditions in the line leading-to [

the B0ZO for,these tests, but sensitivity studies were made to determine f
the effect of. variations in the B0ZO boundary condition on RELAP pre- '{
dictions. Variation of flow over extremely wide ranges had virtually .j
no effect on RELAP calculations of core condit' ions. A RELAP system model j

'

was used to calculate.a best-estimate flow for the B0ZO, and this data _is -
>

supplied as a boundary condition fill tabic to all the hydraulically ,

bounded RE~ LAP test section model calculations in this report. *

111.5 Analysis of RELAP4 Heat Transfer Calculations ,

,

' Rod surface temperatures predicted by RELAP using the test section
model bounded'by the system mcdel predictions represent the response of ,

RELAP's heat transfer logic and correlations to its predicted fluid t on-

ditions. The results produced by RELAP's heat transfer routines in re- |

sponse to the somewhat better fluid conditions provided by the test
section model bounded by experimental conditions are of equal interest.
The following discussion will analyze both cases for test 105, RELAP's
calculations for that test being representative of those for the other

tests.
'

First, consider RELAP's predictions for the test section model
bounded by the system model. An estimate of the extent of error in the ,

core fluid conditions can be gained from a comparison of the fluid con-

ditions predicted for the inlet and outlet spool pieces and' the experi- ]
mental data (Figs. III.10 to .15; see key to symbols in Table 11.5). In |

.I
particular, note that the predicted vclumetric flows in the first 3 sec
oscillate about the measured data and the size of the oscillations is

L
| often larger than the magnitude of the observed flow (Figs. 111.12 and

.14). -RELAP.'s predicted red surface temperatures are relatively good in'

the lower core (Figs. III.16 to .20) but are considerably high in the
.;,

,

upper. core (Figs. III.21 to .24), q

In estimating the probable' extent of error in the core fluid con-
ditions.for.the experimentally bounded RELAP calculations, volumetric

:I
_ _ _ _- . - . . _ _ _ - . . - - -



, . . . . . . . - - . - . . . . . - ,

.

II
*

N ]
]~ 80 j
: i

li
.

{ flow at the inlet (bounded.by TDV) and pressure and density at the out- )
let (bounded by a fill table) are the relevant quantities (Figs. III.25

j to .27). A comparison of the relative error in calculated fluid tempera- t
<

. >

{ tures at the subchannel fluid thermocouples in the upper core (of Figs. !
i

jc III.15 and .28) indicates an improvement in fluid conditions calculated

; .by the experimentally bounded RELAP. However, note that the calculated
{ volumetric flow in the first 3 see still has oscillations of a magnitude
?

[ comparable to the absolute magnitude of the experimental data. This
suggests that the calculated core fluid conditions, partienlarly flow,

] may still be in substantial error. The calculated rod surface tempera-

f tures from the experimentally.' bound RELAP model are similar to the " pure"
j RELAP predictions; the calculated temperatures in the lower core are

'

j " good" (Figs. 111.29 to .33), while those in the upper core are " bad" *

4 (Figs. III.34 to .37).

The question that naturally arises from the preceding comparisons ,

j' is~"What causes predictions in the upper core to be poor, while those in
;

* the lower. core are relatively good?" To answer this question, RELAP's !

Iheat transfer correlations and logic must be presented. For the purposes
]

| of this discussion, we will assume that RELAP solves the rod heat con- '

q duction equation correctly if it can obtain the correct surface boundary
.

j condition. - ,Thus the subject of our analysis will be RELAP's correlations
j for surface heat flux, heat transfer coefficient, and critical heat flux

! and the logic which determines its choice of correlations. Table III.1,

j- which'is taken'Irom the RELAP4/M5 Users' Manual,3 lists the correlations

] (modes) PELAP may use to provide the surface boundary condition to the
conduction equation. Figure 111.38, a more detailed version'of a similar j

j figure -in the RELAP4/M5 Users' Manual, depicts the logic by which RELAP

; chooses the heat transfer mode. This logic is used to make a mode selec-

; tion for every heat slab surface at every time step.
; _ A value for the critical. heat flux (qCHF) is needed for comparison i

~

with fluxes calculated for some modes. The correlations used in RELAP ;

)
j for q are listed-in detail in Appendix B. Unless the user specifies '

CHF

otherwise, RELAP uses a Babcock & Wilcox correlation, B&W-2, for pres- !

sures above 10.34 MN/m2'(1500 psia), the Barnett correlation from 8.96
2' to 6.89'MN/m (1300-1000 psia), and a taodified Barnett correlation below i

,

s

!

>

*
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symboldefinitionsusedinRELAP4/ MOD 5a,gassociated
List of heat transfer correlations anTable 111.1.

,

II'3Mode 1 Subcooled Liquid Forced Convection: Dittus and Boelter

h=0.023hPr*"Re.e
0 c

e

Mode 2 Nucleate Boiling: Thom[la]

6T exp (P/1260)- 2

g
9* 0.072

,,

20]Mode 3 Forced Convection Vaporization: Schrock and Grossman

k

(0.023)fPr {Ref (1 - X)]0.e
0'"h = (2.5)

e

09 0.1 0 5-0.75-

y p
x j __S. ! __f.

p/ Lp*

_ (1 - Y f ig
_

Mode 4 Transition Boiling: McDonough, M111ch, and King [21]

9*4 ~ ~

CHF w w,CHF

Pressure, psi C(P)'

' 2000 979.2
1200 1180.8
800 1501.2

Modt; 5 Stable Film Boiling: Groeneveld[22]

~'bk
~

p

h=a l Pr' Re X + 3 (1 - X)
D " E E

,

_
fe

1

0. 4 - d-

p

1.0 - 0.1 (1 - X)0 " --1 |
x |

_ Y& ) .

i
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Table III.1 (continued)

Groeneveld Equation (5.9) Groeneveld Equation (5.7)

IMCL (or IMCR) = 0 IMCL (or IMCR) = 1
a. 0.00327 0.052
b. 0.901 0.688
c. 1,32 1.26
d. -1.50 -1.06

,

Mode 6 Low-Flow Film Boiling: Mod t fied Bromley |

|

~'h p g(p -p) o.2skg fg g f nh = 0 67 p L AT
_ g sat .

' g0j cL = 2:t g(p p) |
f g

Mode 7 Free Convection plus Radiation

h=h +h
c r

h = 0.4 (Gr Pr )o.2
e f

L S p *2
3 AT
" * ""'

Gr =
p2

g

D

L=f
1.714(10 *) (T" - T" ')* "0.23h =

r AT
sat

II'lMode 8 Superheated Vapor Forced Convection: Dittus and Boelter

h = 0.02 3 h- Pr ' " Re"' ''
0

e
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,

Table III.'i (continued)

Mode 9 Low-Pressure Flow Film boiling: Dougall and Rohsenow[2s)
,

k'
~

p
-

o,e

li Pr' " Re X + A (1 - X)h = 0.023 D 8 8 Pe
-

f
_

Definition of Symbols

C = specific heat, Btu /lb *F AT " ~ F -

sat w sat,

D = equivalent diameter, ft X = quality
e
g = local acceleration due to 6 = coefficient of thermal

2gravity, ft/sec expansion, 1/*F
a

g = gravitational constant, p = density, lb,/ft
ft-lb /lb -sec

f u = viscosity, Ib ,/ft-hr
h = heat transfer coefficient, o = surface tension, lb /ft

fBtu /ft -br *F ..
'

k = thermal conductivity,
Btu /ft-br *F ,

Subscripts:
L = channel length, in.

P pressure, psia f = saturated liquid con-
ditions

Pr = Prandt1 number, C p/k
p
2 g =. saturated vapor condi-

q = heat flux, Btu /ft -hr
tions

Re = Reynolds number, GD /Y
e v = superheated vapor con-

T = saturation temperature, 'F ditions
st
T = wall temperature, *F w = wall

|

" Source: RELAP4/ MODS: A Computer Program for Transient Thermal-
Hydraulic Analysis of Nuclear Reactors and Related Systems Users ' Manual,
ANCR/NUREC/1335, Vol. 1 (September 1476).

b
Superscript numbers in brackets refer to references in Vol. 1 of

the RELAP4/ MOD 5-Users' Manual.

.
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25.00 MN/m -(725 psia).- RELAP interpolates on pressure between 10.34 and
28.96 MN/m (1500-1300 psia) and between 6.89 and 5.00 MN/m -(1000-725

psia). 'The'following analysis will be confined to the early transient,

during which.RELAP predicts DNB..for all rods, and therefore wi n require

2only B&W-2.. RELAP will never use a'value for q below 283.72 kW/mgy
'

2(90,000 Btu /f t -hr) regardless of the correlation's predicted value.. If

2 2the predicted mass flux falls below 2.71.10 kg/m -s (200,000 lb,/ft -hr),
RELAP interpolatet on' mass flux between an assumed q '

CHF
2(90,000 Btu /ft -hr) for zero flow and the value produced by the correla-

2 2-tion using 271.10 kg/m -s (200,000 lb /ft -hr). The B&W-2 correlation
m

,

}
is a function of pressure, quality,-and mass flux (Figs. III.39 and .40), {

: and its behavior will play.a key role in the following discussion. t

i
j .A detailed analysis of two heat slabs that represent heater rods .

! in the test sect' ion model (Fig. 111.9) will be presented. The chosen i

0 . <

j slabs are slab 3 in the lower core, which encompasses thermocouple level
:.

-

,

1 D, and slab 9 in-the upper core, which encompasses thermocouple levels K
! '

and 1. Although RELAP's calculations are different for every slab, cal-
; culations for slab 3 are very.similar.to those for all lower core slabs, 1
< .I

'and si.ab 9 is representative of the upper core slabs. Each slab will be

ana2yaed for two test section model calculations, one bounded by the
'

systen codel predictions and one by experimental data. The two calcu-

j lations for each slab are so similar that they will be discussed simul-

i taneously, beginning with slab 3.
1

4
Slab 3 is judged by RELAP to be in mode 1 (Dittus-Boelter for sub-

cooled forced convection) at steady state. Upon initiation of the tran-

sient, flow in the adjacent volume is calculated to reverse (Figs. III.41,

and .42), crossing zero at approximately 0.1 sec, and pressure begins to
l<

j fall (Figs. III.43 and .44). When the pressure has dropped enough to j

lower the fluid saturation temperature to the wall surface temperature,.

RELAP begins to compare mode 1,'Dittus-Boelter, and mode 2, Thom's nu-
,

l

cleate boiling'(Fig. 111.38), and will choose the mode producing tire. j
*

larger heat flux. 'The decreasing flow reduces-the flux predicted by

y mode 1 below that predicted by mode 2, and mode 2 is selected in both

j calculations (Figs. III.45 and .46).- As flow approaches zero, the cal-,

culated value for qCHF:will drop sharply (Figs. 111.47 and .48) as RELAP
i

!
-

- - _ _ . . --
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interpolates between the minimum value of 283.72'kW/m and that produced !2

by 14W-2. The flow-is near zero only'briefly for the hydraulically bounded
;

calculation (Fig..III.41); so the. calculated q d es n t drop below that
.CHF

predict ed by mode 2 at 0.1 sec (Fig. III.47). As flow increases, the flux iI

predicted by mode.1 increases, and.it is selected over mode 2 (Fig. III.45). I

LIn the calculation bounded by the system model, the flow remains near
zero somewhat longer (Fig. 11I.42), causing the calculated q to drop

CHF

below the flux predicted by mode 2 and thus causing RELAP to select tran-

sition boiling, mode 4 (Fig. 111.48 and .46). Increasing flow then drives

9 back up, and the calculation returns to a pre-CHF mode, mode 2. By |CHF
0.2 sec, flow in both calculations.is negative and of such magnitude that ;

mode 2 is chosen rather than mode 1. Both calculations remain in mode 2
through 0.55 sec. However, between 0.4 and 0.6 sec, q HF |

" 8 #*"
C

cally (Figs.-III.47 and .48) because'of increasing quality (Fig. III.40), ,

causing RELAP to switch to mode 4 at 0.6 sec. While decreasing flows j

between 0.15 see and 0.35 sec in the experimentally bound calculation
,

cause a decrease in q during that period, the dominant effect in both |CHF

cases is the increasing quality.

In mode 4 the heat transfer coefficient is much lower than the pre-

| CHF coefficients, causing the beginning of the surface temperature ex-

| cursion (Figs. III.47 and .48). As surface temperature increases, the
~

flux predicted by mode 4 will decrease (Table III.1) and rapidly falli

.

below that predicted by the film boiling correlation. RELAP compares ]
j the fluxes predicted by the transition and film boiling correlations and i

'

t

| chooses the larger (Fig. III.38). Thus RELAP switches from mode 4 to

i the user's selected film boiling correlation (in this case, mode 9) at ;

| 0.7 sec. The increasing surface temperatures and the low value of q
CHF

keep the flux predicted by mode 4 low enough that RELAP continues to
L

select mode 9 until very high quality causes a switch to forced convec-

tion to steam, mode 8, at approximately 2 sec. The key factor in RELAP's

calculation of DNB for slab 3 is the sharp drop in q produced by the
CHF

increase in quality. In the experiment, initial negative flow through

the core causes' increasing quality in the lower core, which, in turn,

' produces the observed. temperature excursion. |

..

m up * w
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. We now consider slab'9 in the upper core, where RELAP also predicts

) an early DNB but where no significant temperature excursion is seen in
!j th'e experiment. . Slab 9 begins the transient in mode 2 and remains there-

!

~ for 0.4 sec. Flow in the adjacent volune (Fig. III.49) in the system,

:
: model bounded calculation decreases but' doe = not reach zero'during this 1

period. Flow in the experimentally bounded calculation (Fig. III.50) |
i .

,

: crosses zero twice in the first 0.4 sec, but in neither instance does it
t

j remain near zero long anough to decrease the calculated q "" # Y '"

CHF
j (Fig. III.52). Note, however, that in both calculations increasing quality

j (Figs. III.53 and .54) is producing.a steady decrease in q E** *
CHF i

and .52). At 0.45 sec in the experimentally bounded case and at 0.5 sec i<

1

| in the system model bounded case, flow drops to very near zero (Figs.

7 III.49 and .50), and the resulting interpolation produces a qCHF " l""

i to the minimum of 283.72 kW/m . S!nce. the flux predicted by mode 2 now
2

1
4 exceeds q "" "' * * "E """ " "

'

ICHF'
*

. the flow decrease, the increasing quality would probably have produced
"

a switch to mode 4 within a few tenths of a second even if flow had re-
. mained high. The switch to mode 4 yields a much lower heat transfer co- 1

1-

efficient and thus initiates the temperature excursion (Figs. 111.51,

I, and .52).
The mode selection after the initial switch to mode 4 is character-

imed by frequent switching between modes 4 and 9 with an occasional choice

| of mode 7. All these modes have relatively low heat transfer coeffici-

! ents, and the temperature excursion continues. In general, the switching
i
i between medes 4 and 9 in the experimentally bounded calculation is due
,

to flow effects. As q increases, the predicted flux for mode 4 in-
CHF

, creases (Table 111.1), and for qualities of 0.2 or higher, the decreasing
i ,

i

flow will increase qCHF (Fig. III.57) provided the flow is not low enough
'

| to enter the interpolation region for q "*' " " #8"*'CHF*

f the predicted flux increases for mode 4 and decreases for mode 9 (Table I

: 111.1). The oscillations in flow (Fig. III.50) thus produce the alternate I

! i

choices of modes 4 and 9 (Fig. 111.54). '

Since the flux for mode 4 rises and falls with qCHF (" '" ""''

{; also depends.on quality), rapid quality; changes can lead to mode switches.

| In the system model bounded calculation, the fairly high quality from 0.8
;

;

I

!

?;
, . . . - . .. - , . . - -
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to 1.0 sec reduces the mode 4 fluxEsufficientiv to cause RELAP to choose ,

mode 9 (Fig. 111.53). The' reverse is true from 1.1 to 1.5 sec, when
dropping quality ca'uses mode 4 to be chosen most of the time. Beyond

1.8 sec, the high quality in.both cases causes RELAP to choose mode 9.

The occasional switches to' mode 7 in both cases are the result of low
flow, causing..RELAP to evaluate and compare the predicted flux of mode 7

- to the higher of the fluxes of modes 4 and 9 (Fig. III.38) and to choose
the umximum. It should be noted that RELAP will compare the predicted'

surf.cc flux for modes 2 or 3 to q whenever the chosen mode for theyp
previous time step is mode 4, the quality is below 0.999, and the sur-
face temperature is greater than or equal to the fluid saturation tempera-
ture. In both calculations, these conditions are met several times after

the initial switch to mode 4. However, no return to pre-CHF modes is )

[ calculated because high quality holds q w and because high rod sur-
.

CHF

face temperatures produce high flux predictions for mode 2. In summary,

both calculations produce initial DNB due to low flow, but both would
probably have produced DNB due to rising quality within a short period,
and high quality and high surface temperatures maintain the temperature
excursion.

Although we have described the mechanism leading to the erroneous

upper core surface temperature predict' ions, we cannot yet allocate the
error to any specific correlation or step. Since we are not satisfied
with the accuracy of the core fluid conditions produced by the experi-
mentally bounded test section model, we cannot rule out the possibility
that RELAP's heat transfer routinee would produce highly accurate results

if they were provided the correct fluid conditions. Similarly, we can-

not be certain that the success of RELAP's lower core predictions is not ,

i

the result of erroneous heat tranofer calculations compensating for er-
roneous fluid conditions. Although we cannot judge the merits of the
heat transfer-correlations and logic with the certainty that might be
possible with accurate fluid conditions,, certain points are suggestive.
RELAP predicts DNB when the flux predicted by its pre-CHF modes exceeds-

In the calculations Onalyzed, the flux from theits predicted qCHF.
pre-CHF modes showed little variation compared with the drastic drop in~

e

i
._._..______.____.___1 ._
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The correlation used in these calculations, B&W-2, was developedqCHF.
using data from water flow in rod bundles with the folJowing ranges:

s.

Equivalent diameter 0.51-1.27 cm (0.2-0.5 in.)
Bundle length 1.83 m (72 in.)

2Pressure 13.79-16.55 MN/m (2000-2400 psi)
! Mass flux 1017-5422 kg/m -s (0.75-4.0 x 10 lb_/ft -hr) ,

2 6 2

|
Burnout quality (-0.03)-(0.2) 1<

j When the erroneous DNB in the upper core is predicted, the pressure and
i flow ranges over which B&W-2 was developed have been exceeded and quality

is at the extreme limit of 0.2. Further, RELAP interpolates on mass flux
2between the B&W-2 prediction and a minimum value of 283.72 kW/m when

! flow drops below 271.10 kg/m -s (200,000 lb,/ft -hr). The sudden, large2 2

drop in q s p a np cdum pmhces may W unmah
CHF

! istic. We recommend tnat additional work be performed to obtaia data

for critical heat flux under a wider range of conditions, particularly

at higher qualities and lower flows,
i

III.6 Effects of Slip Model
s

The effect of the vertical slip model available in RELAP on RELAP's

calculations was investigated. (RELAP has a hori.ontal slip model, but

! it is designed for stratified flow and is not applicable to these tests.)

The vertical slip model consi'ers slip due to gravity only. The RELAPi

Users' Manual describes its vertical slip model as being " postulated on,

the assumption that gravity forces govern the slip between phases and
'

therefore the model is especially applicable during relatively slow

transients when Juertia effects are negligib'e."3 Transients in the
TilTF are relatively rapid and inertia effects may be quite significant,

particularly in the heated section with its comparatively small flow

area. The downcomer flow area is approximately three times larger than |
that of the core, suggesting that slower velocities in the downcomer

would lead to reduced inertia effects. RELAP's slip model was not based
.1

on data for core conditions but does reflect high void fraction data from4

the downcomer in Semiscalc Emergency Core Coolant (ECC) penetration

.
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experiments.10 Thus, as modelers making judgments on which options to' '

use without the benefit of having the experimental-results in advance,
we would be inclined'to use slip'in the downcomer but not in the core.

| l
These are the choices used in most|of the RELAP calculations described
in this report.

Additional RELAP calculations were made using slip in the core as |
well as in the downcomer and not using siip at all. Calculations were

,

made for the system model and for the test rection model, both experi-
mentally bounded and bounded by the system model. Our primary interest

,

was in'whether use of the slip model would affect RELAP's calculated
fluid conditions enough to alter its calculations of surface tempera-
tures. The addition of slip to the downcomer had little effect on sur-
face temperatures, whereas'the addition of slip to the core caused a
. general lowering of predicted temperetures (Figs. III.58 and .59). Peak

teuperatures were lowered approximately 28 K (50 F), a small amount com-
'tpared to the extent of overprediction in the upper core. However, RELAP's

slip model affects only the fluid energy equation and does not alter the
'

homogeneous mass and momentum equations. If slip were accurately taken

into account in all three equations, a substantial change in the predicted ,

IO
rod surface temperatures might result. Davis noted that considerable

inaccuracy may exist in RELAP's slip model and pointed out the need for
'

a slip model based on core flow measurements. We concur in these obser-
'

vations with the additional recommendation that an effort be made to in-
corporate slip into the mass and momentum equations.

One cannot judge a slip model by the effect it has in a complex,
integrated code such as RELAP. An erroneous model may improve RELAP's

predictions by compensating for other errors the code may make, such as
those introduced by the homogeneous equilibrium assumption. The danger

,

in such a situation is that errors which compensate in one situation may
reinforce each other in another. The ability to accurately predict

thermal-hydraulic. transient behavior in situations where measurements
are not available is the primary requirement for a code to be used for-

margin-of-safety. calculations. This ability cannot be inferred from
successful predictions of experimental facilities such as the THTF unless

,

that success stems from the accurate evaluation and coupling of all

;

l.
'

|. ;

! I

, -

.
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5 significant phyeical effects and not from the fortuitous compensation of

fy erroneous models. Future slip models should be based on, and. verified-
;

.

. relative phase velocities calculated from' direct measurements ]against,

) in pertinent geometries over a wide range'of conditions. They may re- !

t quire construction of specific. facilities for measurement of slip, but I
4

'
j the effort would be. justified because of the importance of accurate pre-
.

j diction of' local fluid properties for accurate surface temperature pre-
1,

L dictions.

I !

i
j III.7 Effect of Alternate Film Boiling Correlation-

i
1

-

i In all the RELAP calculations described thus far, the Dougall-Rohsenow
i !
; (DR) correlation has been used as the film boiling correlation, that is, .-

1 :
'

mode 9 instead of mode 5 (Table III.1). RELAP affords the user two other

i choices for.a film boiling correlation, Groeneveld equations 5.9 (G59)

} and 5.7 (G57). RELAP predictions using the system model for test 105
.

were made using G59 and were compared with predictions using DR. Above

j level H the predictions were virtually identical. Some differences were i

| observed in the middle and bottom of the cores, levels D (Fig. III.60)
, ,

1 and H (Fig. III.61) being typical. Although DR appears to produce some- ]
what better predictions than G59, the reader is reminded that these re-

_

| sults represent the responses of the correlations to relatively inaccurate

fluid conditions and therefore are not valid grounds for comparison. A ;

rzeaningful comparison of these correlations will be made as soon as we are
!

| able to provide reasonably accurate fluid conditions,
i
$ .

