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DEVELOPMENTAL VERIFICATION OF PINSIM-MOD2

R. C. Hagar

ABSTRACT

PINSIM-MOD2, a generalized heat conduction code for con-
centric cylindrical geometries, was developed at Oak Ridge
National Laboratory for use in analyzing heat transfer within
nuclear fuel pins and various electrically heated fuel pin
simulators (FPSs). Verification of PINSIM's calculational
abilities is required to support conclusions drawn from the
results of PINSIM calculations. This study Investigated
PINSIM's ability to correctly solve inverse, forward, and
backward formulations of the heat conduction problem.

Data generated during a power-drop test of an electri-
cally heated FPS in a test facility were used to both bound
and verify PINSIM calculations. The data consisted of (1) the
FPS power-generation rate history and (2) responses of thermo-
couples positioned at the FPS centerline, near the FPS surface
(ad jacent to the FPS sheath), and in the ad jacent coolant chan=-
nel. The PINSIM calculations were validated by comparing these
measured parameters with corresponding calculated parameters.

The PINSIM code solved an inverse formulation of the heat
conduction problem by calculating the internal FPS tempera-
tures, surface temperature, and surface heat flux, using the
measured power-generation rate history and sheath thermocouple
records as boundary conditions. A forward formulation calcu-
lated all internal FPS temperatures, surface temperature, and
surface heat flux using the measured power-generation rate
history, the coolant thermocouple record, and a surface heat
transfer coefficient inferred from the results of the inverse
conduction problem. A backward formulation of the conduction
problem was solved by using PINSIM to calculate internal FPS
temperatures and power-generation rates using calculated sur-
face temperatures and heat flux from the inverse conduction
problem as boundary conditions. In each case, good agreement
was obtained between (1) measured and calculated parameters,
(2) corresponding results of different formulation solutions,
and (3) results calculated by PINSIM and those calculated by
an established heat transfer code.

Thus, PINSIM-MOD2 can correctly solve inverse, forward,
and backward formulations of the heat conduction problem in a
one~dimensional cylindrical geometry.




l. INTRODUCTION

The digital computer codes PINSIM-MODI (Ref. 1) and PINSIM-MOD2
(Ref. 2) have been developed for use in planning and analyzing the re-
sults of experiments that use zlectrically heated rods to simulate nu-
clear fuel rods during thermal-hydraulic transients. Both codes were
developed as part of, and have found applications in, the Oak Ridge Na-
tional Laboratory (ORNL) Pressurized-Water Reactor (PWR) Blowdown Heat
Transfer (BDHT) program.

The PINSIM code (PINSIM-MOD]l and/or PINSIM-MOD2) {s essentially a
generalized one~dimensional heat conduction coae for cylindrical geome-
tries; it is capable of solving several formulations of the conduction
problem empleying user-defined multiple axial (up to 20) and radial (up
to 10) reglons in a cylindrical geometry and user-defined material prop~
erties. The conduction probiem formulations soived by PINSIM may be
referred to as forward, backward, and inverse problems. The forward
conduction problem {8 the classical one of determining intern 1 rod tem—
peratures and rod surface conditions when both power-generation rate and
surface boundary conditions are specified. The backward conduction prob-
lem {s that of determining internal temperatures and power-generation rate
when two surface conditions are specified. The inverse conduction problem
is that of determining internal rod temperatures and surface conditions
when both the power-generation rate and an Internal temperature are speci-
fied. The PINSIM-MODI code solves the first two problems only, while
PINSIM-MOD2 solves all three. Conduction problem formulations solved by
PINSIM are summarized in Table 1.

Table 1. Conduction problem formulations solved by PINSIMZ

Forward Backward
Inverse
Case | Case 2 Case | Case 2
Power generation K U u K
Surface heat flux K K U
Surface temperature U K U ¥ u
One internal temperature NU NU NU NU K
Internal temperatures U U U U U
Surface boundary condi~ K NU K NU NU
tions (h; Tpyik)
Solved by PINSIM-MODI Y Y Y Y N
Solved by PINSIM-MOD2 Y Y Y Y Y

AK = known, U = unknown, NU = not used, Y = yes, and N = no.



Throughout the development of both PINSIM-MODl and PINSIM-MOD2, the
validity of various program modules have been verified informally by de~
velonmental verification, by which code developers are assured that the
moduies are functioning properly. This report constitutes a formalization
of some developmental verification calculations and should serve to assure
other interested parties that PINSIM does correctly solve the problems for
which it was intended.

A series of calculations were performed by PINSIM-MODZ using data
obtained during a relatively low-powered power-drop test conducted in the
BDHT program's Forced Convection Test Facility (FCTF)“ using an internally
heated electric fuel pin simulator (FPS). The method (later described in
greater detall) used to verify PINSIM is briefly described as follows:

1. Develop a PINSIM model of the electric pin used in the FCTF test.

2. Create and execute a PINSIM problem model to solve the inverse conduc-
tion problem using a record of the sheath thermocouple response and
the rod power transient as boundary conditions; determine centerline
temperature, surface temperature, and surface heat flux.

3. Determine a quasi-experimental surface heat transfer coefficient,
based on the surface heat flux and surface temperature from the in-
verse solution, and the bulk coolant temperature.

4, Create and execute a PINSIM problem model to solve the forward con-
duction problem using the quasi-experimental surface heat transfer
coefficient, the bulk coolant temperature, and the rod power tran-
sient as boundary conditions: calculate centerline temperature, sheath
thermocouple position temperature, surface heat flux, and surface tem~
perature.

5. Create and execute PINSIM problem models to solve the backward conduc~
tion problem using transient surface heat flux and surface tempera-
tures determined by solving both the inverse and forward conduction
problems; determine power transients.

The validity of the PINSIM inverse conduction problem solution was
investigated by comparing the calculated centerline temperature with the
centerline thermocouple record and with the results of a forward calcula-
tion by an established heat transfer code. The validity of the forward
conduction problem solution was investigated by comparing (1) the calcu-
lated centerline and sheath thermocouple position temperatures with the
thermocoup) = records and (2) the calculated surface heat flux and surface
temperatures with those calculated in solving the inverse conduction prob-
lem. The validity of the backward conduction problem solution was inves~
tigated by comparing (1) the calculated power transients with the rod
power transient record, and (2) the calculated centerline and sheath ther-
mocouple position temperatures with the thermocouple records.

This method is described in greater detail, and results of the vali-
dation comparisons are presented in Sect. 2. Comparisons are summarized
and conclusions are presented in Sect. 4. The PINSIM problem models are
entored in the sample problem listings in the appendices.



2. METHOD AND RESULTS
2.1 Data Base

The data base used to both bound and verify PINSIM calculations was
generated during a power-drop test of an electrizally heated rod in the
ORNL~=PWR-BDHT program's FCTF; {t consists of a tabulated record of the
rod power transient and the responses of two internal rod thermocouples
(a centerline and a sheath thermocouple) and a coolant subchannel thermo-
couple (located in the coolant subchannel approximately adjacent to the
axial plane of the two rod thermocouples).' The thermocsuple records are
plotted in Fig. i; error bars on the curves represent an uncertainty of
£2.5 K (*4,5°F) in the indicated temperature. At steady state, the power-
generation rate was 10,32 kW/ft (9.786 Btu/s-ft), and at the initiation of
the transient the power was turned off and remained at 0.0 throughout the
transient,

2.2 Electric Pin Model

The electric rod used in the power-drop test (from which the thermo-
couple records plotted in Fig. | were taken) was desigaated O18A in the
BDHT program.” This multiple-region rod consisted of a boron nitride core
surrounding a center thermocouple bundle and was itself encircled by an
electric heater element made of Inconel (Fig. 2). Outside the Inconel
heater element (s an annular boron nitride region and a stainless steel
sheath., Sheath thermocouples are placed in the annular boron nitride
region, immediately ad jacent to the sheath.

Rod 018A was fabricated accordfing to relatively strict dimensional
specifications, but its exact internal dimensions can be known only by
sectioning the rod and actually measuring the internal distances. Be-
cause rod O1BA has not yet been sectioned, its exact dimensions are
still unknown. However, rod 038 (which should be identical to rod 018A)
has been sectioned and measured.® Measurements at several different
positions on the rod are summarized in Table 2. The dimensions listed
in the third column of Table 2 were used in the PINSIM model to describe
rod O18A,

2.3 Inverse Conduction Problem and Results

In the context of this report, the inverse conduction problem in-
volves determining rod surface heat flux and surface temperature when the
rod power-generation rate and an internal temperature are specified. The
model that directs PINSIM to soive this problem using the pin model pre-
viously described, the sheath thermocouple record (Fig. 1), and the rod
power transient are all included in the PINSIM output listing in Appen-
dix A. Results of the inverse calculation are plotted in Figs. 3 and 4.
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Table 2. Typical electric rcd radial dimensions

Region outer radius PINSIM model

Begten (fn.) Yeive
Thermocouple bundle 0.0281 £ 0,0013 0.0281
soron nitride core 0.1089 £ 0,0006 0.1089
Heater element 0,1227 * 0,0006 0.1227
Annular boron nitride 0.1682 £ 0,0004 0.1682
Sheath 0.1871 * 0,0003 0.1871