'

l-
; III . 8 Effect of Alternate CHF Correlation

}

i RELAP also provides alternatives to the standard CHF correlations

; described earlier. The user may select a combination of two General

Electric-correlations (GE) to replace B&W-2,.Barnett and modified Bar-

nett (see Appendix B). The GE correlaticos minimize the effects of flow i

;

and depend primarily on quality, CHF being proportional to either 0.8 )
a I

minus quality or 0.84 minus quality. Thus, increasing quality will pro-
).

duce decreasing. values for CHF. RELAP predictions for test 165'using
|

,

- s t - 8 m -
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the system model and the GE CHP-corrclations have been produced and com-- j
L pared with calculations using the standard CHF correlations. There was' l*

little difference.in the predictions below level I. In the upper core

the use of GE produced lower predicted peak temperaturea and higher
temperature predictions late in the transient (Fig. III.62). With GE
correlations, RELAP switches out of pre-CHF modes later than with the ':

s

standard correlations. (The flow dependence which produced the early ;

mode switch in the. upper core with the standard correlations is not ;

i

present with GE.) -The use of GE correlations delays the mode switch ;
;

until the predicted quality sustains an appreciable increase in the {
upper core, thereby lowering the CHF. Further, a decrease in predicted

quality causes RFLAF to switch back to a pre-CHF mode briefly just af ter
1 sec. The delayed initial switch', coupled with the brief return to j

pre-CHF modes, removes sufficient energy from the rods to cause RELAP to
r

predict lower peak temperatures. When GE is used, quality increase be- 1

'!.

comes the cause of DNB'for the upper core as it was in the lower core

when the standard CHF. correlations were used. The reasons for the higher

temperatures late in the transient when GE is used have not been investi- ;

gated to date. Once again, no valid basis exists for declaring one set ;

of correlations to be superior to the other since both are being applied i

with relatively inaccurate fluid conditions.
.

I.

III.9 Conclusions
,

,

>

l

Summarizing the preceding discussion, RELAP predicts rod surface -

tenperatures in the lower core of the THTF for test series 100 fairly
well. RELAP predicts DNB in the lower core when rising quality reduces ,

!

the predicttd value of CHF, and this coincides with the experimentally :
I

observed occurrence of DNB. In the upper core, RELAP predicts a similarly |
early DNB, producing surface temperatures far above those actually ob- |
served. The use of the " minimum controls" configuration of RELAP has ;

not enabled us to escape all the conservatism present in the Evaluation [
i

Model. When RELAP is used to " extrapolate" experimental data, better
local fluid conditions are calculated than when RELAP is used as a pre-

;dictor, but the calculation.of excessively high upper core surface

!
!

. .~ - . . _ . . . ,._ _ ,,
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temperatures persists. If the " extrapolated" local fluid conditions

were of high. accuracy, this fact would have considerable significance. !
~

Since they are not, we'do not currently have a valid basis upon which
to judge either RELAP's heat transfer correlations or its switching

logic. RELAP might be capabli of producing the accurate local fluid 'l
'conditions essential to such judgments if it were supplied with better.

'

experimental boundary conditions. The development of a slip model veri-
e

fled by cowparison to direct measurement of relative phase velocities ]
Imay be of substantial assistance to RELAP in calculating fluid condi-

.

tions. It is clear that the primary hindrance to further analysis of t

RELAP's heat transfer capabilities within the PkR-BDHT Program is our.
. lack of accurate measurement of transient core pressure differences and I

those quantities needed for accurate mass flow calculations. Considerable'

effort is currently being expended to remedy these deficiencies.

i
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Fig. III.6. Radial boundaries for three-channel test section model
(core model) of the THTF. Regions labeled 2 are combined into wall
channel. Regions labeled 3 are combined into corner channel. Region 1
is the central channel.
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Fig. III.27. Hydraulic bound core volumetric flow at VI vn data
(corrected signal), test 105. (Polarity reversal produced incorrect
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Fig. 111.38. RELAP4/M5t?2 (minimum controls) heat transfer logic. (See the notes en flow chart for9

explanation of variables and symbols used. Consult raode list for identification of heat transfer modes
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, -IV. HEAT TRANSFER CALCULATIONS

( q
\

17.1 Best-Estimate Heat Transfer

a
I

-In order to perform basic heat transtwr calculations, the instantan- >

cous conditions of the receiving medium and the heat source must be known. j

In experimental. determinations, some model that transforms recorded in- |
scrument responses into. the required receiver and source conditions must s

be utilized. These models invariably encompast aeumptions on the spa- |
tial and temporal variation of the parameters. For the THTF the source- ]
receiver pair is the indirect electrically heated rods and the au rounding I

fluid. Therefore, the conditions that must be determined are the rod sur-
.

f ace temperature and surface heat flux and the local fluid conditions. |

1

The current best-estimate heat transfer calculational model is i

shown in Fig. IV.1. The heater rod surface conditions are supplied by
,

-ORINC,5 which uses the individually recorded rod amperage, voltage, and f

thermocouple responses. The local fluid conditions are calculated by a

special version of RELAP4/ MOD 5 -(Ref. 11) which uses the ORINC heat fluxes

in place of the standard RELAP4 heat transfer package-and the conditions

in the vertical spool. pieces obtained from recorded instrument responses
as hydraulic boundary conditions. The RELAP4 model used in these calcu- )

j. lations is'the single-channel 11-node core model (Fig. 111.9). The
I

coupling of ORINC, RELAP4, and experimentally de. ermined hydraulic boundary |
L conditions constitutes our current procedure for attempting to solve the
|

transient boundary. valued convective transport problem in space and time.

IV.2 Local F1.id Conditions,

The calculation of the dynamic and thermodynamic local fluid con-

ditions' requires both thermal and hydraulic boundary conditions. The

limitations in the generation of these from recorded instrument responses
i

have been discussed in Sect. 11.1. Several possible combinations of
I.

! parameters can be used as hydraulic boundary conditions. The ones chosen
L

(see . Sect. 'III.4) were mass flux at the VO (fill table at junction 36)l

and absolute pressure at the VI (time-dependent volume at volume 1).
.-

-

m )
!

_ _- .
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Given'these boundary. conditions,Lthere are still significant prob--
lems involved in their'" extrapolation" into the TiiTF rod bundle. The

flow forcing function for junction,36, THTF test 105, is shown in Fig.

IV.2, anil the calculated upstream flow at junction 33 is shown in Fig.

IV.3. The comparison of the two flowa (Fig. IV.4) shows the magnitude

of'the induced' flow oscillations. These oscillations do not appear in

the reduced response of the vertical outlet turbine meter, FE-216 (Fig.

IV.5). Comparison of the reduced response of FE-166,.the inlet turbine I

meter, with the predicted inlet flow, junction 1, also shows oscilla-

tions in the predictions relative to the recorded signal (Fig. IV.6).

The magnitude and frequency of these oscillations make utilization of 1

the calculated bundle flows in heat transfer correlation calculations

highly questionable. Qualitative information may be obtained from such

calculations, but quantitative use would be unjustifiable.

The calculated thermodynamic properties (pressure, temperature, and
density) are in better agreement with reduced instrument responses. A com-

parison of the input pressure forcing function for volume 1, TIITF test 105,

and the reduced response of pressure transducer PE-174, located in the VI,
is shown in Fig. IV.7. Comparisons of calculated pressure and reduced

pressure transducer responses at other locations are shown in Figs. IV.8

to IV.10. The oscillations noted in the flow are not present in these

2comparisons, and the agreement is generally wJehin 0.345 MN/m (50 psi).
The temperature comparisons (Figs. IV.ll to IV.15) similarly indicate

closer agreement. The agreement is quite good during those periods when

the fluid was saturated and RELAP4 (Ref 11) calculated saturation.
During other periods, the effects of energy averaging and early predic-

tion of superheat (Fig. IV.13) can be seen.2 The density comparisons
(Figs. IV.16 and IV.17) are not as good as the pressure and temperature
comparisons but are better than the flows.

The space- and ' time-averaged local fluid conditions at TE-309BG
L

resulting trom the beundary value cal.:ulation for THTF test 105 are

given in Table IV.1.
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Table IV,1. Space- and time-averaged calculated fluid conditions - THTF test 105, rod 9
thermocouple level C, thermocouple TE-309BG

Time Pressure Temperature Sensit Enthalpy Mass flux Vf V Hg H

(Ib /hr-ft2) (ft'/lb ) (ft'f1b) (Btu /lb ) (Btuf1b)(sec) (psis) (*F) (Ib /ft ) (Btu /lb') "" Y
m m m m m __m m

0.0 2282.20 593.4 4.379E 01 603.98 0.0 2.601E 06 2.716E-02 1.533E-01 70!.14 1114.73
3.000E-02 2258.32 593.8 2.701E-02 1.559E-01 702.37 1116.83
1 G00E-01 1885.89 595.9 2.508E-02 2.047E-01 658.84 1146.15
1.500E-01 1880.96 610.9 2.505E-02 2.055E-01 658.25 1146.51
2.000E-01 1863.96 625.9 2.498E-02 2.082E n1 656.23 1147.73
2.500E-01 1860.80 625,6 2.497E-02 2.037E-01 655.85 1147.96
3.000E.01 1882.69 627.3 2.506E-02 2.052E-91 658.48 1146.37
3.500E-01 1896.19 628.3 2.512E-02 2. 0 32 E-01 660.09 1145.40
4.000E-01 1918.35 629.9 2.523E-02 1.498E-01 662.72 1143.81
4.500E-01 1921.37 630.1 NOTE: The transient in-bundle fluid con- 2.524E-02 1.994E-01 663.07 1143.59
5.000E-01 1922.49 630.2 ditiens in this table were calculated by 2.525E-02 1.992E-01 663.20 1143.51
5.500E-01 1928.00 630.6 REIAP4 bounded with fluid conditions 2.527F-02 1.084E-01 663.85 1143.12 pa
6.000E-01 1890.71 627.9 measured octside the test section. The 2.510E-02 2.040E-01 659.44 1145.79 '"

6.500E-01 1863.41 625.8 uncertainty in these fluim conditions 2.498E-02 2.083E-01 656.17 1147.77
''

7.000E-01 1843.21 624.3 cannot be quantified and may be quite 2.489E-02 2.115E-01 653.73 1149.25
7.500E-01 1825.07 d,22.9 large. Therefore the numeric in f o rma- 2.482E-02 2.145E-01 651.52 1150.59
8.000E-01 1814.90 622.2 tion in these columns has been deleted 2.478E-02 2.162E-01 G50.27 1151.34
8.500E-01 1817.00 622.3 to prevent misleading the reader. 2.479E-02 2.158E-01 650.53 1151.18
9. 000E- 01 1817.21 622.3 2.479E-02 2.158E-01 650.56 1151.17
9.500E-01 1816.66 622.3 2.479E-02 2.159E-01 650.49 1151.21
1.000E 00 1802.71 621.1 2.473E-02 2.182E-01 648.81 1152.15
1.050E 00 1785.27 619.9 2.465E-02 2.211E-01 646.75 1153.25
1.100E 00 1783.93 619.8 2.464E-02 2.213F-01 646.59 1153.32
1.150E 00 1766.40 618.4 2.456E-02 2.242E-01 644.53 1154.34
1.200E 00 1762.10 618.1 2.454E-02 2.249E-01 644.03 1154.59
1.250E 00 1752.10 617.3 2.449E-02 2.266F-01 642.85 1155.171.300E 00 1735.56 616.0 2.442E-02 2.295E-01 640.89 1156.14
1.350E 00 1731.28 615.6 2.440E-02 2.303E-Oi 640.37 1156.40
1.400E 00 1713.61 614.2 2.432E-02 2. 3 34 E-01 638.26 1157.44
1.450E 00 1700.84 613.2 2.426E-02 2.357E-01 636.72 1158.20
1.500E 00 1693.91 612.6 6.480E 00 955.50 0.6114 -3.351E 05 2.423E-02 2.370E-01 635.88 1158.61
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IV.3 Heat Transfer' Parameters

The heater rod surface conditions at each sheath thermocouple loca-

tion are supplied by.the computer program ORINC,5 which solves the inverse-

heat conduction. problem. Given the calculated surface heat flux and sur- !

face temperature and the calculated saturation and bulk fluid' tempera-

tures, the thermal driving potential and " heat transfer coefficient" can

be determined. These calculated space- and time-averaged " heat transfer"
parameters at TE-309BC for THTF test 105 are given in Table IV.2. Note

that CHF is indicated at'%0.50 sec.

'IV.4 Critical Heat Flux

The phenomenon of CHF and the prediction of its time of occurrence

t. re important aspects of reactor safety analysis. Although the terms CHF

and DNB are often used interchangeably, they do not necessarily denote

the same event. In this report, the " occurrence of CHF" refers to the

beginning of a rapid temperature excursion in the heat source surface

which, if uncontrolled, would result in destruction of the surface. CHF

is, therefore, a, safety problem. DNS merely denotes that a surface which

was transferring its heat by nucleate boiling in the receiver is no longer

doing so. For example, in the production of steam in steam generators,

DSB occurs. DNB carries no safety connotations.

Critical heat-flux occurs in the THTF during most blowdowns. In

test 105 the majority of the sheath thermocouples indicated CHF. Its

occurrence, nowever, was not instantaneous. The average time to CHF for

each thermocouple level (Fig. II.3) in the THTF bundle for test 105 is

given in Table IV.3. Columns 2-4 give the number of sheath thermocouples
present at each level, the number that indicated the occurrence of CHF,

and the number that iridicated the occurrence of CHF within 2 sec of break
initiation. Since the "carly" (<2 sec). occurrences of CHF are of primary
interest, the average time to CHF and the standard deviation in that time

are computed from the indicated temperature responses of the thermocouples,
which compose Col. 4. Note that the inability to determine the time of

break initiation to within 0.050 sec places a systematic uncertainty in

i

_ -___:2--_L___.-____-__-_. __:_______.L__________-._--__.----_-._- . .
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Table IV.2. Space- and. time-averaged calculated " heat transfer" parameters - THTF test 105, '

2rod 9, thermocouple level G, thermocouple TE-309BG

i ' ;

Time Surface " lux H b sat T, - TU ulk Surf. temp. T -Tsat
(*F)ulkb

(sec) (Btu /hr-ft2) (Bru/hr-ft*F) ' (Btu /hr-ft*F) (*F) s(*F)
. - 3

'

0.0 5.296E 05 6.219E 04 7.581E 03 663.3 8.52 69.86
5.000E-02 5.325E 05 5.510E 04 7.704E 03 662.9 9.66 69.12
1.000E-01 5.576E 05 1.835E 04 8.999E 03 657.9 30.38 61.97 i
1.500E-01 ~ 5.730E 05 2.311E 04. 1.396E 04 651.9 24.79 41.03
2.000E-01 5.900E 05 3.148E 04 3.148E 04 644.6 18.74 18.74 - >

2.500E-01 5.731E 05 3.357F 04 3.357E 04 642.7 17.07 17.07 :

3.000E-01 5.555E 05 3.359E 04 3.359E 04 643,8 16.54 16.54
3.500E-01 5.549E 05 3.576E 04 3.576E 04 643.8 15.52 15.52 ,

4.000E-01 5.516E 05 3.955E 04 3 e55E 04 643.9 13.95 13.45 -

4.500E-01 5.276E 05 2.936E 04 -2.916E 04 648.1 17.97 17.97'
- !5.000E-01 4.835E 05 1.693E 04 1.693E 04 658.8- 28.55 28.55'

'

5.500E-01 3.194E 05 4.853E 03 4.855E 03 696.4 65.80 65.80
6.000E-01 1.870E 05 1.608E 03 1.608E 03 744.2 116.28 116.28 . ,_.

,

6.500E-01 6.331E 04 3.663E 02 3.663E 02 798.7 172.85 172.85 g
7.000E-01 7.500E 04 3.579E O2 3.579E 02 833.9 209.56 209.56
7. 500E-01 9.407E 04 3.989E 02 3.989E 02 858.8 235.84 235.84
8.000E-01 1.228E 05 4.842E 02 4.P42E 02 875.8 253.63 253.63
8.500E-01 1.279E 05 4.743E 02 4.743E 02 892.0 269.69 269.69
9.000E-01 1.317E 05 4.624E 02 4.624E 02 907.3 284.93 284.93
9.500E-01 1.371E 05 4.586E 02 4.586E 02 921.2 298.92 298.92
1.000E 00 1.374E 05 4.376E 02 4.376E 02 935.2 313.95 313.95
1.050E 00 1.983E 05 4.535E 02 4.535E 02 946.9 327.02 327.02
1.100E 00 1.464E 05 4.310E 02 4.310E 02 959.5 339.77 339.77
1.150E 00 1.836E 05 5.291E 02 5.291E 02 965.5 347.07 347.07

^

1.200E 00 1.745E 05 4.878E 02 4.878E 02 975.8 357.72 357.72,

1.250E 00 1.74$E 05 4.741E 02 4.741E 02 986.2 368.89 368.89 +'

1.300E 00 1.566E 05 4.079E O2 4.079E 02 1000.0 383.98 383.98
1.350E 00 1.646E 05 4.164E 02 4.164E 02 1011.0 395.35 395.35 . ;

1.400E 00 1.730E 05 4.258E 02 4.258E 02 1020.7 406.45 406.45 t

1.450E 00 1.756E 05 4.209E 02 4.209E 02 1030.5 417.28 417.28 ' i
1.500E 00 1.138E 05 4.059E 02 4.059E 02 1040.9 428.29 428.29

#The transient in-bundle fluid conditions used in this table were calculated by RELAP4
bounded with fluid conditions measured outside the test section. The uncertainty in these

fluid conditions cannot be quantified and may be quite large.
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Table IV.3. Time to CHF determined from recorded sheath thermocouple (T/C) '

responses - THTF test 105

No. of T/C Average timed Standard' deviationLevel No of T/C to CHF to CHF of time
*

#to CHE (<2sehb,c (sed (sed

D 18 17 17 6.6301D-01 6.9285D-02
E 19 18- 18 7. 3274 D-01 1.4336D-01
F 18 18- 18 6.2981D-01 1.3969D-01G 19 19 19 5.6387D-01 7.7565D-02
H 42 41 41 7.2245D-01 1.4203D-01 1

,

I 41 37 19 1.0263D-00 5.2733D-01J 39 39 7 9.1669D-01 4.4515D-01- 5K 20 14 0 0.0 0.0
L 41 7 0 0.0 0.0M 4 0 0 0.0 0.0
N 3 0 0 0.0 0.00 19 0 0 0.0 0.0

#
This column lists the number of thermocouples that indicated the occurrence of

| CHF.
b
This column lists the number of thermocouples that indicated the occurrence of

CHF within 2 see of break initiation.
#
There is a systematic uncertainty of -0.050 see in the determination of this

time.
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the calculation'of the average' time to CHF. The' calculation of~the |

standard deviation is also limited by the data acquisit' ion rate of one |
point'every 0.050'sec. .Nevertheless, important conclusions can.be drawn !

'
f rom the relative magnitude of these numbers. Those levels with small

standard deviations incurred CHF uniformly, while those with larger

standard deviations, notably.I and J, had at least two distinct occur- !

rences of CHF.
!

The maximum clad temperatures <in THTF experiments are also of great :

interest since clad temperature is the major licensing limit in LOCA

analysis. The maximum recorded clad temperature from the indicated thermo-'-

couple responses at each level during test 105 is given in Table IV.4.
'

In using this information, one must remember that during this test the j
electric heater rod behavior did not quantitatively match the performance

;

of nuclear fuel rods. ,

i

!

!

Table IV.4. Maximum recorded clad temperatures
,

determined from recorded sheath thermocouple i

res/onses - THTF test 105 ;

Maximum Time to id

temperature maximum Instrument
el

per level temperature name

(*F) (sec)

D 1.1174E 03 3.5996E 00 TE-310AD
E 1.1837E 03 3.3996E 00 TE-320AE
F 1.3840E 03 3.4996E 00 TE-323BF L

C 1.4196E 03 3.2496E 00 TE-320BG
H 1.3797E 03 3.2496E 00 TE-312CH
I 1.0258E 03 3.2996E 00 TE-325CI <

J 9.4744E 02 4.1995E 00 TE-325DJ r

K 8.8553E 02 4.0496E 00 TE-325DK
L' 8.4336E 02 0.0 TE-325EL
M 7.1201E 02 5.0000E-02 TE-304EM
N 7.3037E 02 5.0000E-02 TE-325FN
O 7.3787E 02 5.0000E-02 .TE-349E0

"There is a systematic uncertainty of -0.050
see in the determination of this time.

I
_ _ - . - . .



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

y a ..

!
4 =

; 162
:

:
!- The ability to accurately predict the occurrence of CtfF is exceedingly
:

{~ important in a coupled: thermal-hydraulic' analysis since the post-CHF riur-
|

}- . face temperature excursion is hundreds of degrees per second. A compari- 't

' son of the predicted DNB flux from several currently used . correlations;

!. and the calculated surface heat flux from ORINC for TE-309BG during test :)

h 105 is presented'in Table IV.S. The ORINC-calculated DN'S flux occurs at
'

f. %. 50 sec. A.ll th'e predictions are early, ranging from 0.25 sec [ Westing-

{, houso-3 (W-3)]8 to 0.45 sec (GE).3 In general, the limited analysis to

{ date has indicated that.of the~ correlations examined, the GE correlation'

j' produced the best predictions of THTF bundle 1 behavior.
'

!
t-

!' IV.5 Heat Transfer Correlation Comparisons

A comparison of the predicted heat transfer coefficient from several
'

curr wtly used correlations and the appropriate calculated " heat transfer
I coefficient" from Table IV.2 for TE-309BC during THTF test 105 is pre-

f . sented in Table IV.6. The boiling curve mode is the selected heat transfer {
mode from a steady-state boiling curve with. switching logic similar to that

j currently. employed in transient analysis. The boiling curve is composed |
:j' of:
J

|
3

1- Mode Regime Correlation
1

! 1.0 Subcooled forced convection Dittus-Boelter
j 2.0 Nucleate boiling Thom
j 3.0 Transition boiling McDonough-Milich-King

]j, 4.0 Film boiling Dougall-Rohsenow j

5.0 Film boiling Groeneveld 5.9 '

32
{ 6.0 Pool. boiling Morgan

7.0 Superheat forced convection Dittus-Boelter

i

The mode is selected based on the local fluid conditions (Sect. IV.2) and
,

i the surface heat flux from ORINC (Table IV.2). 7ne boiling curve surface
'

|- temperature is calculated based on the selected mode, the local receiver

temperature, and the ORINC surface heat flux.
'

The surface corresponding to TE-309BG is in subcooled nucleate

- boiling at steady state, and the comparison with Thom is excellent. ~Dur-
,

ing the subcooled decompression (0.050-0.250 see) and the transitien

boiling period (0.50-0.750 sec), when the coupling oi' pin conduction,
.