Figure 3 compares the PINSIM-calculated centerline temperature with
the centerline thermocouple record and presents both the sheath thermo-
couple record and the PINSIM-cal~ _ated surface temperature. The PINSIM-
calculated temperatures and the ,pserved temperatures are in reasonably
good agreement, but the PINSIM-calculated centerline temperature is
slightly higher than the observed centerline temperature between 0.5 and
2.0 s. This discrepancy can probably be attributed to (1) a slight mis-
match between the rod model material properties and those of rod 018A, or
(2) mismatch between the model internal dimensions (Table 2) and those of
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rod 018A, or (3) some combination of both factors. Furthermore, the pres-
ence of the thermocouple itself perturbs to some extent the temperature
distribution within the rod, and PINSIM's one-dimensional models cannot
include such effects.

No doubt the rod model dimensions and/or materials could be adjusted
so that the PINSIM-predicted centerline temperature does match the center-
Tine thermocouple record, but such an exercise is not relevant to the
point of this report. Aside from differences caused by thermocouple
and rod model uncertainties, Fig. 3 indicates that PINSIM can correccly
determine rod centerline temperature when it solves an inverse conduction
problem.

The erratic behavior of the PINSIM-calculated rod surface temperature

(Fig. 3) is even more apparent in the piot of the PINSIM-calculated sur-
face heat flux (Fig. 4). This type of behavior is at first glance unex-
pected: the sheath therm~couple record (Fig. 1) appears to be a smooth
curve. However, the derivative of the sheath thermocouple record (Fig. 5)
indicates that it is not. To investigate the relationship between a non-
smooth boundary condition and a nonsmooth result, the inverse conduction
problem was reformulated and executed using a smoothed thermocouple rec-
ord rather than the original. This smoothed recoru was developed by a
numerical spline-smoothing algorithm and is compared with the original
record in Fig. 6. The results of the calculation using the smoothed rec-
ord are compared with those of the osriginal calculation and with the ther-
mocouple records (Figs. 7 and 8). Figure 7 compares temperatures; the
PINSIM-calculated centerline temperatur~s froam the origiral and smoothed
calculations are essentially identical. Although the surface temperatures
are very similar in value, the surface temperature from the smoothed cal-
culation is much less erratic than that from the original calculation.
The same observation may be made by examining Fig. 8, which compares sur-
face heat fluxes; the results from the original and smoothed calculations
are very similar in value, but the results from the smoothed calculation
are less erratic.

By showing good agreement between the PINSIM-calculated centerline
temperature and the original centerline thermocouple record, Fig. 3 serves
to verify PINSIM's solution of the conduction equation, which describes
heat transfer between the center of the pin and a radial position corre-
sponding to the position of the sheath thermocouple. However, this does
not verify the solution of the conduction equation between the sheath
thermocouple position and the surface of the pin. Thus, PINSIM's calcula-
tion of surface temperature and surface heat flux is not verified by the
results plotted in Fig. 3. Because these parameters cannot be directly
measured, PINSIM's calculation can only be verified by comparison with
the results of a calculation by an established, previously verified heat
transfer code.

The heat transfer code selected to veri®y PINSIM's calculation of
surface conditions was HEATINGS (Ref. 6) a fi. ite-element heat transfer
code developed at ORNL. A HEATINGS model of the pin modeled in the PINSIM
problem was constructed and used by HEATINGS to determine the pin's tran-
sient response when the pin experiences both the power transient used in
the PINSIM pcoblem and the surface temperature calculated by PINSI'

(Fig. 3). The results of the HEATINGS calculation are compared with the
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PINSIM results in Figs. 9 and 10.* These figures show that the HEATINGS
results are in good agreement with the PINSIM results; if the HEATINGS
results are correct, then so are the PINSIM results.

In summary, the results of the original PINSIM inverse conduction
problem solution indicate that PINSIM can correctly determine rod center-
line temperature when another internal temperature is specified. Results
of the HEATINGS calculation indicate that PINSIM also correctly determines
surface temperature. RKesults of the smoothed inverse problem indicate
that any erratic or nonsmooth behavior of the specified internal tempera-
ture will be reflected in similarly erratic or nonsmooth calculated sur-
face conditions.

2.4 Forward Conduction Problem and Results

The forward conduction problem solved by PINSIM is probably the most
common heat transfer problem: determining rod i{nternal temperatures, sur-
face heat flux, and surface temperature when rod power-generation rate,
surface heat transfer coefficient, and bulk coolant temperature are speci-
fied. The forward conduction problem model used to generate the follow-
ing results is included in the PINSIM output listing in Appendix B.

The forward conduction problem requires three boundary conditions:
two of these (power-generation rate and bulk coolant temperature) are
available from test data, but the surface heat transfer coefficient must
be calculated. A quasi-experimental surface heat transfer coefficient can
be determined for each time step from the solution of the inverse conduc~-
tion problem by solving the following equation:

q~(t)
h(t) = ’
Tg(t) — Tg(t)

“Surface heat flux is not directly calculated by HEATINGS. The
"HFATING5-CALCULATED" data (Fig. 10) were actually determined from tem-
peratures calculated by HEATINGS for the surface (node N) and the node
just inside the surface (node N-1), using the equation

k (Ty — Ty-p)

’
ry 1ln rN
o TN-1

-
=

9

where

q°“= surface heat flux,
k = thermal conductivity,
r{ = radial position of node i.
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where

H(t) = heat transfer coefficient at time t,
q"(t) = calculated surface heat flux,
Tg(t) = calculated su~face temperature,
Tg(t) = bulk coolant temperature.

A surface heat transfer coefficient record thus determined is plotted in
Fig. 11; results of the forward :alculation that used this record are
plotted in Fig. 12. It indicace: that the results of a forward calcula-
tion (which used as a boundary condition a surface “cat transfer coeffi-
cient record plotted in Fig. 11) match exactly the results of an inverse
calculation.

In summary, Fig. 9 indicates that PINSIM can correctly solve a for-
ward conduction problem and that, if consistent boundary conditions and
pin models are used, the results of a forward calculation will exactly
match the results of an inverse calculation.

2.5 Backward Conduction Problem and Results

In the backward conduction problem, internal temperatures and power-
generation rates must be determined from specifiel surface conditions; in
PINSIM, those surface boundary conditions are surface heat fiux and either
surface temperature or surface heat transfer coefficient and bulk coolant
temperature. In this study, both options for specifying boundary condi-
tions were used: (1) the surface heat flux and surface temperature tran-
sients from PINSIM's inverse conduction problem solution (Figs. 3 and 4)
were used to bound one backward calculation, and (2) the surface heat flux
from the PINSIM solution of the forward conduction problem was used with
the heat transfer coefficient and bulk coolant temperature transients to
bound a second backward calculation.

The results of the backwaird conduction problem, which used as bound-
ary conditions surface heat flux and surface temperature * insients from
PINSIM's inverse conduction problem solution, are compared with the in-
verse conduction problem solution in Fig. 13, which compares calculated
temperatures. (The PINSIM problem model is included in Appendix C.) In
Fig. 13, the two sets of curves (three curves for the inverse solution and
three for the backward solution) are identical. Figures l4 and 15 compare
the backward-calculated power transient with the original power transieat.
The iifferences between the curves are indistinguishable in Fig. 14, but
the vertical scale in Fig. 15 allows a closeup of the vertical axis that
does show the differences. However, even on this scale, the differences
are minimal.

A backward conduction solution was also obtained using as boundary
conditions surface hecat flux from the first forward conduction problem
solution & 'u the heat transfer coefficient and bulk coolant temperature
transient _nat were used to bound the first forward conduction problem.
The results of this backward conduction problem are preseuted in Figs.

16 through 18, which are analogous to Figs. 13 through 1°% previously dis-
~sed. As in Fig. 13, the two sets of temperature curvec in Fig. 16 are
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second backward conduction problem solution results).
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virtually identical. The full-scale plot comparing the calculated power
transient to the original power transient (Fig. 17) shows no differences,
but the closeup plot (Fig. 18) shows that minimal differences exist.

In summary, Figs. 13 through 15 indicate that PINSIM correctly solves
the first formulation of the backward conduction problem; PINSIM caa cor-
rectly determine the power required to force a pin model to experience
specified surface heat flux and surface temperature transients. Figuvres
16 through 18 indicate that PINSIM correctly solves the second formulation
of the backward conduction problem; PINSIM can correctly determine the
power required to force a pin nodel to experience a specified surface heat
flux transient while it experiences specified surface heat transfer co-
efficient and bulk coolant temperature transients. Figures 13 and 16
indicate that backward-calculated internal temperatures exactly match
the corresponding internal temperatures from the inverse-calculated and
forward-calculated results that produced the boundary conditions for the
backward calculations.
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3. CONCLUSIONS

Data generated during a power-drop test with an electrically heated
fuel rod simulator were used to verify PINSIM-MODZ solutions of several
different formulations of the one-dimensional heat conduction problem.
The data include records describing (1) the rod power transient and
(2) the responses of thermocouples located near the rod centerline, at-
tached to the sheat.. uear the rod surface, and in the coolant channel ad-
jacent to the rod thermocouples. Comparisons have been made between the
test data and the results of PINSIM-MOD2 calculations and the results of
calculations made by an established heat transfer code. These comparisons
provided evidence to validate the methods of solution in PINSIM.