E
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Table IV.6. Preaictions of heat transferc.orrelations-{dTFted: 105, rod 9T/C level.C, thermocouple TE-309BCa,

'

Dittus- Di tus-
"# Gr eneveld Croeneveld Dougall- Boiling Boiling curve

Boelter Boelter Thom pg,
sec) * * ' **""" C"#"* * * ""# ' E"*P'sulcooled superheat

O.0 7.929E-41 7.798E-01 9.887E-01 4.316E-02 4.798E-02 2.072E-02- -1.000E 00 2.0 663.3 -

5.000E-02 8.013E-01 7.881E-01 1.*t9E 00 4.921E-02 5.478E-02 2.371E-02 -1.000E 00- 2.0 662.0
1.000E-01 1.287E-01 1.266E-01 b.371E 00 2.883E-02~ 1.945E-02 1.085E-02- -1.000E 00 2.0 .639.3
1.500E-01 3.851E-01 3.788E-01 4.096E 00 8.555d-02' 8.678E-02 4.097E-02 -1.000E 00 2.0 639.0- d
2.000E-01 1.750E-01 1.112E-01 2.' 4E 00 2.717E-02 2.694E-02 2.041E-02 --1.000E 00 2.0 638.0 'i
2.500E-01 5.412E-02 3.440E-02 1. - 31E 00 1.190E-02 9.311E-03 7.941E-03 -1.000E 00. 2.0 637.8
3.000E-01 1.791E-02 1.139E-02 1.886E'UO 5.386E-03 3 295E-03 3.192E-03 --1.000E 00 2.0 639.2

-

3.500E-01 1.373E-02 8.724E-03 1.698E 00 4.940E-03 2.497E-03 2.947E-03 -1.000E 00 4.0 3769.5
4.000E-01 3.524E-03 2.240E-03 1.429E 00 1.750E-03 7.934E-04 9.091E-04 -1.000E 00 6.0 6101.7
4.500E-01 4.718E-02 2.999E-02 2.493E 00 1.970E-02 1.721E"C2 1.469E-02 -1.000E 00 4.0 1542.6
5.000E-01. 8.222E-02 5.226E-02 6.879E 00 3.961E-02 3.616E-02 3.094E-02 -1.000E 00 4.0 1351.1
5.500E 01 3.044E-01 1.935E-01 5.578E 01 1.628E-01 1.560E-01 1.341E-01 -1.000E 00 4.0 1034.7
6.000E-01 1.173E 00 7.456E-01 2.804E 02 6.479E-01- 6.752E-01 5.680E-01 -1.000E 00, 4.0 807.4 pa

7.000E-01 6.022E 00 3.8?7E 00 2.106E'03 3.250E 00 3.506E 00 2.882E 09 -1.000E 00 4.0 688.8
. C[6.500E-01 7.106E 00 4.517E 00 1.753E 03 3.790E 00 4.316E 00 '.486E 00 -1.000E 00~ 4.0 6/1.4

+

7.500E-01 5.672E 00 3.605E 00 2.066E 03 2.893E 00 3.119E G3 2.515E 00 -1.000E 00 4.0 704.4
, - 8.000E-01 3.753E 00 2.386E 00 1.802E 03. 1.882E 00 1.8R8E 00 1.552E 00 -1.000E 00 -4.0 756.9. ,

B.500E-01 2.947E 00 1.873E 00 1.962E 03 1.511E 00 1.408E 00 1.195E 00 -1.000E 00. 4.0 800.8
9.000E-01 1.793E 00 1.140E 00 2.127E 03 1.013E 00 8.269E-01 7.517E-01 -1.000E 00 4.0 903.6

*

9.500E-01 3.877E 00 2.464E 00 2.248E 03 1.999E 00 1.008E 00 1.662E 00 -1.000E 00 4.0 771.8
1.000E 00 4.172E 00 2.652E 00 2.420E 03 2.184E 00 2.221E 00 1.834E 00 -1.000E 00. 4.0 765.0
1.050E 00 4.854E 00 3.085E 00 2.366E 03 2.485E 00 2.660E 00 2.142E 00 --1.000E 00 4.0 751.5
1.100E 00 2.855E 00 1.814E 00 2.581E 03 1.573E 00 1.440E 00 1.246E 00 -1.000E 00 4.0 835.7

'

1.150E 00 3.315E 00 2.107E 00 2.089E 03 1.759E 00 1.775E 00 1.468E 00 -1.000E 00 4.0 815.7
1.200E 00 45235E 00 2.692E 00 2.319E 03 2.193E 00 2.311E 00 1.871E 00 -1.000E 00 4.0 731.2
1.250E 00 3.098E 00 1.969E 00 2.422E 03 - 1.687E 00 1.624E 00 1.372E 00 -1.000E 00 4.0 836.0
1.300E 00 4.728E 00 3.005E 00 2.854E 03 2.481E 00 2.570E 00 2.094E 00 -1.000E 00 4.0 770.7
1.350E 00 3.998E 00 2.541E 00 2.860E 03 2.118E 00 2.103E 00 1.741E 00 -1.000E 00 4.0 802.3
1.400E 00 3.437E 00 2.184E 00 2.796E 03 1.872E 00 1.801E 00 1.515E 00 - -1.000E 00 4.0 831.4
1.450E 00 4.508E 00 2.865E 00 2.845E 03 2.388E 00 2.469E 00 2.010E 00 -1.000E 00 4.0 787.9

'

1.500E 00 3.018E 00 1.918E 00 2.995E 03 1.713E 00 1.580E 00 1.360E 00 -1.000E 00 4.0 862.6

# Ratio of correlation-predicted heat transfer coefficient / calculated " heat transfer coef ficient" (-l'.0 indicates no-,

calculation performed).
bThe transient in-bundle fluid conditions used in this table were calculated by RELAP4 hounded with fluid conditions

measured outside the test section. The uncertainty in these fluid conditions cannot be quantified and may be quite large.
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surface heat transfer, and receiver energy transport is highly transient,

j none of the correlctions examined produced good comparisons. The boiling

curve predicted CllF to occur 0.150 sec carly as evidenced by'the high

predicted surface temperatures. After film boiling was established (>0.75
sec), the correlations for that regime were generally within a factor of

2 of the calculated " heat transfer coefficient." Of the three correlations

examined, Dougall-Rohsenow produced the best results, usually by 20%. In ,

both the integral temperature comparisons (conduction equation coupled to

the heat transfer - RELAP4; see Sect. III.7) and in these independent time

point heat transfer comparisons, Dougall-Rohsenow produced better compari-
sons in the THTF. It should he noted, however, that similar comparisons

made with more accurate fluid conditions could alter this observation.

Some of the numeric information has been deleted from tables in
e

this section because of the lack of confidence in the calculation of the

local fluid conditions (Sect. IV.2). This is an attempt to guard against

misleading the reader and to prevent misinterpretation by others as to
I the significance of the information.

ORNL-DWG 78-13314

: .

ORINC SURFACE O-
HE AT F LUX, h$ , ,

SURFACE Ey o ow

h
"^ 4 HYDRAULIC BOUNDARY~

CONDITIONS AT SPOOLro o
$S E PIECESo

b2 H - MASS FLUX, ENTH ALPY
3$ d E - PRESSURE, TEMPER ATURE,
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Fig. IV.l. Best-estimate heat transfer calculational model. ,
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THTF TEST 105 THERMAL (ORINC) RND HYORRULIC(EUGG1) BOUND
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Fig. IV.13. Comparison of vertical outlet thermocouple reduced re- ,
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-V. CONCLUSIONS

The' heat transfer' phenomena observed in test series 100 of the THTF

have been analyzed and , described. Three separate occurrences of DNB were
observed-in tnese tests. First, CHF occurred from the middle to the

~
~

! bottom of the; rod bundle at approximately 0.6 sec (during. a period of
1

relatively high flow) because of increased local fluid enthalpy. Second,

CHF occurred in the upper part of the rod bundle at approximately 2'sec|

because of low flow. Third, DM9 occurred between 5 and_7 see because of

the passage of superheated steam. A comparison of the tests revealed
that the heat transfer and rod surface temperatures are relatively sensi-

tive to changes in the flow pattern, whereas the flow is not as sensitive i

to changes in rod power or heat transfer. This conclusion has signifi-

cance for.those working to develop codes for margin-of-safety calculations.

As heat transfer correlations and logic are improved to better reflect the

actual phenomena, they will also reflect this sensitivity to fluid condi-

tions. Therefore, advances in the development of heat transfer correla-

tions for predictive codes without concomitant improvement in-the ability

to predict fluid conditions is futile.

The ability of RELAP4/H5U2 to predict THTF transient behavior and to
calculate local fluid conditions in the test section given experimental

boundary conditions was investigated. The surface temperatures calculated

by RELAP in both applications share the same characteristics; RELAP's cal-
culated surisce' temperatures in the lower part of the rod bundle were

close to experimental results, while RELAP's surf ace temperatures were
well above experimental results in the upper part of the rod bundle. De-

parture from nucleate boiling was predicted at approximately 0.6 see in

the lower region when predictions of increasing quality produced large

drops in the predicted values for CHF. Critical heat flux predictions

decrease similarly in the upper region, but predictions of low flow at

approximately 0.4 sec produced a slightly earlier prediction of DNB.

Although our current inability to obtain sufficiently accurate local

fluid conditions prevents definitive judgment of RELAP's heat transfer
correlations and logic, it has been noted that the standard correlation

for critical heat flux used early in the transient, B&W-2, is applied

!

.g.

''
:
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beyond the range of the data _for which it was developed when the erroneous
,

DNB in the upper bundic is predicted. This suggests _that more experimental

data for CHF in regions of high quality (above'0.2), high pressure, and
low flow are needed. Similarly, the potential effect of a slip model on

calculated fluid. conditions emphasizes the desirability of additional ex-
perimental work-that can provide a basis for~a more comprehensive and ac-

Neilner the choice 'f film boiling correlationcurate slip model. o

(Dougall-Rohsenow or Groeneveld 5.9) nor CHF correlation (B6W-2 or General
Electric) has an effect on RELAP's calculated surface temperature compa-

.

rable to the errors in those temperatures in the upper bundle.
The primary hindrance to the analysis effort in the PWR-BDHT Program

at present is the poor quality of some experimental measurements necessary
for the computation of accurate hydraulic boundary conditions for the test
section. Were such accurate boundary conditions available, the ability of

RELAP to calculate' accurate local fluid conditions given the test section

boundary conditions could be determined. (Efforts are in progress to de-

velop additional instrumentation to be used inside the test section which
will assist in this deter:aination.) If RELAP's accuracy in this applica-

tion were judged insuf ficient, efforts to find or create a satisfactory

code would be initiated. Once accurate local fluid conditions are ob-
tained, a valid basis would exist for comparison of current heat transfer

correlations and switching logic to heat transfer coef ficients calculated

directly from experimental data. Limited, preliminary comparisons have

been made in Chapter IV.
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Appendix A

|' SYSTEM HYLR0 DYNAMICS- f
:

<,

The purpose of this appendix is to familiarize the reader with the

hydrodynamic response of the THTF to the double-ended breaks of tests 103, .j
>

104, and 105. Test 103 will be described in some detail. Since tests 104

and 105 are similar to test 103 in many respects, they will be mentioned-
'

only when they differ from test 103 in a way significant to the body of
'

'

this report. The description of test 103'will proceed chronologically
*

from rupture of the break plenums.

Eefore the tests themselves are described, a brief discussion of ;

the governing physical interactions may be helpful. In very general !

terms, phase change controls the rate of depressurization of the THTF.
If the system were initially filled with water at a temperature low. !

enough that the saturation pressure were below atmospheric pressure (and ;

no energy were added), the system would depressurize in a small fraction !

of the time it actually takes. Similarly, if the system were filled solely f
with steam, the adiabatic depressurization would he more rapid. Depres-

t

surization of the THTF is slowed to the observed rate by the presence of .|

water that can change' phase from liquid to vapor. Two-phase fluid in the
'

system exerts sufficient force on subcooled fluid to prevent its pressure

from rapidly falling to its saturation pressure. Thus, flow in the system

will generally tend to be from locations where two-phase fluid is present

toward the breaks. ]
The role of phase change in controlling depressurization rates causes

'

volumetric flow to become an important consideration. Consider an arbi- j

i

trary container full of a steam and liquid water mixture in equilibrium
,

with phases separated. A leak in the region of steam will produce faster |
1

depressurization than a leak in the liquid region if the steam leak pro- ]
duces higher volumetric flow from the container, even though the steam ]

leak may cause a slower loss of mass and energy. This will hold true as
long as some liquid remains in the container and as long as the creation !

of steam.from.the liquid is'at an interface away from the leak; that is,
i

the leak in the liquid region'is not losing fluid that was part of an
'

interface where phase change was occurring. This can be understood by

. . . . . . . - - _ - , -
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imagining the loss from the container of a small portion of macs and con-

sidering the volume it' vacates. If already existing steam expanded to

fill most of the vacated volume, the pressure of the vapor phase would

fall well below'that of the liquid phase anu thereby cause sufficient

phase change to raise the vapor p~ressure to'near its original value.

Thus the primary mechanism through which the remaining water fills the

vacated volume is phase change. it the mass lost is steam instead of
4

water,'more phase change will take place because of the higher volume of "

'

the steam. In the absence of any addition of energy, the more phase

change that occurs,,the farther the pressure will fall.

A quantitative illustration of this effect can be provided by RELAP.
8 8A 0.566-m (20-f t ) container was modeled using RELAP, and two calculations I

were performed. Each started with the container half full of water and

half full of steam, with the phases separated but in thermodynamic equi-
librium. In one calculation, there was a leak at the top of the container

in the steam region; and in the other calculation, there was a leak of

equal size at the bottom in the liquid region. The laitial pressure was
215.16 MN/m (2200 psia). RELAP's critical flow model calculated a higher

volumetric flow and a lower mass and energy flow for the steam Icak than.

for the liquid leak (Figs. A.1 and A.2), Whether the calculation of the

flow at the leaks is-correct is irrelevant since the point of interest is

the relative conditions in the container if.such flows were to exist.
RELAP's ability to correctly calculate the conditions in the container
should be fairly good, since for a small leak RELAP's assumption of
thermodynamic equilibrium at each time step is probably very nearly cor-
rect. As expected, RELAP predicted a much slower depressurization rate
for the liquid leak than for the steam leak (Fig. A.3), in spite of the

3

loss of more mass and more energy for the liquid leak (Figs. A.1 and A.2).
Once the liquid leak had emptied all the liquid from the container, de-

pressurization occurred by steam expansion, which is more' rapid, and the
pressure fell'below that of the container with the steam leak. The pre-

~

ceding discussion leads one to expect a more rapid local rate of depres-
surization in the THTF when the volumetric flow of the break increases-
and a slower local rate when it decreases.

j

t

. . .
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Two bleaks were used in tests 103, 104, and 105. Each' break 1s con-
'

nected by horizontal piping ;o the portion of the system containing the

pressurizer, pump, and heat exchangers (referred to as the back side) and i

by. vertical piping to the test section (Fig. 11.39). Each connecting
'

pipe'contains an instrumented spool piece. The description of the iests

will largely be in terms of the readings of the instrumente in these spool
,

pieces. The spool pieces will be referred to by location: the horizontal

inlet spool piece (HI), the vertical inlet spool piece (VI), the vertical ;#

outlet spool piece (VO), and the horizontal outlet spool piece.(HO). Be-

fore rupture, water from the back side at 559.3 K (547"F) passes from the j
i

HI to the VI and into the test section. -It leaves the test section at |
|

607 K (633*F) and passes through the VO and H0 and into the back side. j

Flow in the same direction as in steady state is considered positive,

and flow in the opposite' direction is considered negative. The THTF has
.

no flow instruments beyond'the breaks. In the ensuing discussion, state-

ments about volumetric f5cw out the break will represent inferences drawn
from the spool piece flow data. The total break area in all three tests

was 12.5 cm (0.0135 ft#), divided 60% at the outlet and 40% at the inlet j
2

for tests 103 and 105 and 50%-50% for test 104. In tests 103 and 104, the'

,

power (5.978 MW) was left on for 2 sec after rupture and then dropped im-

mediately to zero. In test 105, there was an exponential decay from full

power at 2 see with a time constant of 0.45 sec until 5.80 sec, when the

power was shut off.

The transient is initiated by the simultaneous rupture of both break *

orifices. Subcooled'depressurization causes an initial rapid pressure

2drop of 2.76 MN/m (400 psi) in less than 0.1 sec (Fig. A.4). The pres-
|

sure drops below that which would be permitted by the pressurizer fluid
3

,

(which was saturated-initially) during the transit time for the phenomenon

to reach the pressurizer and return. The pressurizer resurgence drives
2the, pressure up 0.55 MN/m (80 psi). The hydraulic resistance between the j

p pressurizer and the inlet break rapidly becomes much smaller for a route

going past the outlet break and through the test section than for one

going past or through the pump and along the HI piping. This decrease l

- 18 due to'the pump,boing shut off at rupture and the rapid loss of head
while-the~ flow control valves near the pump retain thair large resistance. J

- I
1

c.,
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h The pump head, initially 5'.2 MN/m :(750 psi), drops 1.4 MN/m (200 psi)2 2

|} in the first 0.5 sec' Thus, flow in the VO (Fig. A.5), which initially.

} surges more positive, rapidly decreases and goes negative at 0.8 sec.

Flow.is'.being driven from outlet to inlet through the test section by
i

the pressurizer fluid. Test 104,'with its smaller outlet break, has

i more negative flow sooner at.the VO (Fig. A.6). From this we infer that

) the early negative flow through the test section is larger for test 104
j: than for either test 103 or 105. It should be noted that another effect

'

j. is present which aill contribute to the early flow reversal: the initial

! temperature distribution. If there were no pressurizer in the system,
t 1

.

.

'

; ' the subcooled depressurization would drop the inlet pressure well below

) the outlet pressure and thus still produce a flow reversal. -

| While the initial flow reversal is occurring, density-is dropping
j at the saturated outlet (Figs. A.7 and A.8), producing higher volumetric

f flow through the outlet break. By approximately 1 sec, this higher volu-

i' . metric flow has enabled the outlet break to accommodate'the expansion of
i .

the pressurizer fluid and permit the VO to resume positive flow toward
i the break. .Since the smaller outlet break in test 104 cannot accept as
!
4 much flow from the VO, flow there is not positive as long, nor is it as
1

i strong as in tests 103 and 105 (Fig. A.6). From 1 to 3 sec, flows at
i

j both the VO and the VI (Fig. A.9) are toward the breaks, implying the
j existence of a flow stagnation point within the test section. Since flow

| at the VI reverses immediately upon rupture, a stagnation point must also
j' have existed within the test section between 0 and 0.8 sec (0 and 0.4 sec
4

.,

{ for test 104), during which time the VO was positive. At 1.9 sec, hot '

fluid from the test section begins.to arrive at the inlet piping (Fig.,

3

; A.10) and causes saturation at the VI at 2.5 see (Fig. A.11). This does ,

1-

not imply, however, that saturated fluid is necessarily exiting through,

'

the break. ' The HI is still subcooled (Fig. A.12) at 559.3 K (547'F), and
,

'a comparison of the flows at the VI and HI (Fig. A.13) shows that;most of
the mass entering the' inlet break plenum is from the Hl. A calculation

{ of fluid conditions in the break plenum, using calculated mass flows forp
the spool. pieces and assuming complete mixing, indicates that the break3

L
'

fluid,would not saturate at this time. The calculated results are such
that -instrument e.rror bands make it impossible to determine if saturation

,

.

'

|

:.
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occurs,.even if the mixing'ascumpt' ion were perfect. . Nonetheless, a sub-
stantial increase in volumetric flow through the inlet break due to satu-

ration at the VI appears unlikely. [
At 3 sec,.the H0 densitometer (Fig. A.8) shows the arrival of a

slug of very low-qualiry fluid. This fluid was initially between the
~

raain heat exchanger outlet and bypass juuation and the pressurizer inlet
line. The slug sharply. decreases the volumetric flow at the HO (Fig.

A.14) and thus at the outlet break. The decrease in volumetric-flow is
large enough that it' slows the depressurization rate of the entire system. ,

The effect is strongest at the outlet break ~itself, causing flow at the
VO to drop to near zero at 3.7 see and to actually become negative from

.

4.4 to 4.9 sec. At 4.9 sec, departure of'the low-quality fluid, which
>

allows resumption of higher volumetric flow and hence more rapid depres- i

surization, leads to a strong, positive surge in VO flow (Fig. A.5).
E

Note that the VO densitometer (Fig. A.7) shows a smaller density increase

that coincides in time with the H0 density increase (Fig. A.8). While~

the VO density increase begins at 3.3 sec, the VO turbine at this time
3still reads 0.013 m /s (200 gpm) toward the break and does not show nega-

tive flow until after 4.1 sec. This implies that either the turbine

8meter reading is in error at this time by 0.013 m /s (200 gpm) or that ,

countercurrent flow exists. The turbine may be reflecting a relatively
,

high volumetric flow of steam out of the test section while low-quality

fluid from the H0 passes up the VO piping.

Test 105, which has more energy added to the core than test 103,
shows a smaller decrease in VO flow (Fig. A.15) with the arrival of the |

low-quality fluid at the.HO, reflecting its more energetic core fluid. ,

The increase in the VO density for test 105 (Fig. A.16), which again -

temporally matches the H0 density increase, is correspondingly smaller. 4

The VG flow in test 105 never becomes negative, although the instrument ,
;

reads almost exactly zero for 0.3 sec. Once again, countercurrent flow (

is suggested by the ex'istence of a density surge at the YO (Fig. A.16)
i trom 3.4'to 4.2 sec while the turbine meter (Fig. A.15) is reading 0.006 ;

8m /s (100 gpm) toward.the break.' - !

Test 104.has'no more power than test 103 but has a smaller outlet
break area, causing the VO to respond to the arrival of low-quality fluid 5

,

I

i

'

,

n
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i
at the H0 more strongly than in either of the other tests. The' turbine

!
j meter (Fig.'A.6) shows negative flow for most of'the period from 3.1 to i

{ - 5.1 sec. .The largest negative surge of the turbine meter, from 4.3 to

4. 9 sec, is reflected in a.large upward surge in' density (Fig. A.17).;

[ In'all three tests, the VI flow re.@onda to these events at the outlet

d' by increasing its flow toward the break (Fig. A.9) from 3 to 5 sec,-re-
1 e

; versing the trend of decreasing flow from 1 to 3 sec. In general, the -

.

{ arrival of the low-quality' fluid at the H0 causes the flow stagnation

: point ' to move out of the' test section to the outlet break and increases
,

t

,
the negative flow through the core. '

s

: At approximately 5 sec, the low-quality fluid at the outlet has been
!

expelled and high volumetric flow begins at the outlet break. The re-

; sulting more rapid local depressurization rate-at the outlet results in

f. decreasing flow at the VI (Fig. A.9) as more core fluid begins to flow

f toward the outlet. The inlet break is receiving moet of its mass. as ;

j subcooled water from the HI. The high volumetric. flow at'the outlet

finally reeults in the flow at the VI becoming positive (i.e., into the
'

test section) at 7 sec (Fig, A.9). Thus, between 5 and 7 sec, the flow |
I

| stagnation point moves from the outlet all the way through the test sec-
3

; tion to the inlet. This.second, complete flow reversal in the core is
t
2- common to all three tests, alt hough the different braak ratio in test 104

|'
J

j. delays the reversal approximately 0.3 see and flow is not as large into .)

j. the test section a't the VI (Fig..A.18). At 6.75 sec, the pressure has
!

i

! fallen far enough to saturate'the fluid in the HI (Fig. A.12). As den- j

sity' drops'in the HI fluid feeding the break, the increasing volumetric ]
j flow at the-inlet break and the corresponding increase in the local de-

7
pressurization rate cause-flow in the VI (Fig. A.9) to resume toward the

' break (negative). While flow in the VI was positive, the VI densitometer

). (Fig. A.ll) shows the passage of lower-quality fluid from the HI'toward- ]
j the test section. A comparison of the VI flow and density suggests that
i there are three somewust separate. passages of low-quality fluid, at 8,.
,- -

,

i 9.5, and 10.5 see.' Test 104, with its larger inlet break, shows only. q|

! one. occurrence of low-quality fluid' passing up the VI, at 8 sec. Test. l
,

.

i

105 shows two well-separated passages at'8 and 11' sec, the second one
being.very.small,

p.
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By 8 sec, the' largest concentration of liquid phase left in the sys-
tem.is believed to be in'the lowest part, that is, the pump and the piping

,

leading to the HI. Liquid phase may also have collected in the lower ,,

plenum of the test section, and some may be left in the main heat ex- '

changers. The flow behavior beyond 8 sec can be explained in terms of
- these hypotheses. The boiling of fluid in the HI piping will drive flow |

.

toward the inlet' break. If both breaks have high volumetric flow, the i

smaller size of the inlet break and the larger size of the outlet break .;
.

will tend to drive flow in the VI back into the test section (Fig. A.9).

We believe that most of the fluid that had collected in the lower plenum

has changed phase while rewetting the lower core and thus is not a domi-
'

nant flow source. At various times-the HO densitometer (Fig. A.8) shows

the arrival of slugs of lower-quality fluid which probably originate in

the main heat exchangers. The arrival of such a slug will decrease the

outlet break volumetric' flow, slow the loca) depressurization rate, and ',

therefore oppose the tendency of phase change in the inlet piping to ;

dcive flos at the VI into the test section. If a slug at the H0 has a
,

klarge enough effect on the outlet break volumetric flow compared to the
flow source in the inlet piping, flow in the Vo is driven back into the

test section. Thus the interplay of these two ef fectr. produces a series

:of flow reversals in the core, flow being down the core when low-quality

fluid reaches the outlet and up the core when such fluid is absent (cf. i

Figs. A.8, A.9, and A.5). The same alternate increases and decreases ,

'

in the vertical spool piece flows are seen in test 104 (cf. Figs. A.6

an'd A.38) except that the larger inlet break area prevents flow at the '

VI from entering the test section. The arrivals of low-quality slugs at

the HO, in addition to af fecting the flow pattern, also af fect the total

volumetric flow leaving the system and produce the undulations in the
pressure (Fig.-A.4) seen late in the transient.

In summarizing the preceding _ discussion, several points are worth ,

repeating. The pressurizer dominates the first part of the transient
and will always do so as long as the same large pressurizer is used and ,

remains in; unhindered communication with the rest of the system. The

relatively low hydr'aulic resistance between the pressurizer and_the
- outlet break,-coupled with the relative break sizes, determines the early

:

o . , .. . . . - . -
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flow pattern. .It is also clear that the flow pattern after the first few

. seconds-la quite sensitive to dentity fluctuations in fluid feeding the

breaks. Accurate. prediction of density gradients would seem essential
to accurate prediction of flow patterns in the TilTF. The relative sizes

of core flows and the. movements of flow stagnation points described' pre-
viously are key' factors in producing' the rod heat transfer behavior dis-
cussed in the bo3y of this report.

,

!

!
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RELRP DEPRESSURIZATION STUDY - VOLUMETRIC FLOW
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THTF TEST 103 DATF1 - UPPER PLENUM PRESSURE
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Fig. A.4. Upper plenum pressure for test 103.
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THTF TEST 103 DATR - VERTICAL OUTLET VOLUMETRIC FLOW.
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THTF TEST 103 DATR - VERTICAL INLET VOLUMETRIC FLOW
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Fig. A.9. Vertical inlet spool piece volumetric flow - test 103
(corrected). (Polarity reversal produced inverted signals in early
transient. Dotted line indicates estimated correct signal.)
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THTF TEST 103 DRTR - VERTICAL INLET DENSITY "
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Fig. A.ll. Vertical inlet spool piece density - test 103.
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Fig. A.13. Horizontal inlet spool piece volumetric. flow - test 103.
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THTF TEST 105 DATR - VERTICAL OUTLET VOLUMETRIC FLOW
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Fig. A.15. Vertical outlet spool piece volumetric flow - test 105.
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THTF TEST 105 DATR - VERTICAL OUTLET DENSITY
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Fig. A.16. Vertical outlet spool piece density - test 105.
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THTF TEST 104 DATR - VERTICAL OUTLET DENSITY
O

.. $
_g .

o e

N'

9,

, o-

'

o 9.
N~ - 8 c.

'

.

b h

$ 2-
'

| e

C.o > , .

~

.,
~

t . 2 L
t ' _g-

#*9
(R
, 1

t o~

}_ hc

Io9~ .

-do y

.

o_ ..__.___7 , , , , , , ,- ,

0.0 2.0 4.0 6.0 6.0 10.0 12.0 14.0 16.0 16.0 20.G

TIMEISECONDS)

Fig. A.17. Vertical outlet spool piece dennity - test 104.
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Appendix B
.

RELAP CRITICAL HEAT FLUX CORRELATIONS

Appendix B consists of several pages reproduced from Vol. 1 of the

RELAP4/ MODS (update 2) Users' Manual.3 The information presented de-

scribes the various CllF correlations, the ranges over which they are
,

applicable, and the conditions necessary for the selection of desired

correlations. A listing of variables and associated units used in the

text of the appendix are as follows: -

P = pressure, psia'
'' *" "* * "'' "I ~'qC1\F " "'

2G = n. ass flux, Ib /ft -hr

H = enthalpy, Btu /lb
m

L = channel length, in.

DHE, De = heated equivalent diameter, ft
V = velocity, ft/sec

fluid saturation temperature minus fluid temperature, FT =
ggg

D = r d diameter, ft
r

pressure at high end of interpolation range, psiaP =
g

pressure at low end of interpolation range, psiaP =

saturated fluid enthalpy, Btu /lb '
11 =

7

D = described in textgy

H, = described in text

H = heat of vaporization, Btu /lb
fg m y

6 2G' = G/10 , lb /ft -hr
m

q = critical heat flux for low end of interpolation range,
CHF 2L Btu /ft -hr

q crincaf M at [In for Mgh end of interpolation range,
.

=
cgy ,

R Btu /ft -hr

"(1) Critical Heat Flux Correlations. CHF calculations .re made

for all heat slab surfaces. The babcock and Wilcox Company B&W-2[24]
,

Barnett[25] , and Modified Barnett[26] correlations are used as follows:
...

P > 1,500 B&W-2

9J.500 > P > 1,30C Interpolation between B&W-2 and Barnett'

I

_. ..
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f.-
,

.)

] 1,300 > P > 1,000 Barnett

|- 1,000 > P > '725 Interpolation between Barnett and
,

I Modified Barnett '

| 725 > P Modified Barnett
i

| For a given pre.ssure between 725 and 1,000 lb/in.2, or between 1,300 and
1,500 lb/in.2 , the two relevant correlations are evaluated at that pres-
sure and the corresponding enthalpy H . The two flux values are theng

weighted to give '

i*
(P - P) q + (P - P ) q

'

4 ~~

CHF P -P
R L

i.

where P = pressure, and L and R represent the low and high ends of the ;

; interpolation range, respectively. A minimum critical heat flux value )
.

.i
2of 90,000 Btu /ft -hr is set if the predicted value falls below this I

t s

; numbere
.

I 2"For a mass flux, G, less than 200,000 lb /ft -hr, t.e critical heat '

m
2flux is interpolated between 90,000 Btu /ft -hr and the.value given by the'

a

chosen correlation, where the former corresponds to G = 0 lb ,/ft -hr and2

2-

the latter to G = 200,000 lb'/ft -hr.
i *

"The inlet enthalpy used in the Barnett and Modified Barnett Corre-
:

lations is dependent on the flow direction and is determined in the fol-
- |4 -

lowing manner:,
1

|

| Flow at Major Inlet Flow at Major Outlet in I
4

)1 >0 20 H at normal inlet
[ 50 <0 H at normal outlet I
4 All other cases H of core volume

If the term H -H is negative, it is set to 0 in the correlations.g g

"The heated equivalent diameter term, DHE. 18 input in feet and
'

conve.-ted to inches in the correlations. The other " diameter" used in
,

the'Barnatt and Modified Barnett correlations is calculated as |

D *# " #** #'* * #7 ' #HY " r" HE ~ r' r

heat' slab with a left conduction surface, the D used for that surface.is
]

the actual irmide' diameter of the slab (pipe, tank, etc.). If the right !

y .I
!

s.

-. --. - . - .



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

1
1 >

-

,

217

I
,

|- side of the slab-is a conducting surface, the D used for that surface I

r -;
t

"ir'the outside diameter of the slab (pin, pipe, etc.). In some cases, '

D will fall outside of the range of the correlations. |g
"If the heat slab geometry is rectangular rather than cylindrical, !

HV. f r each side of the ~ slab is set to the hydraulic diame'ter ofthen D

the volume on-that side, i
i

"The B&W-2' Correlation can be evaluated down to a pressure of.1,300.

The actual value of the term (P - 2,000) is used even if it is negative. i

"(a) Babcock & Wilcox Company, B&W-2[24]. The B&W-2 correlation [24] ',
is: !

1.15509 - 0.40703(12De)
" 12.71 x (3.0545G')^

t

(0.3702 x 10 ) (0.59137G')B - 0.15208XH C} (55) ;8

where ,

A = 0.71186 + (2.0729 x 10-4) (P - 2,000) (56)
B = 0.834 + (6.8479 x 10'") (P - 2,000) (57) i

and where
!

C " 196
H = heat of vaporization
f ,

"The correlation was developed from rod bundles in water data over

the parametric ranges given by:
;

2

Equivalent diameter 0.2 to 0.5 in. >

Length 72 in.
Pressure 2,000 to 2,400 psia

6 6 2Mass flux 0.?5 x 10 to 4.0 x 10 lb /ft -hr :
* !Burnout quality -0.03 to 0.20.

;

"(b)' Barnett. The Barnett Correlacien[2 5] gg
,

;

!

I")~~A + B(H -H
6 I

q 10 (58) >

I

_
C+L _

i

CHF

|

1

h

!

i

_ _ _ _ _ _ _ . _ _._____.g -_ , - . = .m
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where

G')] - (59)
'

G'** L1.0 - 0.744e(-
512 DA = 67.'45 D g7'

HE

B = 0.'2587 D ( }
HE

" SG' (61')C = 185.0 D
HY

"For.a rectangular conductor geometry, L is set equal to the input
g7

value for the right side hydraulic diameter for the. conductor. The cor-

relation can be applied to rod bundles using equivalent diameters. .The [
I-parametric range of the data is as follows:

Equivalent diameters 0.258 in. < D <-3.792 in.g ,

0.127 in. <DHY < 0.t,/5 in. '

Length 24 to 108 in.
'#'Pressure 1,000 psi

Mass flux 0.14 x 10 to 6.20 x 10' lb /ft -hr8 2
*m

Inlet subcooling 0 to 412 Btu /lbm

"(c) Modified Barnett I*'l. The modified Barnett Correlation is:

"A + B(H -H )~
4 (62)~

CHF
_

C L
,

.where

}] (63)1.0 - 0.315e(-11.34DHY5 C' ''A = 73.71 D
HE

'""SG'# ' 6 " (64)B = 0.104 D
HE

essC = 45.44 D g- (65)
.

HY

" Data were from rod bundles containing water and were over parametric,

i

ranges given by: t

Rod diameter 0.395 to 0.543 in.
Length 32.9 to 174.8 in.
Pressure 150 to 725 psia E

6 6 2Mass flux 0.03 x 10 to 1.7 x 10 lb /ft -hr*Inlet subcooling 6 to 373 Btu /lb
m

.

E

,}"

, r - . - - - .
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"(2)' -AdditionalJ Critical Heat Flux Correlations. There are two,al-
.!o

|. ternatives to using the B&W-2,'Barnett, and Modified Barnett Correlations.

I273'
' These are a pair of General Electric CHF-Correlations a ad a Savannah

! River Correlation (28) 'for aluminum heaters. These may be selected by use

of IMCL (or IMCR) on the Heat' Slab Data Cards, i-

"(a) General Electric = Company. The General' Electric'Conpany

Correlations are:

qCHF "
~

'*

,.

for |
'

6 2G 1 0.~5 x 10 'lb /ft -hr i
m

i

!and

q =1 ( . 4 - X)- (67)CHF

for

6 lb /ft*-hr..G < 0.5"x 10
m

" (1,) Savannah River. The Savannah River Correlation is-

Q = 188,000 (1. 0 + 0.05' 5V) (1.0 + 0.069 TSUB) :(68) -

CHF
-

;

where

V = fluid velocity, ft/sec

fluid saturation temperature minus fluid temperature."T =-

SUB
r

>

P

t

m

..

-i
*

-4

)

a
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RELAP THTF SYSTEM MODEL LISTING J
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=BE105 TEST 105 FOR C DER
$ *

*

* N00EL P H IL O SO PHY----- TH I S IS A RELAP4M5U2 LOOP MODEL OF THE T if F .
* THIS MO DEL 15 DIFFERENT FROM T HE LOOP DER MODEL IN THE FOLL JW143
* WAYSI(1) TPE DAFFLE OUTLET ZONE ORIFICE (8020) CONNECTICN IS
* MO DEL ED (2) T HE PUMP RATED TOR OUE RE*LECTS THE EF F I C I E NCY ANJ
* HORSEPOWER OF THE PUMP AS TAKEN FROM THE PUMP HEAD CURVE e ANJ T ris
* PUMP INERT %A HAS BEEN ADJLSTED TO MATCH THE EXPERIMENTALLY'

* OBSERV ED t; LOW 30WN RATE (3) THE UNMEATED LENGTH VOLU ME IN THE rist
* SECTION IS NOW INCLUDED IN THE NDDE NEAREST TH AT UNHEAT ED LE14r d
* (4) THE VOLUME OF THE DEAD LEG IN THE D O W NC OME R IS INCLUDED li THE
* VOLUME S !MUL AT IN G THE UP P E R PART OF THE DOWNCOMER(VOLUME 25) (s)
* NEW HYDR AUL IC DI AMETERS AND K ' S H A VE BEEN CALCULATED AND UTILlidD

! * IN THIS MODEL (6) THE POWER USED I S THE ACTUAL POWER IN THd 4JJ3.
3 * DURING THE BE GI NN ING OF PL OWD O WN e AVERAGED THRO UG H TIME (7) 141 RIAL
I * CONDITIONS (FRACTION OF POmER REMOYED BY itX'S ABC.DsMASSFLOW
! * THROUGH THE TEST SECTION.ETC.) WBRE OSTAINED F40M FLOTT DATA
' * (8) HX'S AOC. AND D ARE NOn MODELEB WITH A COND UCT I ON HX

'
9 * MODELiHX-D IS MODELED WITH A CONSTANT SINK HX MODEL.
I e

*
' * MO D EL S P EC I F IC S-----

e
* (1) THE MIXTURE LEVEL IN T HE PRE S SURI ZE R HAS DEEN ADJUSTED.
*

* (2) THE SL AB GE O M E TR Y GAPS FOR THE CORE SLA05 HAVE BEEN
* ADJUSTED.
*

! * (3) THE POWER TRACE HAS BEEN ADJUSTEO.
i *
j * (4) THE BREAK FATIOS HAVE BEE N AD J U ST ED .

.

* (5) THI S RUN WAS RECORDED ON TAPE
*

* VOL = SER= 0 29 4 4 5
*

* DSNsLT105
' *

* (6) THE RINPUT INP UT USED TO GENE R A TE THI S MODEL IS SHOWh ed Js
* 45.9 73.72 00 5.9681
* 25 40 24 9 .96S2 541 71 325 95 0.05
* 34 633 6 2266.9
* 19 0 0 1 7 8 12 13 to 38 52 54 50 51
* O 1 1 1 12

* 18 400 0
* 700.0 '45.87
* 55 0.C1
* 8 9 to
* 52 51 EO 49 4e
* 56 55 54 53
* 55 34 57 -s
* 56 55 58 -1
* 57 17 60 1
* 37 14 39 1
* -36 37 38 1
* 0
*

*
*

* PAOBLEM D IMEN SIONS
*
C10001 -2 9 6 5 57 1 2 (2 1 0 2 0 50 11 6 5 0 0
010002 5.9681 1.0
*

|
t

1

!
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* MINOR EDIT VAR! ABLES
| C20000 AP 28 AP 34 JH 31 JW 31 JH 36 JW 36 TD 28 TD 36 TD 31
o *

-*

* ENT HALP Y TR ANSPOR T SHUT DOhN
030003 0 0. O. .000001
e 1

*

* TIME STEP CARDS
*
030010 500 to 1 0 .0001 .0 0 0 C1 .001
030020 50 10 1 0 . 0 01 .00001 .05
030030 5 to 1 0 .01 .00001 .5
030040 5 10 1 0 .01 . tt 0 0 0 4 5. 0
030050 50 to 1 0 .001 .00001 6. 0
030060 5 to 1 0 .01 .00001 210.
*
* TRIP CARDS
*

i
040010 1 1 0 0 20.0 00 * TRIP E N) |

040020 2 1 0 0 0.0 00* TRIP LE A K TO FIRST POWER CURVE
040030 3 1 0 0 00 0.09* T RI P PUM P
040040 4 1 0 0 00 1.965 * TR I P SE C F LO W ON HEAT-X-

040050 1 -4 36 0 200. O. * TRIP E N3 BELOW 200 PSI
4

* VOLUME DATA C ARDS
*

050011 0 0 2255.5330 633.5142 -1 000 0 200400 3 0000 3 0000 *a.4.1 OUTLET
050021 0 0 2247 2729 633.4626 -1.000 0.202600 2.0140 2.0140 *J.JdDOWN TEE
050031 0 0 2236 6587 633.3960 -1 000 0.200400 0.2920 0.2920 +i.P.2 OUTLET
050041 0 0 2226 8127 633 3342 -1 000 0.304700 0 2920 0.2920
050051 0 0 2225 3618 633 3250 -1.000 0.436000 6.9000 6 90u0
050061 0 C 2221.9995 633.3040 -1 000 0.304500 0 2920 0.2920
050071 0 0 2222.0132 633 3040 -1.000 0.233200 0.2920 0.2920 #44.dT HE A9R
050001 0 0 2222.4026 572.9 59 5 - 1.0 0~0 0.591400 4 1000 4.1000 e .14 4 FIRST PT
050091 0 0 2222 8760 437.4390 -1 000 0 591400 0.9000 0.9000 * .4 4 SECCND PT-
050101 0 0 2223 1270 317 1306 -1 000 0.591400 2.1500 2 1500 * 44 THIRD PT
050!!! 0 0 2200.0001 262.2756 -1 000 0 560700 0.2920 0.2920 * JJ T adADEP
050121 0 0 2199. 92 26 6 33. l e 4 6 - 1. 00 0 0 4 95900 7.0400 7.0400 * 64 3YPASS
050131 0 0 2200.6431 550.9937 -1.000 0.295600 4.8000 4.8000
050141 0 0 2202 5008 550.9961 -1 000 0 403000 0.2920 0.2920 * 1Jd4 TO PRES
050151 0 0 2198.6184 543 5400 -1.000 0.481300 0.2920 0.2920
050161 0 0 2832.5332 546 1882 -1.000 0.490500 4.2000 4.2000
050171 0 0 2430 7561 545.8762 -1 000 0.196300 0.2920 0.2920 *JfdASS TEE
050881 0 0 2428 2292 54 5. e 74 0 - 1 000 0.114100 0.3000 0.3000 *Jf-PASS
050191 0 0 2339 8804 04 5. 7 5e 3 -1 00 0 0.462300 0.2920 0 2940
050201 0 0 2328.9106 545.7888 -1.000 0.373500 2.3330 2.3330 */ddr TC SP I
050211 0 0 2320.2012 545.7e13 -1.000 0.200400 0.2920 0.2920 8 4. P . 1 INLET
050221 0 0 2312 7041 545.7747 -1.000 0 267800 1 9140 1.9140 *J.J. TEE INLET
050231 0 0 C302.9951 545.7661 -1.000 0 200400 3 0000 3.0000 *J.P.2 INLET
050241 0 0 2294.0217 545.7 Ee t -1.000 0.170200 1 2600 1.2600 *T.S. I NL ET
050251 0 0 2294.5593 545.7525 -1 000 0.990498 5.0210 5 0210 * TUP DOWNCOMEP
050261 0 0 2295 7727 545.7595 -1 000 0 525400 2 9500 2.9500 *4AJ DOWNCOMER
050271 0 0 2296.9065 545 7605 -1.000 0 834000 4 5130 4.5130 *JJT DOWNCMER
050281 0 0 2297.7441 545 7615 -1.000 0 159619 0.8740 0.8740 *wsdER PL ENU M
050291 0 0 2292.6707 551 2791 -1 000 0.212380 3.3438 3.3436 *1ar HEATED
050301 0 0 2287.1023 565 69E2 -1 000 0 119090 1.8750 1 6750 * L4J HE AT ED
050311 0 0 2281 7246 593.4170 1 000 0 190550 3.0000 3.0000 #3dJ HEATED
050321 0 0 2276 1272 618.4387 -1 000 0 119090 1 8750 1 8750 *+TH HE AT ED
050331 0 0 2270 1201 629 6 t e9 -1 000 0.206650 3 3125 3.3125 83TH HE AT ED
050341 0 0 2266.8999 633 5 e5 2 -1.00 0 0. 5 7190 0 1.8240 1.8240 *JAPIR PLENUM
050351 0 0 2264.8506 633 5723 -1 000 0 334300 0 8500 0 8500 * JJTLdT LINE
050361 1 0 2198.7415 0. 0 0.0 7.450000 12 4000 5 8900 **dl3SURIZERTMDP !