Comparisons between the test data and PINSIM solutions showed that
only small differences exist. Furthermore, the solutions obtained with
PINSIM using the various formulations of the conduction problem were con-
sistent with one another; that is, boundary conditions proviled by one
formulation produced results in a second, different formulatica virtually
identical to those of the former. Taken together, these observations im-
ply that PINSIM solves the various formulations of the conduction problem
correctly and that essentially all differences between PINSIM solutions
and test data are the result of causes unrelated to the methods of solu-
tion in PINSIM. These causes include:

1. mismatches between the model's internal dimensions and those of the
rod,

2. discrepancies bztween rod and model material property values,

3. uncertainties associated with the thermocouple record data,

4, 1inaccuracies in modeling a three-dimensional heat conduction problem
using only one~dimensional formulations that further involve approxi-
mate nodal (discrete) representations.
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Appendix A

INVERSE CONDUCTION PROBLEM SAMPLE OUTPUT

This appendix includes a copy of the printed output produced by
PINSIM-MOD2 during solution of the inverse conduction problem discussed
in Sect. 2.3. Some results of this calculation are plotted in Figs. 3
and 4.
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PINSI™ VEAIFICATICON STLOY PRUBLEM  PCRER-OFCF TEST STMULAT I N Or/ie/80
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PhAeE Gui3

—— i e PROCESSING THE JuB CUNTROL CARD

e e e ———— e PROCE S5 NG PHOSLEM CPT LONS

S S ——— - ———— PROCESSING PIN DATA
s S e M g AT ) e il T PROCE 5SENG SYSTEM DATA, SYSTEM ¢ |
Sesevans CARDS SC002C TrAUUGH $00020 PISSING

PP BARNINGe s« «SYSTEN 1, LiEVEL i
CARD TERIES: SOOILL NLe OF YABLE PALRS SPECIFLED AY 20
15 BEING NESET 10U ACTUAL NU. UF PALRS FOUND IN INPUT = e
Sessteer NOTE : Canl 00111 PuseEn TABLE 1S BEING NORMALIZED Tu QeF4THT7T20 00 (PLVL UN CAKL L00100)

SEPree bt SARNINGeee «SYSTE™ 1, LEVEL @
CARD SERLES: SO0UINL NUe LF TABLE FAIRS SPECIFLED AT 20
IS AEING RESET TU ACTUAL MU CF PAIRS FOUND IN INPUT = 01

s e e oo ————— e e e ANETLALL ZiNe PLN PARAMETERS ——
e e e i e e e PHOCE S31NG EDLT OPTIONS -
MINIMUN CENGTH UF DATA ARRAY IS S08 WORDS.
(LENGTH OF THE ARKAY 15 NUS 5000 WOROS)
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A NUCLEAY FUEL PIN SIMULATUR-TRANSIENT ANALYSIS CLO8. wmuw 2 VERSION 002+ 00L/730730
VERIFICATION STLOY PRUGLEM I PCRER-CRLFP TEST SIMULATION 0T/ 10789

————— GENExAL PRUOBLEMN DATA e

SYSTEm
SYSTEm FLAG
i °

PRUBLEY ENO TiINg = 4.0000000 00 SEC.

Time STLP CUNTROL okCuPs

RUIE OEGIANING MININUs Tiw FoaL TIm Y mE STeP Side
MU Tive(secs) STEP S1Ze(scQ) 2TEP®  “LedseC) SEL e FLAw
i 0.0 “+0000000~02 5.C000000~-02 <

UUTRUT CunTRUL

CLASSE D NOe F ELPASED Tiwmc RUUTED YO

TINE LTEPS vevice N
MA LR LDLY 9 0.1000000 01 ©
Mines EDAT 1 0.0 L)
PLUT HECORC ° 0.0 1

PrUBLEY CUNVER GENLL CRITERTA

TEMPERATURE CUNVERGENCL FALTUw O¢i000000~07
ENERGY CONVERGENCE FACTUN Ge 1D90 J00~0Q7
MAX [MLM NUMBER OF ETORATIONS 50

NU .