050378 0 0 2 201.376 C 550.9 94 6 - 1 000 0 658100- 6.1000 6.1000 *>dN>3 LN ]

]050381 0 0 2516 0640 544. e728 -1.00 0 1 49000 0 2.0000 2.0000 * PJMP

I
i
l
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050391 0 0 2226 5427 633.3325 -1.000'0.370400 0.2920 0.2920
050401 0 0 2223 1926 633.3115 -1 000 0.436000 6.7000 6.7000
050411 0 0 2222.0088 633.3040 -1.000 0 353300 1 6500 1.6500
050421 0 0 2201 9612 550.9954 -1 000 0.295600 4.8000 4 8000
050431 0 0 2198 0591 543.5396 -1.000 0.704000 1.0300 1.0300
050441 0 0 2198.0454 543.5396 -1 000 0 543000 3 8100 3.8100
050451 0 0 2831.2415 546 1 e02 -1.00 0 0.479900 0.2920 0.2920
050461 0 0 2339 6001 545.7951 -1 000 0.462300 0.2920 0.2920 )
050471 0 0 2339 3118 545.7979 -1.000 0.462300 0 2920 0.2320 j

050488 0 1 250 0000 70.0002 -1 000 0.491200 1.2300 1.2500 8d4-4AIN
050491 0 0 238.9509 93.5496 -1 000 0.491200 0.9500 0 9500 *d4-MAIN
C50501 0 0 237 6119 146 6505 -1 000 0.491200 0.9500 0.9500 *i4-MAIN
050511 0 0 236 2688 213.2093 -1 000 0.491200 0 9500 0.950J *14-4AIN
050521 0 2 234 7875 250 0255 -1 000 0 491200 3 1537 3.1537 *d4-MAIN
050531 0 0 2202.2937 530.9480 -1.000 0 114100 0.9000 0.9000 *Jr-PASS
050541 0 0 2206 7180 442.8044 -1.000 0.121042 0.6000 0.6000 * 14 -3
050551 0 0 2267.0347 448.1494 -1.000 0 21870 2 306 2 306 *dJ4J #0L 3 ,

050561 0 0 22 C9.9 25 8 22 0.2 70 0 - 1.00 0 0.023200 8.9400 8.9400 *JJZO V OL 2
050571 0 0 24 34.0159 545. 87e9 -1 00 0 0.015000 3 0000 3.0000 *JJ40 V OL 1
050012 0 0 0668100 0.2986999 930.7100 0 83.p.1 CU Tt,E T
050022 0- 0 1104000 0.3750000 928.7078 0 *J.Jw30WN TEE
050032 0 0 0668100 0.2916999 929 7078 0 *i.#.2 OUTLET
050042 0 0 0668100 0.2916999 929.7078 0
050052 0 0 0658100 0.2016999 929.7078 0
050062 0 0.0668100 0 2916999 943.0999 0
050072 0 0.0668100 0.2916999 941.3528 0 *lN dt HEADR
050082 0 0 0573000 0 056215e 937 2537 0 * di4 fiHST PT
050092 0 0.0573000 0.056215e 936.3606- 0 844 SECONO PT
C50102 0 0 0573000 0 056215e 934.2610 0 * 44 THIPO PT
050112 0 0.0668?00 0 2916999 934.2620 0 * JJ T HEADER
050122 0 0 0668100 0 2916999 934.4170 0 *d4 SYPASS
050132 0 0. 066 e 100 0 2916999 929.6250 0
050142 0 0,066e t 00 0.2916999 924.7920 0 eis4Z TO PRES
050152 0 0.0668100 0.2916999 924 7920 0 I

050162 0 0.0668100 0.2916999 919.9900 0
050172 0 0 0668100 0.2916999 923.9368 0 *J(PASS TEE i

050182 0 0 0341375 0.0 8 0 78 E e 923.9368 0 *Jr-PASS
050192 0 0 0668100 0 2916999 923.9368 0
050202 0 0.0668100 0.2916999 924.0828 0 */dRT TO SP !
050212 0 0.0668100 0.2916999 926.2710 0 8 5. P. 1 I NL ET
050222 0 0 1104000 0 3750000 925 2710 0 shJ. TEE INLEO
050232 0 0 0668100 0.2916999 927.1089 0 83.7.2 INLET
050242 0 0.0668100 0.2916999 930 1050 0 e r. S. I FL ET
050252 0 0 1848000 0 1791300 927.7317 0 *rJP 30WNCOMER
050262 0 0.1848000 0 1791300 924.7830 0 * tl J 00WNCCMER |
050272 0 0 1848000 0 1791300 920 2737 0 * jut DOWNCMER I

050282 0 0.3019000 0 1791300 919.4500 0 **JdER PLENUM
050292 0 0.0634800 0 0205230 919.5518 0 *1af HE ATED
050302 0 0.0634600 0.0205230 922.8926 0 84N3 HEATED -|
0503t2 0 0.0634800 0 0205210 924.7654 0 *JdJ HE AT ED I

050322 0 0 0c34800 0 0205230 927.7625 0 84TH HEATED
050332 0 0.0034800 0.0205230 929.6355 0 *aTH 1E AT ED
050342 0 0.2987900 0.2291923 932 9451 0 *JPd/R PLENUM
050352 0 0 0668100 0 2916999 933.*000 0 *JJrLET LINE
050362 0 0.6010000 0.8750000 '930.9397 0 *#45SSURIZERT40A
050372 1 0.0668100 0 2916999 924 8997 0 */4NSS LN
C50382 0 0.0668100 0.2916999 918.0000 0 * PJMP
050392 0 0 066e100 0.2916999 929.7078 0
0$0402 0 0 06Ee100 0 2916999 936.5496 0 '

050412 0 0 0668100 0 2916999 941 5000 0
050422 0 .0.066e100 0.2916999 924.9380 0
050432 0 0 0668100 0 2916999 923 7898 0
050442 0 0.0668100 0.2916999 919.9900 0
050452 0 0.0668100 0.2916999 923.9368 0
050462 0 0.0668100 0 2916999 923.9368 0

|
1
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050472 0 0 066e100 0.f916999 923.9368 0

050482 0 0.0695100 0.2974943 934.2610 0 *d4-M41N

050492 0 C o 0695100 0 0472000 935.4600 0 *14-M41N

050502 0 0.069*100 0.0472000 936.3606 0 *14-M41N

050512 0 0.0695100 0.0472000 937.2537 0 *d4-MAIN

050522 0 0 0695100 0 2974943 938.2000 0 *d(-MAIN

050532 0 0 0341375 0.0807868 923.9368 0 * Jf-P4SS

050542 0 0 0072975 0 0406700 923.4088 0 e.it -D

050552 0 0 0778400 0.0454000 932.8108 0 *JJ20 VOL 3

050562 0 0.0004974 0.0251700 926.9397 0 * da to V OL 2

050572 0 0 0004974 0 0251700 923.9500 0 *JJZO VCL 1
*
* BUBBL E R E S E C ARD

,

060011 0.8 3.0
*

*
* TIME DEPENDENT VOL UME DATA
*

* C70100 1
C70200 6 2. 222. 250. O. 3.t!37
C70201 5. 246.2 250. C. 3.t"37
070202 7. 247.5 250. O. 3.1537

+ (70203 12. 247 8 250. O. 3 1!37
C70204 20. 24e.0 280. O. 3.1"37
e

* JUNCTICN CATA C ARDS
$

*TPE AREA OF JuhCTIONS *tTH CRIFICES OR VALVES IS= ADJACENT VOL JS AREA
e

Ce0011 35 1 C 0 4".eS9994 C.0ffet00 933.7C459 0.0 f.500 7.500
C80021 1 2 C 0 45 899994 C.0Ec8100 930 71094 0.0 7.500 7 500
Ce0031 2 2 0 0 42 899994 C.coc8100 929.e5376 00 T.J00 7.500
Ce0041 3 4 0 0 45.899994 C.06C6800 929.e5376 00 1.500 7.500
Ce00"4 39 " 0 0 45 899994 C.06f8100 929.85376 00 J.3 0.0

Ce0061 40 C 0 0 45 899994 C.06C8100 943.19971 0.0 J.J 0.0

080071 41 7 0 0 45 899994 C.0668100 941 54932 0.0 J.J 0e0

Ce00et 7 12 C 0 32 43E2S3 C.06te100 941.39966 0.0 J.J 0.0

080091 7 8 C 0 12.461686 C.0573000 941.35303 0.0 0.J 0.0 ;

Ce0101 8 5 C 0 12 4e16eC C. 0 5 73 0 0 0 937.25977 0.0 J. J 00 l

Ce0111 9 to 0 0 12.461684 C.0573000 936.36084 0.0 J.0 0.0 |

CF0121 to I1 0 0 12.4616EC C.0"73000 934.D1932 00 3. 0 0.0 )
Cu01?! 11 13 0 0 12.461686 C.0C68100 934.41797 0.0 J.J 0.0

080141 12 13 0 0 33.43E2S3 0 06Ce100 934.41968 0.0 J.J 0.0

0801"! 42 14 0 0 4".899994 C.0et8100 924.93970 0.0 J.J 0.0 i

Ce0tet 14 15 0 0 4".899994 0.0688100 924.93970 0.0 J.J 0.0 f
080171 3e le 1 0 73 7199ff C.06C8100 919.99463 0.0 J.J 0.0 |
080101 45 17 0 0 73.71998f C.0tE8100 924.09961 0.0 J.J 0.0 |
C80191 17 1E O O 27.e19992 C.02C5000 923.93970 0.0 J.J 00

C80201 23 15 C 0 27.819992 C.02C5000 924.79932 00 J. J 00

C20211 17 IS C 0 45.PS9994 C.0668100 924.09961 0.0 J.J 0.0

Ce0221 47 20 0 0 4".899994 C.06C8100 924.08472 0.0 4 030 9 100

C80231 20 21 0 0 45 899996 C.0668100 926.29932 0.0 f. 30 0 7.500

C80241 21 22 0 0 4!.099994 C.0ft8100 926.29932 0.0 7.J00 7 500

Ce02"1 22 23 0 0 45.899994 C.0(C0100 927.13965 0.0 T.500 7 500

Ce02e1 23 24 C 0 45.899994 0.0E68100 930.1C669 00 T. 00 0 7 500

080274 24 25 0 0 45.899994 C.0cce100 931.29932 0.0 J.0 0.0

080281 25 26 0 0 45 899994 Cele 48000 927.73218 0.0 0. J 00

080291 26 27 C 0 4".899994 C.te48000 924.78467 0.0 J.J 0.0 q

C80301 27 2e 0 0 45 899994 C.te48000 920.27588 0.0 J.300 0.300

C20311 28 29 C 0 4".899994 C.0f35480 919.55225 00 1. 515 1 575

Ce0321 29 30 C 0 45 899994 C.0c35180 922.89307 0.0 1.d16 1.816

C20331 30 31 C 0 45.859994 C.0f35180 924.76636 0.0 1.697 1 697

Ce0341 31 32 0 0 E".899994 C.CC35180 927.76294 0.0 1.o97 1.697

Ce0351 32 33 0 0 45 399994 0 0625180 929 03599 0.0 1. DOS 1.805

C80361 33 34 C 0 4".899994 0.0580634 932 94727 0.0 1 201 1.201

|
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Ce0371.34 32 :C 0 45 899994 C.0668100 934.50300 0.0 J.JJO 0 500
480381 3E 37 C 0 0.0 C.0cc8100 930 94971 0.0 1 000 1 000-
C8039t 37 14 0 0 00 C.06f8100 924 91968 90 30000 1. JO O 1.300
(80401 44 3e ~1 0 73.719982 C.0e68100 919 99463- 0.0 J.J 0.0
C80411 4 39 C 0 45 899994 C.0668100 929.85376 0.9 J.J 00
C80421 5 40 C 0 45.899994 C.C668100 936.59961 00 J.J 00
080421 6 41 0 0 45.899994 C.0668100 943.14258 0.0 J.J 0.0
C00441 13 42 0 0 45.899994 C.0668100 929.69971 0.0 J. ) 0.0
CE04t1 15 43 0 0 73.719984 C.0cesiOO 924.79932 0.0 2.0 0.0
C80461 43 44 C 0 73.71998C C.0ece 00 923.794s0 0.0 J.J 0.0

#

Ce0471 le 4! C O'73.7199ef C.06c8100 924 02252 00 J.J 0.0
C804E1 19 4E O O 45.e99994 C.0E68100 924.09961 0.0 J.0 0.0
C80491 46 47 C 0 45 899994 0 06t8100 924.C9961 0.0 J.J 0.0
C80501 le 54 0 0 2.090632 C.0C49950 924.00000 100.00000 J. J 00
CP0511 84 53 0 0 2.09Ce32 C.0C49950 924.00000 100.00000 J.J 0.0
C80521 18 53 0 0 25.729352 C.C2C5000 923 93970 00 J.0 0.0
Ce0531 4e 49 0 0 29.689972 C.0347500 935.46045 10.00000 J.JJO 8 000
Ce0541 49 5C C 0 29 689972 C.C655100 936 36060 10.00000 J.5Jo 0 500
080551 50 !! 0 0 29.689972 C.0695100 937.29932 10.00000 J.200 0 500
Ce0561 "I 52 0 0 29.689972 C.CC15100 938 20142 10.00000 J.5Jo 0.500
000571 55 34 0 0 0 120000 C.C3e9000 933.00000 00 0.0 00
C90501 56 SC C 0 0.120CCC C.0CC4974 935.10093 0.0 J.J 0.0
C80591 87 56 C 0 0.12000C C.0CC4974 926.94434 0.0 J.J 0.0
(eof C1 17 51 C C C.820CCC C.CCC4974 923 95459 00 J.J 0.0
C eof l1 22 C 2 0 0.0 C.Cl3"CCC 925.29932 0.0 J.3 0.0
C80621 2 C 1 0 C.0 C.C13"000 928.70972 00 J.0 0.0
CFOCl2 0 0 2 C 0.C C.(C( C 0 00 C

C20022 0 0 2 C 0.0 0.tCC C 0 00 C

Ce0032 0 0 2 C 0.0 C.CCC C 0 C.0 0
Ce0042 C 0 2 0 0.C 0.(CC C 0 0.0 0
Ce0Ct2 0 0 7 C 0.0 C.CCC C C C.O C

Ce00c2 0 0 3 C O.C C.CCC C 0 0.0 0
Ce0072 0 0 3 C 0.C 0.CCC C 0 00 0

'

Ce00e2 0 0 3 C 00 0.tCt C C C.0 C

(20C92 0 0 3 3 0.C C.CCC C 2 C.0 0
(20102 0 0 3 C 0.C C.fCC C 3 0.0 C

Ce0112 0 0 3 C 0.C C.CCC C 3 C.0 0
Ce0122 0 0 3 C 0.C C.(CC C 1 C.O C

C20122 0 0 3 30.0 C.CCC C C C.0 0
Ce0142 0 0 3 C 0.C C.fC( C 0 C.0 0
Ce0152 0 0 3 C C.0 C.fCC C 0 00 C

Ce01t2 0 0 3 C 0.0 0.CCC C 0 C.0 0
C20172 0 0 3 C 00 C.CCC C 0 00 0
C20182 0 0 3 C 0.C CetCC C 0 0.0 C

C20192 0 0 3 3 0.C 0.fCC C 0 C.0 0
Ce0202 6 0 3 3 0.0 C.tCC C 0 C.0 0
Ce0212 0 0 2 C 0.0 C.cCC C 0 C.0 0
Ce0222 0 0 2 C 0.C C.CCC C 0 C.0 0
CE0232 0 0 2 0 0.C C.tCC C 0 0.0 0
Ce0242 0 0 2 C 0.0 C.eCC C 0 C.0 0
Ce02*2 0 0 2 0 0.C C.ttC C 0 0.0 0
Ce02t2 0 0 2 C C.0 0.(CC C 0 0.J C

CE0272 0 0 3 C00 0.C C 0 C.0 0
CE02e2 0 0 2 0 0.0 0.C C 0 1.000 C

Ce0292 0 0 3 C 0.0 0.C C 0 1 000 C

(e0302 0 0 2 C 0.0 0.C C 0 1.000 0
Ce0312 0 'O 2 0 0.0 0.C C 2 0.0 C

(80322 0 0 2 0 0.C 00 C 3 C.0 0
Ce0332 0 0 2 C 0.0 0.C C J C.0 0
Ce0342 0 0 2- C 00 0.C t 3 C.0 0
Ce03*2 0 0 2 C 00 0.C C 3 C.0 0
Ce03(2 0 0 2 C 00 00 C 1 C.0 C

( Ce0372 0 0' 2 C 0. 0 0.C C 0 C.0 C

l' Ce03e2 0' O 2 C 00 0.CCC C 0 00 0

(50392 0 0 0 3 0.0 C.CCC C 0 0.0 0
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:
Ce04C2 0 0 3 C 0.0 0.CCC C 0 C.0 0 i

(E0412 0 C 3 0 00 0.CCC C 0 C.0 C

CE0422 0 0 3 0 0.C C.CCC C 0 C.0 C

Ce0432 0 0 3 C 00 0.(CC C 0 0.0 0
Ce0442 0 0 3 C 0.0 C.tCC C 0 C.0 0

Ce04t2.0 0 3 0 0.C 0.CCC C 0 0.0 0
Ce04t2 0 0 3 C 0.C C.CCC C 0 C.0 C

Ce0472 0 0 3 C 0.C 0.CCC C 0 0.0 0 s

Ce04E2 0 0 3 C 0.C 0.CCC C 0 C.0 0

C60452 0 0 3 C 0.0 0.fCC C 0 C.0 0
i(20!C2 0 0 C C 0.C 1.CCC C 2 0.0 0

Ce0512 C 0 0 0 00 1.CfC C 1 0.0 0

Ce0!22 0 0 3 3 0.C C.tCC C 0 C.0 0
CPC522 0 0 C 2 00 1.CCC C2 C.0 C

Ce0842 0 0 C 3 0.0 1.CCC C 3 L.0 C

Ce05!2 C 0 0 2 0.0 1.CCC C 3 C.0 0
C805C2 0 0 C 3 00 t.CCC C 1 0.0 C

'

Ce0t72 0 5 3 C 00 1.CCC !! O r.0 0

Ceote2 0 5 3 C 0.C 1.CCC 11 0 0.0 0 r

(205G2 C 5 2 C 0.0 t . C f. C 11 C 0.0 0

de0EC2 0 5 3 C 0.0 1.CCC 11 0 0.0 0
Ce0e12 C 5 3 0 0.0 1.CCC 11 0 C.0 0
Ce0C22 0 5 3 C C.C 1.CCC 11 0 0.0 0
e

e FEkRY-FAUSKE-PEM CFtTICAL FLCh WCOEL 01ALS
*
CE20C3 .9 C.E 0.e 0 01
*
4 FUWA CATA'CAFC$
e

CS0011 3 3 C C C 3500. 1. 734 19fC.C 398 31 62.75 47.10
C90012 0.0C0 00 00 000 C.0CC 0 00
4

* AUNP CUAve INott itCICATOR
e

IC00C0 C C ( 0
4

8 FUNP CUhvfS
$

103011 .1 1 5 0.0 1 13!? C.2E47 1.1253 0 5694 1.C944 * V/A.LT.S.
1C3012 0.E541 1.C427 10 10 * HEAD V/A
Ir3C21 1 '2 7 C. C.0 C.!24 C.1135 C.562 0 1753 * A/V.LT.1
103022 0.f e9 0.37te 0.7C24 0.4127 0 8781 0 7JJ+ * HEAD A/V
103023 1. 1.

103031 2 1 5 00 0.*G C.2857 C.7CO 0.5714 0.e26 * V/A.LT.1
103032 0.f*71 0.G44 1. 0 10 * TCR0 V/A
1(2041 2 2 e 0. -02 C.38G C.25 0.437 0.2933 * A/V.LT.1
103042 0.5 0 3*3e (.5e3 0 4415 0.67 0.5 9 * TCR0 A/V
3C3043 0.E75 0.E128 1. 1. * TCR0 A/V
303051 1 3 3 -1.0 2.0 -0 3 1.12 0.C 1.1357
1C 3C C 1 2 3 4 -1.C 1 0 -C.7 C.(C .3 0.5 -0 . C 0 59
e

8 LEAM JLhCTICN CAR 051
4

120100 2 2 14.7 C.0 06 210. C.6
1202C0 2 2 14.7 0.0 0.4 21C. C.4
e

8 KINETIC CChSTAb1S CARD
e

140CCO O C C. O.
e

e SCFAM PowEF CAAC
e

1410Cl 20 2 C. 1.C 2.04 1.0 2.1C C.8247 2.1" C.7491 2 20 0 6 doe
141002 2.2* C. ele 23 0.5t14 2.40 0 4634 25 0.3827 2.65 0.2J74

.
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?
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*

1410C3 2.0 C.2 at t 30 0 14E2 2.25 C.C931 2.6 0 0495. 4.C 0. add 4
; 141004 4.32 0.C172 48 C.OlC21 E.9 C.0 04 5 2 5.95 O. 50. O.
j' 'e
= * SL A P ' C AR 0 5 -- 00bG ALL-R CHS E hC t

e

180011 C 25 2 C 0 2 2 C.C 14.4285580 0.12769961 0.0 0.03760J00
150021 0 30 2 1 0 2 2 0.C 10.094SSG4 0.08959997 0.0 0.037600004

| 150021 0 31 1 1 0 2 2 .0.C 16.0525932.0.14199996 C.J 0.03760300 .i
j 150041 0 32 2 1 0 2 2 0.C 10.0799990 0 08909971 00 0.03760300 1

4 1500t1' O 33 3 1 0 2 2 0.C 14 2535588 0.12599999 0.0 0.03760000
1500El 23 C 7 C 0 2 2 2.750CCCC 0.0 0.13089997 0.0 00,

f 150071 24 C 7 00 2 2 2 323SSE7 C.0 0.11109996 0.0 00
j 150081 35 0 7 0 0 2 2 3.2(899E7 C.0 0.15289962 0.0 0.0
j 150091 2e 0 4 0 0 2 2 2.CCESSS9 00 0.18579996 00 00

j 1*0101 25 0 4 0 0 2 2 11.!C2SSE4 0.0 1 06799984 0.0 00 !

) 150111 26 0 4 0 0 2 2 6.757$545 C.0 0.62699986 0.0 J.0
; 150121 27 C 4 0 0 2 2 10 2295552 00 0 95999998 0.0 0.0

150131 34 C 4 0 0 2 2 4 1699582 0.0 0 38709962 0.0 0.0
, 150141 29 27 5 C C 2 2 3.!2795E2 5.0269961 0.31309950 0 0276JJJO 0.0

150151 30 27 5 0 0 2 2 2 4 79 5 S E 6 3 5629969 0.21939993 0 037aJJ00 0.0
150141 31 2d 5 C0 2 2 3.525SSE0 5.6535965 0.34819978 0.027aJJ00 00,

150171 ?? 2E ! C 0 2 2 2.4t79576 3 5455567 0.21839952 0.027ous30 0.0
| 150181 33 ?! E C 0 2 2 3.4175SS2 5.0229979 0.30959994 0.047oJ000 0.0
j 150151 29 C 7 0 0 2 2 5.2C12692 0.0 0.24777436 0.0 0.0
j !!0201 40 C 7 0 0 2 2 6.CS4SSE4 00 0.29014987 00 00
; 1!0211 dl 0 7 00 2 2 L.2(44225 C.0 0.24759996 0.0 0.0 '

] 180221 42 C 7 00 2 2 4.2299550 0.0 0.20614988 0.0 0.0
'

1*023t 43 0 7 C 0 2 2 8.2E262C4 0.0 C.39796788 00 3.0

{_ Ir0241 1 C 7 0 0 2 2 2.7500CCC 0.0 0.13089997 00 0.0
; I*0251 3 C 7 0 0 2 2 2.7*0CCCC 0.0 0 13089997 C.0 00
1 1502ft 4 C 70 0 2 2 4 2727CC6 00 0 2C382524 0.0 0.0
$ 150271 5 C 7 0 0 2 2 c.CS4SSe4 0.0 0.29014987 0.0 0.0
$ 150261 e C 7 4 0 2 2 4.4EESC*2 C.0 0.21339995 0.0 00

if0291 7 C 7 00 2 2 2 2C99951 0.0 0.15269995 0.0 0.0
,

150301 11 C 7 C 0 2 2 7.21955C4 0.0 0.34379995 0.0 00
' 150311 12 C 7 00 2 2 7.1525589 C. 0 0 34249961 0.0 0.0 )I !!0321 13 0 7 0 0 2 2 4.2295550 C.0 0.20614988 0.0 0.0
* 150321 14 C 7 0 0 2 2 5 529958e C.O 0.26309997 00 00

150348 15 C 7 00 2 2 5 78722e9 0.0 0 27207661 0.0 0.0
150351 16 0 7 0 0 2 2 7.02591(1 0.0 0.33456401 0.0 0.0
1503E1 17 C 70 0 2 2 2 72000C0 0.0 0 13089997 00 0.0,

3 150371 IS C 7 00 2 2 f.4E06C29 0.0 0 30893320 0.0 00
150381 20 C 7 0 0 2 2 5.2299552 C. 0 0.25439996 0 0 00

| 150391 21 C 7 0 0 2 2 2.750CCCO 0.0 0.13089997 0.0 0.0
150401 38 0 7 0 0- 2 2 20.4299927 00 0.97289968 00 00

1 150411 36 0 80 0 2 2 34.0312958 0.0 3.532J0000 00 0.0
| 85b421 37 0 70 0 2 2 7 1531952 0.0 0.34249961 0.0 0.0
; 150431 e 58 11 0 0 2 2 30 0159760 35.5979767 0 13396078 0.04J9dJ00 0.0
| 150441 9 50 11 00 2 2 30.01597c0 35 5979767 0.13396078 0.04Jf2JJC 0.0

150451 10 49 11 00 2 2 30.01597eo 35.5979767 0 13396078 0 04J94J00 0.0
150461 44 0 7 0 0 2 2 6.4501467 0.0 0 30695534 0.0 00 '

j 150471 45 0 7 00 2 2 6 2140EC7 00 0.32733464 00 00
150481 46 0 700 2 2 6 4E66629 0. 0 0 30993320 0.0 00

j 150491 47 0 7 00 2 2 6.4e60629 0. 0 3.30893320 0.0 00 |
I 150E01 54 -1 6 00 2 2 7.72995B6 9.6299992 0.03540700 0 0335JJ00 0.0 1

! 150012 0.0 0.0471000 00 0.0 0 718800 0.0 .0 00*
150022 00 3 0471000 00 0.0 0.0 00 .0 0.0

4 150032 00 0.0471000 0.0 0.0 0.0 0.0 .0 00 I
I 150042 00 0 0471000 00 00 00 00 .0 0.0
| 850052 0.0 0.0471000 C.C 0.0 0.0 00 .0 0.0

150062 0.0 0.0 3.0000C0 0.0 0.0 0.0 .0 00
150072 0.0 00 2.549554 0.0 0.0 0.0 .0 0.0

1*
150082 0.0 0.0 4.0000C0 0.0 0.0 0.0 .0 0.0 i

i 150092 0.0 00 0. 0 00 00 00 .0 0.0
150102 00 0.0 0.0 0.0 00 0.0 .0 0.0
150112'O.0 0.0 0.0 00 0.0 00 .0 0.0,

*
t
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150122 0.0 0 0- 00 00 0.0 0.0 .0 00
150132 0.0 0.0 0.0 00 0.0 0.0 .0 00
150142 0.0 0.0 0.0 2 653996 0.0 2 65399a 0 0.0 (
150152 0.0 0.0 0.0 1 858994 2.655000 4 50dWJa .3 0.0
150162 0.0 0.0 0.0 2.950000. 0.0- 00 .0 00 :

150172 0.0 0.0 00 1.849998 0.001000 1 949 9d J .0 00 I

150182 00 0.0 0.0 2.622993 1 851000 4.591090 .0 0.0
150192 00 00 5.678620 0.0 0.0 01 .J 0.0 r

150202 00 00 e.e49958 0. 0 0.0 00 .0 00
150212 0.0 0.0 5 677073 0.0 0.0 0.0 .3 00
150222 0.0 0.0 4.724SS8 0.0 00 0.0 .J 00
150232 00 00 9 124336 0. 0 00 0.0 .0 0.0 -

150242 0.0 0.0 3.000000 0.0 00 0.0 .0 0.0
150252 0.0 0.0 3 000C00 00 00 00 .J 00
1502e2 0.0 0.0 4. e 713 71 0.0 00 00 .0 00
150272 0.0 0.0 e.e49998 00 0.0 0.0 .0 0.0
150282 0.0 00 4.e92920 00 00 0.0 .0 00
150292 00 0.0 3 5000C0 0.0 0.0 0.0 .0 0.0 1

150302 0.0 0.0 7.679993 -0.0 00 00 .0 00 |
'

150312 0.0 0.0 7 649998 00 0.0 0.0 .J 00
150322 0.0 0.0 4.724958 0.0 0.0 00 .0 0.0
150332 00 00 6.C30000 0.0 00 00 .0 0.0 ,

150342 0.0 00 c.237G88 00 0.0 0.0 .J. 0.0. .

150352 0.0 0.0 7 e67850 0.0 0.0 0.0 .0 0.0 !

150362 0.0 0.0 3 000000 00 00 00 .3 00
150372 0.0 0.0 7.C759e8 0.0 0.0 0.0 .0 0.0
150382 0.0 00 5.830000 0.0 00 0.0 .0 00

i
150392 0.0 00 3.C00000 0.0 0.0 00 .0 0.0 *

150402 0.0 00 22.299588 0.0 00 0.0 .0 0.0
150412 0.0 00 12 379993 00 00 0.0 .0 0.0
150422 0.0 00 7.649998 0.0 0.0 0.0 .0 00 |
150432 0.0439200 0.0 6.042996 7.066998 0.0 0 93000J .0 0.0 |

150442 0.0429200 0.0 6.C42996 7.066998 00 0.890J0J .3 0.0 |
150452 0 0439200 0.0 6.042946 7.066998 0.0 0.9300JJ .0 00
1504e2 0.0 0.0 7.C37ee3 0.0 00 00 .0 00
150472 0.0 0.0 7 502144 00 00 0.0 .0 0.0
150482 00 00 7.C79S88 00 00 0.0 .0 0.0
150492 0.0 0.0 7.C799e8 0.0 0.0 00 .0 00
150502 0.0 00 e.160000 0.0 0.0 0.0 .08747 2624.9
e

* CORE CARD $
e

160010 1 5 8 9 0.0 0.11104C0 0.0 0.0
160020 2 5 12 13 0 0 0.1658799 0.0 00
860030 3 5 12 13 0.0 0.4131899 0.0 00 >

160040 4 5 12 13 0.0 0 1798900 0. 0 00 |

160050 5 5 8 9 0.0 0.ltg0000 0.0 0.0
.

* SLAB GEOM ETRY C ARDS
e

170101 2 6 3 2 0. .009067 0.
170102 0 1 2 1.100E-03 10
170103 0 4 3 4.16 7E- 0 3 C.
170104 0 24 .0025 O.
170105 0 6 1 5 489E-6 C.
170106 0 22 .000833 0.
170201 2 6 32 C. .00e579 0.
17020P O 1 2 1 5 8 8E-C3 10
170203 0 4 3 4.16 7E- 0 3 0.

170204 0 24 .0025 0
170205 0 6 1 J . 7 0 2E- 6 0.

170206 0 2 2 .000833 0.
170301 26 32 0. .007666 0.
170302 0 1 1- 1. 7 8 3E- 03 0.5

170303 0 5 1 7.18E-04 0.5
170304 0 4 3 4.16 7E-0 3 0. ;

I

I

1
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].i
; 170305 0 6 1 1.6 0 7E- 6 0.
.' 170306 0 2E 3 333E-3 0.

170908 2 6 3 2 0. .008579 0.

170902 0 1 2 1 58 eE- 03 1.0
1709C3 0 4 3 4 16 Ti?- 03 0, I

,

170904 0 24 .0025 0. j,

170905 0 c 1 5.204E-6 0. a

170900 0 2 2 .000833 0.
171001 26 3 2 0. .007606 0.
17t002 0 1 1 1. 7 8 3E- 03 05
171003 0 5 1 7.18 E- 0 4 0.5 r

171004 0 4 3 4.16 7E-0 3 0.
.

1710C5 0 6 1 4 105E-6 0.
' 178006 0 2 5 3.333F-3 0. '

170401 2 2 2 3 0.365 0.0333 0.
170402 0 2 1 0 05 O.

I 170501 1 1 2 4 C. 0.02333 0.

170601 2 1 2 4 .01675 .0C4023 00
170701 2 2 2 3 0.14fG O.C1666 0.4

170702 0 2 1 J.025 O.
170801 2 2 2 3 0 4375 0 0375 C.
170802 0 2 2 .05625 0.
171101 2 1 2 4 0.02196 0.004C83 0.
*

$ * VOLUMET R IC FEAT C AP AC IT F O TV /F-F T * *3 MATERIAL 1 - I NCCPAEL
> *

190101 20 C. 51 41 200. 57.434 300. ad.J21 * I NCO NN EL #
i

100102 400. 61 167 500. 62.476 600. oJ.a72 * I NCO NN EL
190103 700. 64.578 800. 65.612 900. 6o./Wa * INCONNEL
190104 1000. 68.247 1100. 70.088 1200. TJ.#av * INCONNEL
190105 1300. 75 420 1400. 79 150 1500. d J. /a J * 1 NCONN EL
190106 1600. 89.341 1700. 96 042 1800. 103.4/J * INCONNEL
190107 1900. 113.255 2000. 124.006 * I NCONN EL
e

~

* THERMAL CON D UC T I V I TY DTU/F T-HR-F %A TERI AL 1 - INCONNEL
*
180101 20 C. 8 4294 200. 9 098 300. w.+s5 * 91 NCO NN EL
180102 400. 9.930 500. 10.398 600. 10.37o * INCONNEL
180103 700. 11.420 800. 11 967 900. 12.532 * I NCONN EL ;

180104 1000. 13.113 1100. 13.704 1200. 14. JJ J * I NCON N EL |

180105 1300. 14.906 1400. 15.509 1500. Aa.AJ9 * I NCO NN EL
1M0106 1200. 16.701 1700. 17.282 1800. 17.J+4 * INCONNEL
180107 1900. 18 397 2000. 18 922 * INCONNEL
*
* VOLUM ET R IC FEA1 C AP AC ITY BTU /F-F T * *3 MATERIAL 2 - 316 SS
*

190201 20 C. 51.88 200. 56 923 300. 5J.J20 * 316-STST )
190202 40C. 60.846 500. 62.447 600. 6J.325 * 316-STST
190203 700. 65 141 800. 66.308 900. 6 7. 6J 0 * 316-S7ST
190204 1000. 68.444 1100. 69.463 1200. 70.+aJ * 316-STST
190205 1300. 71.508 1400. 72.563 1500. 7J.aa2 * 316-STST
190206 1600. 74 782 1700. 75 952 1800. 7 7. t s 2 * 316-STST
190207 1900. 78.406 2000. 79.672 * 316-STST
*
* THERMAL CONDUCTIVITY BTU /F T-HR-F MA TERI AL 2 - 316 SS
*

180208 20 0. 7.2452 200. 8.225 300. 6.udi * 316-STST
180202 400. 9.144 500. 9.586 600. 10.JdJ * 316-STST
180203 700. 10.44e 200. 10.872 900. 11 294 * 316-STST
180204 1000. 11.718 1100. 12.145 1200. 12. a7 7 * 316-ST ST
180205 1300. 13.017 1400. 13 467 1500. 13. Jd 9 * 316-STST
180206 1600. 14.406 1700. 14.900 1800. 15 414 * 316-S T ST
1R0207 1900. 15.948 2000. 16 507 * 316-ST5T
*
* VOLUMETR IC NE AT C APAC ITY BTU /F-F T**3 MATERIAL 3 - MGO
+ j
190301 20 0. 47.5516 200. 52.2156 300. 54.2084 400. 55 9468 500. 21.4944 j

I
i

I
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190302 600. - 58.e512 700. 60.0324 800. 01.034S 930. 61.9040 1000, sc.aeoD

190303 1100. c2 2608 1850. 63.*364 1200. 63 7908 1250. 64 0240 13JJ. 64.2360
190304 1400. C4 5964 1500. 64 9144 1600. 65 1900 1700. 65 4444 kJJJ. 65.9776 .

4

* THEAMAL CCN CLCT I V I TY B T U/F T-HR-F MA TERI AL 3 - MGO
e

IR3301 20 C. 8.4435 200. 6 4e05 300. 5.7049 400. 5.0470 JJJ. 4.4937
180302 600. 4 0326 700. 3.6523 800. 3.3423 900. 3.09JJ
180303 1000. 2.8959 1800. 2.7431 1200. 2.6281 1300. 2.a+JO
180304 1400. 2.4888 1500. 2.4658 1600. 2.4428 1700. 2 442d
180300 1800. 2.4428 1900. 2 442e 2000. 2.4428
* r

* VOL UMET R IC FEAT C APAC ITY BTV/F-FT**3 MATERIAL 4 - BN *

*

190401 20 C. 20.98 200. 29.896 300. 3J.Jad * SN
190402 400. 36.265 500. 39 178 600. 41 775 * BN
190403 700. 44.078 800. 46.112 900. 4 7. dJ O * UN
190404 1000. 49 466 1100. 50 834 1200. 42.Jde * BN ;

190405 1300. 53 067 1400. 53.980 1500. 54 789 * BN
190406 1600.. "5 587 1700. 56 188 1800. 56.Jeo * BN
190407 1900. 57.453 2000. 50.094 * BN
*

* THERMAL CONDUCTIVITY B TU/F T-H R-F MATE 91AL 4 - SN +

*

18040t 20 C. 21.0962 3 00. 13.6490 500. 17.0927 000. 16.3442
180402 700. 15.0187 750.- 15.2554 800. 14.9186 650. 14 5788
f80403 900. 14 24C3 550. 13.9?!2 1000. 13.6040 1050. 13 2950
180404 1800. 12.9944 1150. 12.7J25 1200. 12.4196 130J. 11.8821
180405 1400. 11.3844 1500. 10.9287 1700. 10 1531 200J. W.3650
*
* VOLUMET G IC NEAT C AP AC ITY STU/F-F 7 883 MATERIAL 5 - 70CO30N1
* t

190501 20 0. 52.55 200. 55 512 300. oo. 317 * 70CO30N1
190502 400. 58.032 500. 59 179 600. 6J.JdG * 70CU30NT
190503 700. 61.358 800 62.435 900. oJ.JJ4 * 70CO30NI
190504 1000. 64 672 1100. 65.876 1200. 67.ts7 * 70CU30N1
190505 1300. 68.567 1400. 70 098 1500. 71.7s2 * 70CU30NI
190506 1600. 73.c41 1700. 75.697 1800. 77.J73 * 70CO3ONI
190507 1900. 80 489 2000. 83.269 * 70CU30NI
*
* THERMAL CONCLCTIVITY B TU/F T-HR-F MA TERI AL U - 70CU30N!
*
180501 20 0. 16.802 200. 17.972 300. 19.Ja* * 7 0CU 30NI,

180502 400. 20.960 500. 22.833 600. 24.s19 * 70CU30NI
180503 700. 27.261 000. 29.964 900. 33.1JJ * 70CU30N1
180504 1000. 37 174 1100. 42 190 1200. 48 539 * 70CU30NI
180505 1300. 56.774 1400. 67.212 1500. 80.449 * 70CU30NI
180506 1600. 97.010 1700. 117 602 1800. 142.911 * 70CO30NI
180507 1900. 173.704 2000. 210.807 * 70CU30N1
*
*

* VOLUMETG IC NE AT C AP AC ITY 8 TU /F-F T **3 44TERIAL 6 - AIR IN G4A
*

190601 20 25. .01973 68. .C1812 100. .01708 200. .01449
190602 300. .01258 400. .01111 500. .00995 600. .00901
190603 700. .00824 800. .C0758 900. .00702 1000. .00654

| 180f02 300. .01948 400. .02164 500. .02380 600. .02396
180603 700. .02812 800. .C3028 900. .03244 1000. .03+oJ
180604 !!00. .03676 1200. .03892 1300. .04108 1400. .04324
180601 20 25. .01354 e8. .0144688 100. .01516 200. .01732
190604 lico. 00612 1200. .C0575 1300. .00543 1400. .00513
190E05 1500. .0048V 1600. .00463 1700. .00442 2000. .00J8d
180605 8500. .04540 1600. .04756 1700. .04972 2000. .0562J
4'

.
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=e5105 T10E EXP HYDR AUL I C BOUNDED
e
*

* THIS QUN FAS EU GG1 NO N IN VE R TE3 FILL TABLE AT THE OUTLET
* ANO . OxREPT V3 AT THE INLET. (2/6/76)
* . j

* THIS RUN FAS SLIP CNL Y IN THE D CtNCOMER AND TS INLET JUNCTIdNae j
'* t-15. ( 2 / 7/ 78 )

-*

* THE LOCP MOCL'L TIME STEP REGIMF DOES NOT WORK BETwEEN 12
* ANO 13 S EC PECAUSE OF 4 FLCh SPIKE IN THE MASS FLOW INTO THd
* TE, ADDEC Two NEW TIME STEP C ARD S. ( 2/8/78)
*

* REPEAT OF CR H2C 256 FOR PRODUCTICN OF LOCAL FLU 10 CONDITICh5 TO t

* DE FEO TO ORINC FOR CALCOLATION OF ME4T TRA NSFER COEFF ICI ENTJ
* FOR THE TFTF TEST 105.(2/17/789 i

e

* THIS RUN HAS CORRECTED POWEF AT 4.8 SEC. (2/23/T8)
*
* INSER TE D 2 NEW TIME STED C AR DS F OR S O MS AT 15.5 SEC. ( 2/ 23 / f a)
*

* AFDPLEM D IMEN S ION G<

080001 -2 9 9 2 36 00 3T 0 00 2 48 13 6 11 0 0
6

C10002 5.Seet 4.0
*

* MINOR EDIT VARIADLES
*
OP0000 Jw 34 JW 29 JW 27 SA 11 SR 10 SR 09 SR 08 SR 07 d4 JS
*

* ENT H ALP Y TR AN SPOR T SHUT OCmN
*
C 30 0 0 3 0 0. C. .000001
*
*

* TIME STEP CARDS
*

030010 500 to 1 0 .0001 .00001 .001
030020 50 to 1 0 . 0 01 .00004 .05

1
030030 5 to 1 0 .0L .00001 5.0 |

030040 50 to 1 0 .001 .00001 60
030050 5 to 1 0 .01 .00001 12.0
030060 50 10 1 0 .001 .00001 13.0
030070 5 to 1 0 .01 .00001 15.0 1

10 300 eo 5 to 1 0 .01 .00000t 46 0
C30090 5 to 1 0 .01 .00001 240 0
*
* TP!P CARDS
*

040010 1 1 0 0 20 00 0.0 * TRIP ENO
040020 & 1 0 0 0.0 0.0 * TPIP LEAK TO FIRST 00tE9 CURVE

|* VOLUME DAT A CARDS!
* teUR 1R f AD PRESS TEMD O UA L V OL UME HT MIXT LV.
050011 0 -3 2304 1624 545.7659 -1 000 0 200400 3.0000 3.000J eviaT INLET
050021 0 0 2295 1892 545 7578 -1.000 0 170200 1.2600 1.2600 *TJ INLET
050051 0 0 2295 2254 545.75El -1 000 0.097507 0.5175 0.5175 *TJP OWNCOM ,

050041 0 0 2295.3269 54 5. 75 E t -1.000 0.282630 1.5000 1 5000 * JdNCCMat
050051 0 0 2255 6941 545.15 e 3 - 1 000 0 211970 1.1250 1 1250 * DWNCOM#2
050051 0 0 2295 9619 545 75F5 ~1 000 0 164870 0.8750 0.9760 s JWNCOM*3
050078 0 0 229C.2097 545 75e8 -1 000 0 188420 1.0000 1.0000 * 3WNCOM 4
0500At 0 0 229c.4810 545. 75G 0 -1 000 0 188420 1 0200 1.0200 * JWNCOM*5 '

I
!
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C50098 0 C 229f.7490 545. 7593 -1 00 0 0 188420 1 0000 1.0000 * J d NCO M 8 6

C50101 0 0 2297 0139 545 7595 -1 000 C.186420 1.0000 1 0 hJ s JdNCCM*7 ,

050811 0 0 2297. 26 20 54 5. 759 e - 1 00 0 0 18 942 0 1 0000 1. C J0 0 * JdNCOM*S
050121 0 0 2297 5298 545 760C -1 000 0 164870 0 8750 0.87dJ * J d NCOM*9
050131 0 0 2297 7976 54 5 76 C3 - 1 00 0 0.211970 1 1250 1.1230 * JwNCCMe10
050441 0 0 229P.1648 545 7fC5 -1 000 0.282630 1 5000 1.5000 * JwNCOMett
050151 0 0 2298.3337 545.7607 -1 000 0 102110 0.7188 0.71oo *JJT 3mNCOM
C50165 0 0 2298 5 302 545. 76C 7 -1 000 0 057509 0 1560 0.15oJ d.JaJR PLEN
050171 0 0 229E.0771 54 5. 7 5 e 5 - 1.00 0 0.045656 0 7188 0.7100 * J >tHT L Cone '

050181 0 0 2293 7156 548.4595 -1 2300 0.095276 1 5000 1 5000 *1ar HTD CORE
0 50 t'91 0 0 2290.9116-'/S3.9443 -1.000 0.071457 1.1250 1.12dJ e4 vJ HT D CORE
C50201 0 0 228e.7449 360.4 ee l -1 00 0 0 055578 0 8750 0 8700 *adJ HTD C7F"
050211 0 0 22et.6941 569.3481 -1 000 0 043518 1 0000 1.0000 **TH HTD CORE

' 050221 0 0 22e4.45f 3 580.9963 -1.00 0 0.053518 1 0000 1.0000 *aTH HTD COPE
050234 0 'O 22E2 19( 3 593 4214 -1 000 0 063518 1 0000 1.00dJ *ard HYD C7R5
050241 0 0 2779.E950 605.3 74 e -1 00 0 0. 063518 1.0200 1.0200 47T H HTO CORE
C50251 0 0 2277.5598 615 4634 -1.000 0 053518 1 0000 1.000J *JTH HTD CORE
050261 0 0 2275 3499 622.54c l -1 000 0.055578 0.8750 0.87aJ *dTH HTD CooE s

050274 0 0 2272 98E3 62 7.6411 -1 000 0 071457 1.1250 1.12o0 *4JTHHTO CORE i

C5028 0 0 2249.8943 631.6531 -1 000 0.095276 t.5000 1.5000 *aATHHTO C9RE
C50291 0 0 2267.C774 ^ 3 3 5 8 6 2 - 1. 00 0 0. 03 0919 0.6875 0.6f7s *JNHT T COPC
C50301 0 0 22f 7.45f c * 33.5886 -1.000 0.072500 0 2180 0.21oJ *1aT JP PLEN
050311 0 0 2267.2222 633.5E 7 2 -1 000 0.144900 0.4360 0.4300 was] JP PLEN
050321 0 0 22et.8999 633.5652 -1 000 0.354500 1.1700 1.17uJ *J4) JP oLEN
050231 0 0 22f e.855 2 633. 5725 - 1 00 0 0 334300 0 6500 0.9500 *T, JJT
053341 0 0 2255.5423 633.5144 -1.000 0.200400 3.0000 3.0000 evs 5POCL
050381 0 0 22ff.8631 4 4 8 14 C 7 -1.00 0 0.218700 2.3060 2.3000 * :t J T d4FLE C
050361 0 0 2295 4536 545 75 e 1 -1.00 0 0 052890 0.2917 0 2317 *14 JE AD LEG i

n *

*2.p rRIC FLPwA DI4MV ELEV 14WOLO(VERT SL1D I NJEA)
'050012 0 0 0068100 0.2916C99 927.1009 0 ov_4T INLET

050022 0 0.C668100 0.2916999 930.1050 0 *Ta ANLET
050032 0 0 1e84200 0 1791300 932.2610 0 *TJP J w NC 94
050042 0 0 1084200 0 1791300 93C.7620 0 * JaNCOMat

'
050052 0 0 1884200 0 1791300 929.63/7 0 * DWNCOM*2
050062 0 0 1P84200 0.1791300 928.7537 0 * JdNCCM*3
C50073 0 0 1884200 0.1798300 927.7649 0 * JWNCCM 4

'0500P2 0 0 1984200 0.1701300 926.7458 0 * JWNCOMW5
C50092 0 0. lee 4200 C.1791306 925 7559 0 * OWNCOM*6 ,

050102 0 0.1884200 0 1791300 924.7659 0 * 3*NCC447
050182 0 0.!Pe4200 0.179130C. 923.7664 0 * OwNCOMm8
090122 0 0 1084200 0 1791300 922.8926 0 * OWNCOMm9
053132 0 0.lPF4200 0 1791300 921 7688 0 * DeNCOMato
J50142 0 0 1284200 0 1791300 920.2698 0 * Js NC OM* 11
050152 0 0 1420600 0 1791300 919 5558 0 *J JT 2&NCOM
050162 0 0.3010000 0.1700000 919.3997 0 *w)Wda DLEN ;

050172 0 0 0635175 0.0205tc9 919.5518 0 * J.v H T L CORE
050182'O 0.C635175 0.0205169 920 2698 0 star HYD CORE
050892 0 0.Cf3bl75 0.0205tc9 921.7608 0 e d.4J HYD CDRE
C50202 0 0 0635175 0.0205tf9 922.8926 0 *JdJ HTO CORE
050212 1 0.0c35t75 0.0205169 923.7664 0 **TH HTD CORE
050222 0 0 0(35375 0 0205169 924.7659 0 *aTH HTD CORE
050232 0 0.Cf35175 0.0205169 925.7559 0 *aTH HTD CORE
050242 0 0 0035175 0.0205129 926.7458 0 *TTH HTD CORE
050252 0 0.Cf3!175 0.0205tfG 927 7649 0 *aTH HTD CORE

'
050262 0 0.CE35175 0.0205tc9 926.7637 0 odTH HTD CORE
050272 0 0.C635175 0 0205L c9 929 6377 0 * & J THHT D CORE
(50282 0 0.0c35175 0.0205169 93C.7520 0 *i A THHT D CORE
050292 0 0.05ece34 0.0214218 932.2610 0 *J4HT T CORE
C50302 0 0 3699000 0 19140C0 932.9468 0 elaT JP PLEN
050312 0 0 3f99000 0.1914000 932.9639 0 edHJ JP PLEN
050322 0 0 2609000 0.2693000 933.3799 0 *JHJ JP DLEN
050332 0 0. 0 66 e 100 0 2920000 933.7000 0 *Ta JJT
050342 0 0.0668100 0.2916999 930.7100 0 *vd SPOOL

I 050352 0' O . C 7 7 84 00 0 0454000 933.300 0 *HJT 84FLE C
050362 0 0.0668100 0 20t6999 931 1533 0 *14 JE AD LEG
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4 * JUNCTICM CATA CARDS 1
,

* JW1-2 IDMA V AL V FLOW 4JUNC(FT2) ZJUN(FTl L/2A FJJ 4F FJUN9
080011 1 2 0 0 45 899994 0 066810,0 930 10667 00 f.a33 7.500.