211 (Pinman)

PAGE Q010
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PUINSINI & NUCLEAR FUEL PIN SIMULATOR-TRANSIENT ANALYSIS CODE, wOD 2 VERSIUN 002, 0o/30/00 NG 201 (M inmAN) Page oo
PINSI® VERIFICATION S/ UDY PROBLEM | PCRER-URIP TEST S LMUL AT TUN cr/1e/80

R e NN L "™ ™Y
SERINPSRSYSTEM INPUT DATA, SYSTEN NO. 1928 SRR INNINIINNENS . .
R e e T e LM ™M™TY

SYSTEm POsECR CONTRIL STEADY-STYATE
CONTROL FLAG FLAG/® OF LEVELS PUNER,. Ku
o -4 041000000 03

ORDERS OF INTERPOLATION
POwEs FLux TEMPERAT URE HeTo CUEFF,

2 2 2 2

POWER FILTER PARAMETERS

LNw-PASS HIGH-PASS FILTER
BRE. © POINY BREAKPOINT FLAG
0.0 0.0 o

9



PINSIMI A NUCLEAR FUEL PlIn SIMUATUR-TRANSIENT ANALYSIS COWE. ™00 2 VERSION 002 O0/730/730 NOe 211 (PINmAN) Pask 0018
PINSIM VERIFICATION STUDY FROBLEM : PCeER-DRGP TEST SINMUMATION Q77106780

L L L I L e e L L L R L L L s i L R L L
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LR R R L LA L .“.‘....OO.‘...‘.....'..O..O......“...‘..“......O.”..“......................m.”..‘“.‘.“”‘..‘..““..

CALCAMATION LOCATION
LR L L L R L e L L

PN LEVEL NOOE

] 1 ie

BOUNDARY CONDLTIUN CONTROL FLAGS
R L R Ll L Al e Al
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22 c o 01

LEVEL FILTEx CONTRG
T e e L
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LR L L R g

TEMPE RATURE FLAG
0.0 o

BMNOARY CONDITIUN LINKS
(TABLES 7 LLOw)
R L L e L L L R L L L R L L

NODE/PARAMETER o/

PARAMETER PIN LEVEL POINTER
LEVEL PURER o 0 23
HEAT FLux o Qo o
He T COEFF o v 9 o
TEMPERATURE ] o 24
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FLAG FLAw FACTOR FLAG
< B 2.1000000 01 °

FLUX OEPRESSION FACTORS

WERE NOT USED

N
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PawE 0022
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(FTeng) 1)
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Appendix B

FORWARD CONDUCTION PROBLEM SAMPLE OUTPUT

This appendix includes a copy of the printed output produced by
PINSIM-MOD2 during solution of the forward conduction problem discussed
in Sect. 2.4, Some of the results of this calculacion are plotted in

Fig. 10.
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Appendix C 1
BACKWARD CONDUCTION PROBLEM SAMPLE OUTPUT

This appendix includes a copy of the printed output produced by
PINSIM-MOD2 during solution of the backward conduction problems discussed
in Sect. 2.4. Some of the results of this calculation are plotted in
Figs. 11 through 13,
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SURFACE MLAT FLUX (BT /SEC-FT2) UeFauSovd 0o D .9469a00 ¥&
TEMPFRATLEL (DEG. *) veb8 5900 03 Je 64 45500 02

DACK CA_ZULATIUN

CALCULATCD wLSMTS

WeF L. Tamtd TILY D
PCwER (Kw) Qe dcTedeD 01 2927090 0}
SURFACE FEAT FLUK (ATJ/7S5eC-FT2) Jeatwouy 82
SURFACE TEMPERATUNE (DJEGe F) Ve 6435500 03

TEMPERAY Jhe SisTRISUTION
PIN § ‘vl O

v
LEVEL wNO i 2 3 - v L] 7 ”
i Ba2.,25 PaL2E HeledS Q225 362445 te2es % N4 «25 AbcedS
Wl
LEVEL NO i 12 -3 is 15 1t 7 (L

1 83%.91 TT5 45 TEALO0 734.88 Teiaend 0% .00 [ LT ttSecS

204 (PInwvan)

o
He242%

v
wS2.02

PAGE D020

19
A29.20

szt




PINSIN: A NUCLEAR FUEL PIn SIMULATOS-TRA (SIENY ANALYSIS CODI, wic 2 VERSION Q02+ /10780
PINSIN VEQIFICAYION STUDY PROBLEM : PCEEI-DHOP TEST SIMULATIun e /13780

SUMBARY OF PIN COAOITIUNS,: PIN NCe 0

TAU ($8C) JELY (SED)
2.0 Je0
3Tu/ssice .
PIN POeEFR Gl .2

SYSTEM [DENTIFL.ATIONG PIN 1

LEVIL ivslem o SYSTEN LEVEL
i i 1

LEVEL LEVEL POWCR SURF JFEAT TRAN SURF (HEAT FLUXK CONTERLIN. TodP s DATLE NOGL SURFACF TEme
NG (BTU/sSEC) (BTU/SEC)H (BTU/3EC-FTe02) (" TEMP(F ) )
1 D.9276%40D 01 0.927¢540 01 0.9455000 02 D.840 i00) 04 V3262650 03 05435900 23

EOQUIVALENT GaR TTEADY STATE

CONDWC TIVITY GAP COMNOUCTANCE AP THlICKNESS LAP THICKNESS

LEVEL (BYL/SEC-FT-F) (3TU/SEC=FTee2-F) (Fian (FT,)
1 0.0 0.0 bed 0.0

Ao 206 (Pinwan) PAGE o027

ACJIACENT COULe 5 URF T . TRANS.
CCEFFlar S~FT 2-¥)

Dt a35900 23

NCCF ITERATIONS
IN Mol SOLUTION
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VERIFICATION STUDY FROBLEM

L]
EE6.01

18]
©20.97

A NUCLEAR FUEL PIN SIMULATOR-TRANSIENT ANALYSIS CODeE. w00 2
PONFA-DROP TESY SIMULATION

HEATY TRANSFER COEFFICIENT (BTU/SEC-FT2-F)
SURFACE MEAT FLUX (BTU/SEC-FT2)
TEMPERATURE (D:ZG. F)

SURFACE HEAT FLUX (BYTU/SEC-FT2)

SURFACE TEMPERATURE (DEG. F)

VERSION 302 06710780

08/13780
SYSTEm™ » Is LIVEL # 1
CALTULATIUN Lu aATION
PIinN LEveL NOOL
1 i 0
LEVEL BOUNDARY CONDITIONS
UNFILTERED FILTFRED
0.0
0.3:51800 02 0.7351600 02
D.5749100 03 0.5749100 03
DACK CALCULATION
CALCULATED RESJLTS
UNFILTERED FILYERED
~0e8540800-01 ~0.4540800-01
043351600 02
Ue 5745100 Q3
TEMPERATURL OISTRISUTION
PIN 1 LEVEL
NGO
E > (] 7 4
653.41 ue9.01 cha.T73 654055 O3 05
NuUVe
14 15 e 17 18
605.50 63070 9t 7 590.70 SAa.26

Noe 200 (PINMAN)

s
€31.n83

19
S77.99

TeT



PINSING A NUCLEAR FUEL FPIN SIMUAATUR-TRANSIENT ANALYSIS CODD, wio 2
PINSIW VERITICATION STJIOY PRUSLEM : PUSEI=DR0UP TEST SIMULAT ION

LEVEL LEVEL PCwER

NG COYU/5EC)
i ~0.4540€0C-01
LEVEL
1
. .

VUNSION 202 06719750
D sLI/R0

SUMMARY OF PIN CONCITI NG, "IN NC o i

TAU (52C) LT (S85Q)
%.1000 01 J+5300-01
JTU/SEC. .
PIN POwER Vel 2.0

SYSTEM TOFNTIFICATIO N, PIN 1

LEVEL Sl .4 o SYSTCM LevilL

SURF JHEAT TRAN  SURF JHEAT FLUX CPNTERLEING Tod? HEATE® NOOC
(BTL/S5EC) (ITU/3EC~FTee2) )
G.3283410 0 23351690 22 Qe b8Iuvs VI

SURFACFE TEW?
TEa2¢F) iF)
Qeb20ad?d 93 DS 749100 23

AUJACENT COOLs S URF JHT.TRANS,
TEMP(F) COEFF(BrsS~FI2~F)
Qeu 748100 023 %0

EQUIVALINT Gan STEADY STavTe

CONDUC TEVITY GAP CONDUCTANCT GAF TAICENESS GAP THICKNFSS ANCCF TTEMATILLS
(BT L/SEC-FT-F) (ITU/SEC-FTo82-F) (5 Tel (FT4) IN mele STRUTIWLN
0.0 Q.0 0.0 Q.0 1

Nie 230 AP InmaN) PAGE 0033

(434



PINSIM: A NUCLEAR FUCL PIA SIMULATUR-TRANSIONT ANALYSIS CODC, <02 < VERSIUN N02, Ot/10/80 NCe 206 (PINMAN) PAGE 0034
PINSIN VERIFICATION STUDY PROBLEM : PLefI-OR0OP TEST SIMULATION ds/13780
SUMMARY OF BIN CONDITIUNS. PIN NLU. 3
PIN TEMPERATIRE UISTRIAUTION
NUO.
LEVEL NC i 2 3 - S € 7 8 ° 1)
1 666,01 662.74 E57 .90 €5 3,81 Gavaul t4a.73 c a5 636,45 e3R8 L2G.A 3
NOUL
LEVEL NO i e 13 is 15 16 W7 18 19
1 620.97 €15.60 610.46 605450 w078 L96el? 590 .70 Sf& .26 57T7.99