080028 2 4 0 0 45.899994 0.0668100 931.29932 0.0 J,0 0.0
. 080031 3 4 0 0 00 0 8 8e4230 932 26099 0.0 J. J 00
f 080041 4 5 0 0 45.e99994 C. t e842 0 0 . 930.76221 00 J.J 00
5 080058 5 6 0 0 45.c99994 0.18 e4 2 0 0 929.63843 0.0 J.J 0.0

080061 6 7 0 0 45 899994 C. tee 4200 928.76392 0,0 J.0 0.0
; 090071 7 8 0 0 45.P99994 Celse4200 927.76514 0.0 J.0 00 I
; C80081 8 9 0 0 45.899994 0 1884200 926 75000 0.0 J.J 00
'

080091 9 to 0 0 45.P99994 0. tee 4200 925.75977 00 J,0 0.0
CP0101 to It 0 0 45 899994 0.18 e42 0 0 924.76636 0.0 J.J 00

; C80111 11 12 0 0 45 899994 0.1984200 923 76709 00 s.O 00
083121 42 13 0 0 45.899994 C.1Pe4200 922 89307 0.0 J.J 0.0

i 060131 13 14 0 0 45.899994 C.19 84 2 00 021.T6929 Oni J.J 0.0
080141 14 15 0 0 45.899994 0 1420600 920.27302 0.0 J.J 00
D a0151 15 16 0 0 45 899994 0.1420600 919.55225 00 J.JJO 0.300.

* C 80168 to 17 0 0 45.899994 0.0635180 919 55225 00 J.ust 0 661 j

C80171 17 18- 0 0 45.899994 0 0635180 920.27002 0.0 J.772 0 772 '*

080181 18 19 0 0 45.899994 0 0t35180 921.76929 00 J.J14 0.914
, 083191 19 20 0 0 45.899994 0.0635180 922 89307 00 0.sdu 0 696

(80204 20 21 0 0 45.899994 0 0635180 923.76709 0.0 J.ob3 0.653 '

; 080218 21 22 0 0 45.899994 0 0e35100 924.76636 0.0 J.odo 0 696 '

| 080221 22 23 0 0 45 899994 0 0t35180 925.75977 0.0 J. ado 0.696
j 080231 23 24 C 0 45.895994 0.0635180 926.75000 0.0 Jead6 0.696
; 080241 24 2E O O 45 899994 0 0635180 927.76514 0.0 J.odo 0.696 r

( 080251 25 26 0 0 45 899994 ' O.0c 35180 920.76392 00 J.os3 0.553
] 080268 26 27 0 0 45 899994 0.0635180 929.638c3 00 J.696 0,696
j 080271 27 28 0 0 45.899994 0 0635180 930.76221 0.0 J.J14 0.914
i 0802e1 28 29 0 0 45.899994 C.0580634 .932.26099 00 J.3dd 0 580
8 080291 29 30 0 0 45.899994 0.0580634 932.94727 0.0 J.411 0.411

CP3381 30 31 0 0 45.899994 0 1532200 933.00000 0.0 J.J 0.0
j 080311 31 32 0 0 45.899994 C.2609000 933 38489 0.0 J.J 00

080321 32 33 0 0 45.899994 0.0668100 934 50000 0.0 J.s3J 0.500
08033t 33 34 0 0 45.899994 0.0668100 933.70459 0.0 1.aJO 7.590
C80344 35 31 0 0 0.120000 C. 0 3890 0 0 933.38989 0.0 J.J 0.0

| 090351 36 4 0 0 0.0 0.0668100 931 29932 0.0 J.J 0.0
000?61 0 34 1 0 -45.89999 0 0668100 930.71484 00 /.SJG 7 500

) 080371 0 35 2 0 0 8200 C.00C4974 935.60003 0.0 J.J 0.0

$
'

i * JVERTL JCHOKE JCALC l MVMIX DIAMJ CCNCC 1 CHOKE 1HCCO4 a d.QS IA0JON
l- 080042 0 5 2 3 00 0.600 11 0 1.0 0

0P0022 0 5 3 0 00 1.0CC 11 2 10 0
OP0032 0 5 3 0 0.0 1.000 11 3 1.0 0
080042 0 5- 3 C 0.0 1.0CC 11 3 1.0 0.

j Oe0052 0 5 3 0 0.0 1.00C 11 3 1.0 0
j 080062 0 5 3 0 00 1.00C 11 3 10 0

C90072 0 5 3 0 0.0 1.0C0 11 3 1.0 0
080082 0 5 3 000 1.0CC tt 3 1.0 0
C80092 0 5 3 000 1.000 Il 3 10 0
080102 0 5 3 0 0.0 1.000 11 3 1.0 0
080;12 0 5 3 -000 1 0CC 11 3 10 0

'

060822 0 5 3 0 00 1.CCC 11 3 10 0 ,

080132 0 5 3 000 1.000 tt 3 10 0
C80142 0 5 3 0 0.0 1 000 11 3 1.0 0

' Ca0152 0 5 2 0 0.0 1.000 11 1 1.0 0
C80162 0 5 2 0 0.0 1.CCC 14 2 0.0 0
080172 0 5 2 0 00 1.600 11 3 0. 0 0
080182 0 5 2 0 0.0 1 000 11 3 0.0 0
C80892 0 5 2 000 8.000 11 3 00 0
C80202 0 5. 2 000 1.0CC 11 3 0.0 0
080212 0 5 2 0 00 1.000 11 3 0.0 0
080222 0 5 2 0 0.0 1,000 11 3 G.0 0 <

080232 0 5 2 0 0.0 1.000 11 3 0.0 0
080242 0 5 2 0 0.0 1.0CC 11 3 00 0

._.
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080252 0 5 2 0 0.0 1.00C 11 3-0.0 0
080262 0 5 2 0 0.0 1 000 11 3 0.0 0
080272 0 5 2 000 1 000 11 3 00 0 '

0802R2 0 5 2 00.0 1 000 Il 1 0.0 0
C80292 0 5 2 00.0 1 000 11 0 00 0
(P0302 0 5 3 000 1 000 11 0 0.0 0
080312 0 5 3 0 0.0 1 000 11 0 00 0 ?

C80322 0 5 2 00.0 1.000 11 0 00 0
080332 0 5 2 3 0.0 0.ECC !! 0 0.0 0
080342 0 5 3 000 1.000 11 0 0.0 0
080352 0 5 3 300 1 000 11 0 0.0 0
*

* MVM1Xs-2 I MPL I E S PILL WITH NEGATIVE FLOW REPRESENTING L3 AK JuhClauN
* USED IN J36 6 J37
* C ANNOT US E SLIP IN JUNCTIONS WITH FILL TABLES.
080362 0 5 2-200 0.ECC 11 0 00 0
080372 0 5 3-200 1 00C 11 0 00 0
*

* FILL TAN E FOR JUNCTION FLOh INTO B AFFLE CAN FROM OUARTER I NwH 6 4 4d
* COMING TO TEST SECTION 1T105 T YPT FILL TADLEl
130200 2 4 to I LDS/SEC
130201 00 4E.8 173.0

1 130202 0.5 46 8 152.0
130203 1.0 35 8 206.0
130204 20 27.3 227.0
130205 5.0 27.J 276.0
130206 7.5 23 4 299 0
130207 10.0 11.7 316.0
130208 12 5 7.8 326.0
130209 15.0 5.8 332 0
130210 20 0 2.34 338.0
*

* K INET IC CONST ANTS CARD
*

140000 0 0 C. O.
*

* SCRAM POWER CARD
*

141001 20 2 0. 10 2.04 10 2 10 0 8247 2.15 0.7491 2.20 0.udJ4
141002 2.2E 0 618 2.3 0.5614 2.40 0.4634 2.5 0 3827 2 6b u.2a/4
141003 28 0 2161 30 0 1482 3 25 0 0931 3.6 0.0495 4.0 0 04sd
141004 4.35 0.0172 4.8 0.01031 58 0 00458 5.85 0. 50. O.
*
* SLA9 CAROS!
* THE TOP OF THE DDWNCOMED IS 2 I NCHE S FR O M THE TOP OF THE UNHLAT eJ PART
* OF THE CORE. THE REFORE VOLOME 3 IS 2 INCHES SHOR TER THEN VCLUM4 JJ.
* P ATHER TPAN USING AN OT HE R SLAD F:OR THE 2 INCH SECTION DVW31Nw 14AT (NTO V??.
* I W ILL IGNORE IT. (1/15/7e)
* I SVL* R IG 158 IXLO IMCL-R AH1XL AHTXR VOLS rtJ4. HOMR

150011 0 18 1 0 0 2 2 0.0 8.1202488 0.07138985 0.0 0.03766000
150021 0 19 8 1 0 2 2 0.C 6 0904890 0.05354000 0.0 0.03766000
150031 0 20 9 1 0 2 2 0.C 4.7369088 0.04164000 0.0 0.03766)00
150041 0 21 6 1 0 2 2 0.0 5.4134989 0.04759000 0.0 0 03766000
150051 0 22 7 1 0 2 2 0.0 5 4134989 0 04759000 00 0.03766000
150061 0 23 7 1 0 2 4 0.0 5.4134989 0.04759000 0.0 0.03766000
150071 0 24 7 1 0 2 2 0.0 5 4134989 0 04759000 00 0.03766000
150081 0 25 to 1 0 2 2 0.0 5.4134989 0.04759000 0.0 0 03766000
150091 0 26 Il 1 0 2 2 0.0 4.7368088 0.04164000 0.0 0.03766000
150101 0 27 12 1 0 2 2 0.0 6 0901890 0 05354000 00 0 03766000
150811 0 28 13 1 0 2 2 0.0 8.1202488 0.07138955 0.0 0 03766000
150121 4 29 13 1 0 2 2 0.0 3 7217789 0 03272000 0.0 0 02626900
150131 0 17 1 00 2 2 00 3 8912882 0 03421000 0.0 0.03766000
160141 17 15 5 0 0 2 2 0 9584000 1.3776999 0.08495997 0.037asJJJ 0.17912999
150151 to 14 5 1 0 2 2 2.0000000 2 8750000 0 17707998 0.oJ7aasJJ 0 17912889
1501ei i9 13 5 i 0 2 2 i.5000000 2 1562500 0.132siOOO 0.0J72.J0J 0.i79:2sB9
150171 20 12 3 1 0 2 2 1 1666e89 1.5770773 0.10329998 0.937asJJJ 0.17912889
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160181.21 11 5 1-O' 2 2 1 3332987 4.'9166689 0 11805987 0 037baJJJ 0.17912889
150101 2.2 10 $ 1 0 2 2 1.3332987 1 9166689 0.11805997 0.037aaJ03 0.17912889? <

; 150201 23 9 5 1 0 2- 2 1.3332987 1 9166689 0 11805997 0. 03 7a a > 0 J 0Jt7912889
1 150211 24 8 5 1 0 2 2 1 3332987 1 9166689 0.11805997 0.037aaJJ3 0 17912889

150221 25: 7 5 1 0 2 2 t.3332907 1.9166689 0 11905987 0.037aa>03 0.17912889
150234 26 6 5 1 0 2 2 1 1666C89 1 6770773 0.10329998 0.037aaJ03 0 17912889

* 150241 27 5 5 1 0 2 2 1 5000000 2 1562500 0.13291000 0.037aaJ03 0.17912989
ISOP51 2e 4 5 1 0 2 2 2.0000000 2e0750000 0 17707998 0.037a>JJJ 0 17912889

s 150261 29 3 5 1 0 2 2 0.G166700 1.3177090 0.08115995 0 0J7aaJJJ 0 17912889
150271 15. 0 3 00 2 2 1.5524893 0.0 0.52225307 0.0 00 >

j 150P81 14 0 2 1 0 2 2 3 4361181 00 0.31907594 0.u 0.0 I

1 150294 13 0 2 1 0 2 2 2.5770884 00 0 23930699 0.0 0.0
150301 12 0 2 1 0 2 2 2.0044022 0.0 0 18612796 0.0 0.0 -

; 150311 11 0 2 1 0 2 2 .2.2907457 0.0 0.21271700 00 0.0
f 150321 to 0 2 1 0 2 .2 2 2907457 0.0 0.21271700 0.0 00 ,

1 150331 9 0 2 1 0 2 2 2 2907457 0. 0 0 21271700 00 0.0
150341 6 0 2 1 0 2 2 2.2437457 00 0 21271700 0.0 00
150351 7 0 2 1 0 2 2 2.2937457 0.0 0.21271700 00 0.0
1503tt 6 0 2 1 0 2 2 2 0044022 00 0 18612796 00 0.0 ,

150371 5 0 2 1 0 2 2 2 5770884 0.0 0.23930699 00 0.0
150381 4 0 2 1 0 2 2 3.4761101 00 0.31907594 0.0 00,

150391 3 0 2 1 0 2 2 1 1854610 00 0 18000100 0.0 00
150401 0 16 1 00 2 2 0.0 0 9022500 0.00793000 0.0 0.0
150411 16 0 3 0 0 2 2 0 5732700 00 1 84927900 00 0.0

"
150421 30 0 300 2 2 0 5778500- 0.0 0.05359000 00 0.0

. 1504R% 31 0 3 1 0 2 2 1.1540e90 0.0 0.10712997 0.0 0.0 ,

| 150441 32 0 3 1 0 2 2 2. 4 3B 76 84 00 0 2263S993 00 0.0
'

#

150451 33 0 4 0 0 2 2 3.2009987 0.0 0 15299986 0.0 00
150461 34 0 4 0 0 2 2 2.7600000 00 0 13089997 0.0 00
150471 2 0 4 00 2 2 2.3339987 0.0 0.11109996 00 0.0
150481 1 0 4 00 2 2 2.7500000 00 0.13089997 00 004

' s
,

* DHEL DOER CHNL OlNR X807 ZTOD
150012 00 0 0469300 0. 0 0.0 0.0 00 .J 00
150022 03 0.0469300 0, 0 00 0.0 0.0 .3 00+

150032 00 0.0469300 00 0.0 0.0 0.0 .J 0.0
150042 00 0 0469300 0.0 0. 0 00 00 .3 90
150052 0.0 0.0469300 00 0.0 0.0 00 .3 004

150062 0.0 0.0469300 0.0 0.0 0.0 00 .3 0.. 0,

150072 0.0 0 0469300 0.0 0.0 0.0 0.0 .3 00
1500R2 0.0 0 0469300 0.0 0.0 00 00 .3 0.0
150092 0.0 0.0469300 00 00 00 00 .3 00
150102 0.0 0.0469300 00 0.0 00 0.0 .3 00
150112 00 0.0469300 0.0 0.0 0.0 0.0 .3 0.0
150122 0.0 00 0. 0 0.0 0.0 00 .J 0.0
150132 0.0 00 0.0 0.0 0.0 0.0 .J 00
150142 0.0 0.0 0.0 00 00 00 .3 0.0
150152 0.0 0.0 0.0 00 0.0 00 .3 0.0
150162 0.0 00 00 00 0.0 00 .3 0.0
150172 0.0 0.0 0. 0 0.0 0.0 0.0 .3 0.0
150162 0.0 0.0 0.0 0.0 0.0 00 .3 00
150192 0.0 0.0 00 0.0 00 00 .3 0.05

1S0202 0.0 0.0 0.0 0.0 0.0 00 .3 00
1502t? 0.0 0.0 00 00 00 00 .3 00 ..

15022P 00 0.0 0.0 0.0 00 00 .3 00 f

150232 00 0.0 0. 0 00 0.0 0.0 .J 00
150242 0.0 00 0.0 00 0. 0 0.0 .3 0.0<

153252 0.0 0.0 0. 0 0.0 0. 'J 0.0 .3 00
150262 0.0 0.0 0.0 0.0 0.0 00 .3 0.0

'

150272 0.0 0.0 0.0 00 00 0.0 .3 0.0
150282 0.0 0.0 00 0.0 0.0 0.0 .3 00
150292 0.0 00 00 00 00 00 .3 0.0
153302 0.0 00 00 0,0 0.0 0.0 .3 0.0
150312 0.0 00 00 00 0.0 0.0 .3 00
150322 0.0 0.0 00 00 00 0.0 .3 00
15033d 0.0 0.0 0.0 0.0 0.0 0.0 .J 00

|
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450347 0.0 00 0.0 00 00 00 .3 00
150352 0.0 0.0 00 0.0 0.0 0.0 .) 0.0
150362 0.0- 00 00 00 0.0 00 .) 0.0
153372 0.0 0.0 00 00 00 0.0 .3 00
150382 0.0 0.0 00 0.0 00 0.0 .) 0.0
150392 0.0 0.0 0.0 0.0 0.0- 0.0 .J 0.0
150402 0.0 00 00 00 0. 0 0.0 .3 0.0
150412 0.0 0.0 0.0 00 0.0 00 .) 00
'150422 0.0 0.0 0. 0 00 00 00 .J 0.0
150432 0.0 0.0 00 0.0 0.0 00 .3 0.0
150442 0.0 00 0.0 0. 0 0.0 0.0 .J 00
153452 0.0 00 4 000000 00 00 0.0 .J 00
1 b 04 62 0.0 0.0 3.000000 0.0 00 00 .J 0.0
150472 0.0 0,0 2 549997 0.0 0.0 0.0 .0 00
150482 0.0 0.0 3. 000000 0.0 0.0 0.0 .J 0.0
'5

* CORE CARDS
160010 1 5 8 9 00 0 0540350.0.0 00 * -1

160020 2 5 8 9 0.0 0. C 570 0 30 00 0.0 * -2 '

460030 3 5 12 13 0.0 0.0767930 0.0 00 *-3
160040 4 5 12 13 00 0.1C89540 0.0 0.0 * -4
160050 5 5 12 13 0.0 0 1378466 00 00 * -5
160060 6 5 12 13 0.0 0.1378466 00 0.0 * ~5,

160070 7 5 12 13 0.0 0 1378466 0.0 00 * -5
160080 8 5 32 13 00 0 1041970 0. 0 - 0.0 * -6
160000 9 5 12 13 0.0 0 0757070 0.0 0.0 * -7
160100 to 5 8 9 0.0 0.0"57380 0.0 00 *-8

160%10 !! 5 8 9 0.0 0.0540330 00 0.) * -9
*

* SLAB GEOM ETRY C ARDS
*

170801 2 6 3 2 0. 1. 4 6 7E - 03 0
170102- 0 1 1 1. 7 8 3E- 03 0 402283
173103 0 5 1 S. ! 7 0E- 04 0.597717
170104 0 4 3 4.16 7E- 03 0.
170105 06 1 1.6667E-6 0.
170100 02 5 3.333E-3 0.
170201 23 24 .36458 .02777 0.
170202 0 2 4 .O.?777 0.

17G203 0 2 4 .0E777 0.
170301 23 2 4 .34375 .02778 0.

170302 02 4 .02778 0.
170303 02 4 .02779 0.'

170401 22 23 1459 .01666 0.
170402 0 2 I .025 O.,

170501 1 3 24 0. .02431 0.0
170502 02 4 .02431 0.0
170503 02 4 .02438 0.0
170601 2 6 3 2 0. e.7 2 5E- 03 0.

170602 0 1 2 1. 4 4 2E- 03 10
170603 0 4 3 4 16 7E-03 0.

170604 0 2 4 2 49975E-3:0.
170605 0 6 1 4 .1417 E- 6 0.
170E06 02 2 8.3325E-4 0.
170701 2 6 3 2 0. 9. 0 6 7E - 0 3 0.

170702 0 1 2 1 1005-03 1.

170703 0 4 3 4 167E-03 0.

170704 0 2 4 2 49975E-3 0
170705 06 l'5.4e9E-6 0.
170706 02 2 8.3325E-4 0.
170801 2 6 3 2 0. 7. 92 5E- 03 0.

170802 0 t t 1 7 8 3E- 03 0.5737S4
170803 0 5 1 4. b O OE- 0 4 0.426246
170804 0 4 3 4.167E- 03 0.

170405,0 6 1 1 6667E-6 '0.
170806 0 2 5 3.333E-3 0.

i
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170901 2' 6 3 2 0. 6. 4 0 eE- 03 0.
170502 0 1 2 8 7 5 eE- 03 10

5- 170903 0' 4 3 4 16 7E- 03 0.

170904 0 2 4 2.49975E-3 0.
'

170905 06 1 S . 2 6 2C- 6 0. !

170906 0 2 2 6 3325E-4 0.4

* 171001 J 6 3 2 0. E. 7 2 5E- 03 _0.
' 171002 0 1- 2 1 4 4 2E- 03 10-
171003 0 4 3 4.16 7E- 03 0. I

j 171004 0 2 4 2 49975E-3 0. )
'' 171005 0 6 1 5.422E- 6 0.

1 17t006 0 2 2 8.3325E-4 0.
171101 2 6 3 2 0. E. 4 0 8E - 0 3 0.i

| 171102 0 1 2- 1. 7 5 BE- 03 1.0
171103 0 4 3 4 16 7E- 03 0.

" 171104 0 2 4 2.49975E-3 0.

171105 06 1 4 9 27E-6 0.,

;- 171106 0 2 2 8.3325E-4 0.
171201 2 6 3 2 0. 7. 9 2 5E- 03 0.

171202 0 1 1 t . 7 8 3E- 03 0 573754
1T7203 0 5 1 4 5 8 0E- 04 0 426246

4 171204 0 4 3 4.16 7E- 03 - O.
I 171205 0 6 1 3.24E-6 0.:

f 171200 0 2 5 3 333E-3 0.
17130t 2 6 3 2 0. 7 4 6 7E- 03 0.,

17t302 0 I i 1 7 8 3E- 03 0.402283
17t303 0 5 1 C. I 7 0E- 04 0 597717
I?t304 0 4 3 4 16 7E- 03 0.

'
17F305 0 6 1 4 . 9 71 E- 6 0.

171306 0 2 5 3.333E-3 0.

1 *

* VOL UM ET R IC HEAT C AP AC ITY BTU /F-F T * *3 MATERIAL 1 - INCONNEL

90101 20 0. 51 41 200. 57.434 300. 59 347 * I NCO NN EL
190102 400. 61.167 500. 62.476 600. oJ.J/2 * I NCO N N EL
190103 700. 64 578 500. 65.612 900. cc./Ja * I NCO NN EL i

190104 1000. 68 247 !!00. 70.088 1200. 74.4Jd * INCONNEL j

190105 1300. 75.420 1400. 79 150 1500. 8J.TaJ * I NCONN EL |

190106 1600. 89 341 1700. 96.042 1800. 10J.s7a * INCONNEL
' 190107 1900. 113.255 2000. 124.000 * I t, CONN EL

*

* THERMAL CONDUC T I V I T Y B T U/F T-HR-F MA TERI AL 1 - INCONNEL
*

*

| 180101 20 0. 8 4294 200. 9.098 300. 2.6J5 8 9 t NCONN EL
j 180102 400. 9.930 S00. 10 398 600. Au.Jdu * INCONNEL
; 180103 700. 11.420 800. 11 967 900. 12.222 * I NCON N EL

,

180104 1000. 13 113 1100. 13.704 1200. 14.JJ3 * I NCONN EL |

180805 1300. 14.906 1400. 15 509 1500. 16 4 J J * I NCO NN EL
! 180106 1600. 16.701 1700. 17.282 1800. 17.J+9 * I NCONN EL

180107 1900. 18 397 2000. 18.922 * I NCONN EL.

i *
' * LINEAR E KP ANSI ON COEFFICIENT t/F 4ATERIAL 1 - I NCONNEL

*
4 *
f * VOLUMETFIC NEAT CAP AC IT Y BTU /F-F T**3 MATERIAL 2 - 316 SS

*

1902nl 20 0. 51 68 200. 56.923 300. sv.J40 * 316-STST
190202 400. 60.846 500. 62.447 600. oJ.Ja5 * 316-STST
190203 700. 65 141 800. 66.308 930. 67.4JJ * 316-STST
190204 1000. 68.444 1100. 69.463 4200. 70.eJO * 316-STST
190205 1300, 71 508 1400. 72.563 1500. 74 12 d * 316-STST
190206 1600. 74 782 1700. 75 952 1800. 77. tad * 316-STST

{ 19020F 1900. 78 406 2000. 79 672 * 316-STST
*

|

L-

i

,
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* THERMAL CONOUCTIVITY B TU /F T-HR-F MATERIAL 2 - 316 SS
*
180201 20 C. 7.2450 200. a.225 300. d.ast * 316-STST

180202 400. 9 144 500. 9 586 600. 10.JdJ * 316-STST

180203 700. 10.448 000. 10.872 900. 11. dst * 316-STST
180204 1000. 11 718 1800. 12 145 1200. 1J.a/7 * 316-STST |

180205 1300. 13 017 1400. 13 467 1500. IJ.sd7 e 316-STST |
180206 1600. 14.406 1700. 14 900 1800. 16.e4+ * 316-STST
180207 1900. 15 948 2000. 16.507 * 316-STST
*

* LINEAR E XP AN SION CDEFFICtCNT 1/F MATERIAL 2- 316 SS
*

*
> * VOLUMET R IC HEAT CARACITY BTU /F-F T* *3 MATERIAL 3 - a4 G O

*

190301 20 0. 47.5516 200. 52 2156 300. 54.2004 400. 55.9468 500. J/.4944
190302 600. 58.8512 700. 60.0384 800. 61 0348 900. 61.9040 1000, 24.J460
190303 1100. 63 2608 1160. 63.5364 1200. 63.7908 1250. 64 0240 AJJJ. a4.2360
190304 1400. e4.E964 1500. 64.9144 1600. 65 1900 1700. 65.4444 13JJ. 65 9776
*
* THERMAL CONOUCTIVITY BTU /FT-HR-F MA TERI AL 3 - MGO
*

18030t 20 0. 8 4435 200. 6 4605 300. 5.7049 4 00. 5 0470 JJJ. 4.4037
,

180302 600. 4 0326 700. 3 6523 800. 3.3421 900. 3 093s

180303 1000. 2 8959 !!00. 2. 7434 1200. 2 6281 1300. J.5+aJ

1F0304 1400. 2 4888 1500. 2 4558 1600. 2.4429 1700. 4.+423

180305 1800. 2 4428 1900. 2.4428 2000. 2.442S
*

* LINEAR EMPANSION COEFFICIEhT 1/F MATERIAL 3- MGO
*

*
* VOL UM ET F I C FEAT CAPAC IT Y E T U/F-F T * *3 MATCRIAL 4 - 9N
*
190401 20 0. 20 58 200+ 29.896 300. JJ.J24 * BN

190402 400. 36.265 500. 39.178 600. 41.//4 * 8N

100403 7CC. 44.078 800. 46 112 900. 41.sJO * 9N

190404 1000. 49 466 1100. 50.834 1200. 62.J4a * BN

190405 1200. 53.067 1400. 53.980 1500. 54./J9 * SN

190406 1600. 55 517 1700. 56 188 1800. do.JJu * SN

190407 1900. 57.453 2000. 50.094 4' 9N

*

* THLRMAL CCNCLCTIVITY STU/FT-HR-F MATERIAL 4 - BN
*
180401 20 0. 21 0962 3CO. 18.6490 500. 17.0927 000. 16.3442

180402 700. !!.6te7 7!0. 15.2654 800. 14.9196 ca0. 14.5798

180403 900. 14.24c3 Sto. 13 9212 1000. 13.6040 10SJ. 13 2950
180404 1100. 12.9944 1150. 12.7025 1200. 12.4196 IJ00. 11 8821
180405 1400. 11.3e44 1500. 10.5287 1700, 10.1531 2c JJ . 9.3650
*
* LINEAR E DP ANSION COEF F IC IE hT 1/F MATERIAL 4 -BN

,

*
*
* VOLUMETHIC NEAT CAPACITY STU /F-F T * * 3 MATERIAL 5 - 70CU30NA
*

190501 20 0. 52 55 200. 55.512 300. 50.J17 * 70CU30N1
190502 4 00. 58.032 500. 59 179 600. u0 40J * '70CU30NI

100503 700. 61.358 800. 62.435 9002 53.5J2 * 70CU30N1
190504 1030. 64.672 1100. 65.876 1200. 67.la7 * 70CU30N!

190505 1200. 68.567 1400. 70.098 1500. 71.7J2 * 70CU30NI

190F06 1600. 73.t41 1700. 75.697 1800. 77.J/J * 70CU30NI

190507 1900. 80.489 2000 83.269 * 70CU30NI

*
* THERMAL CCNCLCTIVITY BYU/F1-HR-F MA TE RI AL 5 - 70CU30NI
*

180501 20 0 .' 16 802 200. 17.972 300. 19.J14 * 70CO30N!

! 180502 400. 20 960 500. 22.933 600. 2 4. d a d * 70CU30N1

f

O
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18050J 700. 27.2Cl 900. 29.964 930. 3J.asJ * 70CU30NI.
180504 10CC. 37 174 1100. 42.190 1203. 4o.aJs * 70CU30NI
180505 1200. 56.774 1400. 67.212 153J. JJ.4dd * 70CU30NI
190506 1E00. G7 010 1700. 117 602 1800. 1,2.J11 * 70CU30NI
180507 19C0. 173 704 2000. 210 807 * 70CU30NI
*
*

*' LINEAR EMPANSICN COEFFICIChT 1/F MATEA!AL 5- 70CU30AI
o.
*

* VOLUMET9tC FEAT C AP AC ITY 8TU/F-F T * *3 MATERIAL b - AIR IN #% J
*
190601' 20 25. .01973 68. .CIP12 100. .01703 200. .J144d

4

190602 300. .01258 400. .01111 500. .00995 600. .099u1
190603 7CO. .00824 800. .C075e 900. .00702 1000# .00ua+
190604 11CO. .C0612 1200. .C0575 1300. .00543 1403. .0051J
190f05 1000. .00487 1600. .004(3 1700. .00442 2030. .00Jos
*

* THERMAL CONCUCTIVITY S T U/ F T-HR-F MATERIAL 6 - AIR IN G4P
*
180 f. 01 20 25. .01354 68. .Cl44688 100. .01516 200. .Jt732
183602 300. .01948 400. .02164 500. .02380 600. .0459a
180603 700. .02E12 800. .C3028 900. .03244 1000. .JJ4oJ
180604 1100. .03676 1200. .03892 1300. .04108 1400. .04324
180605 1500. .04540 1600. .04756 1700. .04972 2000. .3dodJ
*

* LINEAR EXD ANSION COEFFICIENT 1/F MATERIAL 5 - AIR IN GAP
a /// FILL 7ABLC TEST 105 VE R T . OUT. GG1////
* OBTAINED FROM WGC. (2/6/781
130100 2 4 297 1 L8S/SEC
130101 00 -668.26 660 64 0.05 -673.81 660.64 0.10 -78 7.JO aaa.J4
130102 0.15 -568.84 658 80 0.20 -353.08 661.80 0.25 -224 95 001 86
130103 0 30 -159 32 664 50 C.3 5 - 159. 7 0 663 93 0 40 -182 94 aa4.33
130104 0.45 -196 19 663 55 C.5 0 -217.9 4 661 61 0 55 -205.au aad.06
130105 0 60 -181 57 657.14 0 65 -102.01 656 65 0.70 - 56.00 as$.00
330106 0 75 -31 98 655 99 C.80 15 87 656 15 0.35 47.*v oda.46
130107 0.90 27.30 655 83 0.95 12.23 655.68 1.00 4.80 aaa.0L
130108 1.05 2.33 656.98 1 10 1 13 658.19 1 15 43.JJ ad7.17
130109 1.20 22 94 657.69 1 25 -17.26 657.26 1.30 -37.27 asa.83
130110 1.35 ' -73.67 657 45 1.40 - 73.1 9 658.96 1 45 -92 70 cid.72
130111 1 50 -102 99 661 75 1 0" -108.61 663 40 1 60 -110 63 a43.14
1301 12 1 65 -129 26 4t2 89 1 70 -130 71 664.77 t.75 -141.od aas.47
130113 1.80 -156.58 656.34 1.85 -145.45 665 12 1.90 -135.44 a74.56
130114 1 95 -131.16 679.18 2. 0 0 - t 3 0. 9 4 677 95 2.05 -135.J2 a71.73
130115 2 10 -837.58 666 88 2 15 -127.55 672.55 2.20 -121 27 a7s.43
130116 2 25 -115 11 676 51 2 3 0 -1 C2 8 0 682 88 2 35 -104.J7 ad3.43
130117 2.40 -104.64 680 90 2.45 -115.25 671 09 2 50 -112.19 900.87
130118 2 55 -!!2.73 659.68 2 60 -97 69 664.00 2.65 -92.07 aa2.00
130119 2 70 -E2 29 671.24 2.75 -77.91 690.21 2.80 -72.61 ads.01
130120 2 85 -81.25 666.86 2.90 -78.90 701.62 2.95 ~78.07 7Js.74
130121 3 00 -74.10 717 30 3.05 -75.70 713 96 3 10 -61 50 747.03
130122 3 15 55 66 756 98 2 20 -53.67 758.37 3.25 -53.98 149.!!
130123 3.30 -48.93 740.13 2 35 -40.53 765.46 3.40 -30.2W 737.63
130124 3 45 -32.09 '774.10 3 30 -30 09 760 26 3.55 -32.23 154.37
130125 3. I -30.00 751.85 3.65 -32.14 750.39 3.70 -33 70 724.10
130126 3 75 - 34 .0 8 739 73 3.80 -28.92 741.29 3.85 -39 16 /Jd.24
130127 3 90 -34.48 708 22 3 95 ~32. 0 7 738.04 4.00 -29 13 72d.60
,t 3012 8 4.05 -26.26 717 57 4.10 -29.36 728 62 4.15 -24.77 752 40

|- 130129 4 20 -2e.50 711 62 4.25 -3 52 710 94 4.30 -2 24 7d7.35
'

130130 4 35 -1 57 730.43 4.40 -1 00 780.95 4.45 -0.ob 233.16
| 130131 4 50 -1.34 805.26 4.55 -21 92 750.20 4.60 -31 46 /Jt.82

130132 -4 65 -34 51 826.21 4.70 -40.17 859.85 4.75 -43.10 913 89

'
430133 4.80 -42.96 96N.44 4.85 -4 3 n 9 6 991.52 4.90 -42 09 IJ17.06
13011k 4 95 -4c.32 1047.49 5.00 -49.40 1052 09 5.05 -53.27 A J 4 7.-3 8
130135 5 10 -55.86 1044 22 5 15 -50 71 1089 09 5.20 -52.0v A J 73.20

- - - _ - - - _ _ _ - LL___-___-____-
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'

130136 5.25 - 70.81 958 57 5.30 -139.48 753.35 5.35 -187.7b a97.51 -

130137 5 40 -21e.62 669 22 5 45 -200 10 663 75 5 50 -16 2.a e 475.94
130138 5 55 -131.63 689.96 5.60 -113 60 695 64 5.65 -107.08 a91 97

'

130139 5.70 -109 10 685 67 5.75 -108.52 694 14 5.80 -93 30 /dd.06
130140 5 85 -90.09 741.99 5 90 -97.35 740.57 5 95 -107.77 /27.20
130141 6.00 -ee.84 776.94 c.05 -24.12 805.47 6.to -76.29 d*5.s9 ,,

130142 6.15 -67.23 892.40 E.2 0 -65 27 901 78 6 25 -(5 96 J33.95
130143 6.30 -t9 69 880 06 f.35 -68 24 913.69 6.40 -73.da d17.93
130144 6.45 -72.21 943.49 6.50 -75 05 941.14 6.55 -79.79 d47.04
130145 6.60 -83.69 930 78 6.f 5 -80 95 949 94 6.70 -92 34 s12.49
130146 6.75 -94.4 3 930.91 6.0 0 - t 10.91 895 99 6.35 -116.20 JY3.98
130147 f .9 0 -124.0 3 881 83 c.9 5 - 116 4 3 926.16 7.00 -109.o3 e/1 42
130148 7.05 -100.88 1038.34 7.10 -108 47 1025.15 7 15 -105./1 1J68.44
170149 7.20 -105 34 1069.17 7.25 -107.24 1066.09 7.30 -9'.o9 14Ja.18 am -

"
130150 7 35 -8(.53 1896 34 7.40 -87 17 1196.43 7.45 -81 69 149a.57
130151 7 50 -91.77 !!95.28 7.55 -99.65 1837.69 7.60 -84 04 AAdd.93
130153 7 65 -e4 89 I197.06 7.70 -83.34 1197 20 7.75 -86.d1 1417.29
130153 7.80 -92 10 1195 62 7.85 -81 65 1197.35 7.90 -80 42 &&d7.51 ,

130154 7.95 -90 89 1133.e5 E.00 - Sv. 4 9 1148 06 9 05 -71.c b 1A97.91
130155 8 10 -76.96 1198.00 e.15 -77.21 1198 14 8.20 -76.7e 14Jd.23

,

130156 8 25 -e4 13 1151 83 E.3 0 -79 55 1166.16 8.35 -79 11 41uJ.68j

130157 8.40 -74.e 8 8198.72 e.4 5 -73.3 8 1198.7' 8.50 -69.87 1143 95
130158 e.55 -65 81 1199 03 e.6 0 -66 83 1199 09 8 65 -62 95 14 'J J . 7 6
130159 8.70 - 54.6 3 1899 12 e. 7 5 -46.64 1199 17 e.80 -40.a7 AAJ9.26 ,

130160 8.85 -44.71 1199.30 e.9 0 -36.47 1199.39 8.95 -37.66 11ds.43 .

'
130161 9.00 -37 19 1199 63 5.05 -38 39 1199 67 9 10 -4).36 4449.74
130162 9.15 -33.17 1199 78 S.20 -42 99 1142.79 9 25 -33.39 !!d9 98
130163 9.30 -33.54 1200.17 9 35 -29 33 1200.25 9.40 -35.91 AdJ0 37
133164 9 45 -31 77 1200.48 S.50 -32.22 1200.64 9.55 -2 3. dJ 4d33 82

'

110165 9.60 -36.95 1200.82 S.65 -33 50 1200.89 9.70 -31.43 adJ1.33 .

130106 9.75 -31 10 1208 13 S.80 -29 86 1201 27 9.85 -32.4a 12J1 41
!30167 9.95 -25 17 1201 65 10 05 -29 47 1202.00 10.15 -44.17 AdJ2.39
130168 10 25 -45 08 1202.66 10.35 -60 13 1222.50 10.45 -67.Jb AcJd.24
130169 10.55 -60 30 1232.11 10.05 -44.97 1229.09 10 75 -41.J6 1220.91
130170 10.85 -42.23 1225.77 10. Y 6 -31.74 1225 16 11 05 -29.23 Ad43 01 ii

130171 11.15 ~43 10 1229 66 1 1. k 3 -27.93 1231 60 11 35 -26 46 44J4 17
130172 11.45 -23.63 1235 90 Pt.56 -23 03 1237.81 11.65 -16.a7 ad43 20

. ,

130173 11 75 -16.47 1240.01 a :i9 5 -8.98 1204 53 11 95 -7.44 A4J4.49
130174 12.05 -4 02 1204.53 12 15 ~3 7 5 665 84 12.25 98.0b +72.44
130175 12.3 5 2 5 t .9 6 467.40 12.45 63.97 543.24 12.55 30.60 a+4.51 -

130176 12 65 25.50 536 51 12.75 12.35 577.44 12 85 17.51 aad.64 ,
130177 12 95 30 94 510.29 13.05 32 98 500.40 13 15 9.da 243 39 ,.

130178 13 25 12 22 505 31 13.35 2.50 510.39 13.45 03i ada.42
'130179 13 55 4.54 536 80 13 65 -2.88 492 92 13.75 ~3.41 JJd.09

430180 13.85 -11 39 516.97 13 95 -10 30 605.53 14.05 -5.73 sJ4 84
130181 14 15 -5 42 1204.65 14.25 -10.76 1126.15 14.35 -13.96 Ad>4.52, ,

130182 14.4 5 -42.04 958 18 14.55 -27 54 1234.23 14.65 -49 30 AJJ4 22
130183 14.7 5 -29.36 1203.87 14.85 -47 51 1031 44 14.95 -2 3 1 u 14 3 3 . 3 7

130184 15 05 -24.10 1203 17 15 13 -29 38 1202 97 15 25 -22 01 AdJd.75
130185 15 35 ~20 93 1202.54 15.45 -19.64 1202.32 15.55 -22 78 143d.16
130186 15.65 -10.F7 1202 11 15.75 -9.98 1202 16 15 85 -S.55 1402.32
130187 15.95 -9.33 623 07 16 05 -3 41 524 67 16 15 2.69 ash.79
130188 16 25 5 29 626 58 16 35 28 69 471.24 16.45 58.7b +41 21 -

,

130189 16 55 39 61 401.03 16 65 64.22 438 37 16.75 89 22 *19.80 3

130193 16.85 52.41 445.63 16 95 45.72 442.11 17.05 41.e4 +J6 67 -[
130191 17 15 tc.35 497.08 17.25 12.94 519 42 17.35 20 77 ba2.99
130192 17.4 5 15 20 464.66 17.55 5 10 518 84 17.65 3 51 454 37
130t93 17.75 0.48 574.50 17.85 1.70 543.79 17.95 10b a93 96

'13Gl94 18 05 1.63 50F.07 19 15 0.38 497.84 16.25 2.03 278 12
130150 18 3! 0 56 !42.65 12 45 0.25 456 85 43 55 0 06 57d.76
130196 te.68 0 05 588.48 16.75 0.09 4e7 41 10 85 0.0a 747.70

b830197 18.95 0.03 792.48 15.05 -C.74 8C9.58 19 15 -0 94 140d.08
130tGB 15 25 -1 63 !!96.33 15.35 -2.26 !!9$.82 19.45 -6.43 1J10.02 ,

130199 19.55 -5.35 1194 92 15 65 -6.22 1194.54 19.75 -9.76 AJ38 35

ikt

4
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Appendix E

RELAP VOLUMETRIC FLOW-DEPRESSURIZATION MODEL LISTING

s
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=VF VOL UME TR I C FLCW ON DE PRE SS:tRI Z ATI ON - WATER bcA4
*
*

*

* THIS IS A TEST OF THE RELATIVE EFFECTS OF VOLUMETRIC FLCW
* ON DE PRE SSUR IZ ATION
*

*
* W AT ER L E AK : V I . V 3. J 1. J 3 ( LE A K * J3)
*

* STEAM L E AK V2. V4, J 2. J 4 ( LE A K = J4)
*
*

*

*

*

010001 -29 1 24 1 0 4 0 0 2 C0 0 0 00 0
010002 0. 10
*

020000 AP 2 ML 2 JW 4 JF 4 JK 4 LM 0 LE O JC 4 AA 1
*

030010 t o 10 0 10000 0 .01 .00001 210.
C30002 2
*

040010 1 1 0 0 180.0 0.
040020 2 1 0 0 C.0 00
*

050011 1 0 2200. O. O. 20. 10. 5. 02. O. 900. 0 * *i A I N WATER
050021 1 0 2200. O. C. 20. 10. 5. 02. O. 900. 4 * MAIN STEAM
C50031 0 0 2200. O. O. .2 2.0 20 01 0 898.1 1 * PIPE WATER
050041 0 0 2200. O. 1.0 .2 2.0 2.0 0 .1 0 909.9 1 * PIPE STEAu
*

060011 .8 1 0E+06
*

080011 1 3 0 0 C. .1 900 05 O. O. O. 0 5 3 0 0. 10 11 0 10 0
080021 2 4 0 0 C. .1 909 95 O. O. O. 0 5 3 0 0. 1.0 11 0 1.0 0
080011 3 0 1 0 C. .005 892 15 C. O. O. 0 53 0 0. 1.0 il 0 00 0 *dAT
080041 4 0 2 0 C. .005 911 85 C. O. O. O 53 0 0. 1.0 11 0 00 g sarM
*
C82003 .9 .E .8 .01
*
120100 22 14 7 0.0 00 210.0 0.0 * WATER LEAK
120200 22 14.7 0.0 el 210 0 .1 * S TE A M LE A K
*

*
e
e

! *

\ *
! *

*
svF VOLUMETRIC FLCW ON DEPRE S SURI Z ATJ ON - WATER Ld44
*

*

*

* THIS IS A TEST OF THE RELA TI VE EFFECT s OF VOL'JM ETR I C FLCW
* ON DE PREESUR IZ ATION
*

*

* WATER LEAK! V1, V 3, J t .J 3 (LEAK = J3)
*
* STEAM L E AK V2.V4 J2.J4 ( LE A K = J4)
*

*

*

__ . - .-__ - - - - - - - -
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*
e

010001 -29 1 24 1 0 4 0 0 2 0 0 0 0 00 0
C10002 0. 10
e

C20000 AP 1 ut 1 JW 3 JF 3 JK 2 LM 0 LE O JC 3 A r> 2
+

030010 to 100 10000 0 .01 .000Cl 210.
C30002 2
e

040010 1 1 0 0 180.0 0.

040020 2 1 0 0 00 00
+

050011 1 0 2200. O. C. 20. 10. 5. 02. O. 900. 0 * MAIN WATEA
050021 1 0 2200. O. C. 20. 10. 5. 02. O. 900. 4 * MAIN STEAM
050031 0 0 2200. O. C. .2 2.C 20 0 .1 0 898 1 1 $ PIPE DATER
C50041 0 0 2200. O. 10 .2 20 200 .1 0 909 9 1 *PIAE STEAM
e

060011 .8 1 0E +06
*

080011 1 3 0 0 C. .1 900.05 C. O. O. 0 53 0 0. 10 11 0 10 0
080021 2 4 0 0 0. .1 909.95 O. O. O. 05 3 0 0. 10 11 0 10 0
080031 3 0 1 0 0. .005 892.15 C. C. O. O 5 3 0 O. 1.0 11 0 0.0 0 * JAI
080041 4 0 2 0 C. .005 911 85 C. O. O. 0 5 3 0 0. 10 11 0 00 0 e4I4
*
(82003 .9 .e .e .01
*

120100 22 14.7 00 .1 210.0 .1 * WATER UEAK
120200 2 2 14.7 0.0 0.0 210.0 00 * STEAM LEAK
e

.

.
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NUREG/CR-0105
ORNL/NUREG-45
Dist. Category R2

Internal Distribution
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