€ET
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L
E
s
T
- SRF MT FLULX SURF TEwP LEVEL POs7 NODAL Tom? NIJAL TEwP NODAL TIMP NODAL TEMP NODAL TZme
R TIME(SEC) Bss~-Fr2 DEG F OTUsSEC (DEG F) (JEGC F) (DEG F) (DEG F) (DEG F)
L t 1. 1) « 1. 1) 1« 1) € 1s e 1) € 3e 3y 2) Cle 1o &) t 1e dslel « 1« 10109
o e ] e e e p f ——— ) — s ———— -
0.0 Se.8 56 cal.neg Ve 2T75% Ra2.25 Naz2.2o e .25 TN5 .60 6t2.%2
0.5200030-01 100.59 €37.50 0.87261E~-02 B40.3%2 BiM.80 836.20 720 .30 Cas .75
0.1000620 00 9T.057 €32.67 “Q«93931E~02 e27.21 as.ol A26.37 692,37 tal1.35
0.150000 89,96% te28.71 D.15451E~01 830.75 82145 B815.00 ABa L2 636,77
0.200000 89.722 62147 ~0+2TAB7E-Q1 822.49 Blde72 B3.12 LR ETY B C29.5%
0.250000 8%.287 Cloe3a D.1 7TH0RE~-O] 812.30 TSanl 791.20 646 .80 623,03
0.300330 76,376 6l12.26 ~C«65907E~-03 802.19% 787 .9 TT9.462 659459 61912
0.350000 70.a20 60S.1a 0.16518E-02 T91.37 T70 07 767.91 ©S3.18 615.54
0.400000 67.545 604.2) ~0.53198C~-02 T79.75 765.16 79672 HAL JT6 cel10.53
V.450000 685,698 590,54 ~0.14572€E~02 TeB .43 754 .10 TaS.88 640414 604,78
0+.500000 £9.850 £97.01 ~0. 19655602 5727 7Ta3.30 T3S.82 é3a,.78 CO2u45
8.550000 62.887 590.86 =0« 13994E~D2 Tab, 30 T32.906 725,346 62R.79 566459
0.600000 S1.187 £91.33 0.15690E-01 73578 722495 Ti5.68 624 .52 S€e.00
0.650200 Slel1853 s88.27 ~0+19530€E~02 T25.57 Ti3.35 TOG. 4 €20.23 S92.94
2.700000 48,040 585.98 ~0«27879E-01 T15.7¢ 704a4le 69 7.61 6l6a18 S90.37
0.750000 44,283 S84 .81 0.84222E-01 706.38 695.43 68926 612.52 S88.40
0.800200 44,226 581.25 “0.435A2E-01 €97 .25 587.12 oBl.e9 c08.04 58%.30
0.85%0000 4d.2a5 E79.73 0.3330%-01 688,55 STw.23 073.75 605.21 D832
0.900002 33.130 S7T7.91 ~035047E-01 680. 38 aTi 74 606,58 6J1 .97 S81.61
0.9%3000 35.757 S7¢.34 0. 54857E~-D1 eT73.24 564 .07 655 84 S98.98 S79.62
100000 33.516 S74.91 ~0,4340RE~01 666,01 6579 653.41 $96.417 S5T7.9%
1.05000 29,895 575.03 “J«9783TE~02 ©59.17 55161 64T, 35 £94.01 571 7.66
1.10000 32.904 £71.11 0.435%1E~01 €82.72 o045 .00 64l.87 591.00 574.1%
1.15000 26,395 E71.51 ~0+19565E~-01 Cat L 64 580403 036,29 SA8 .86 S573.94
1.20000 28,0607 s6e.7) ~0.19805€E~01 €450 €34 .69 631.19 S86 .24 $571.35
125030 24.8%0 S568.13 Dt 1477E~D1L €E3S5.0% L29.08 620 40 584,10 S570.42
1« 320000 22.043 S567.96 ~0.,42961E~01 630.38 024,94 621.-85% SR2.37 569,99
1.35000 22.749 S56€.22 0+.14%0%9E~-01 625457 620.47 617.58 SHJ .41 SHE8.32
143000 20,4068 565,58 Q.22075€-01 621495 016,28 613.58 S578.7¢C S5€ET.07
145000 21.127 S¢3.71 ~0«37284E-01 616.79 5i2.31 G0S.77 57673 S5€%5,.6¢0
1.500¢0 17.84¢ £62.61 0.31268E-01 €12.77 6OK,.58 606. 21 579,22 S5€5.20
1+55%000 18.8¢64 £61.86 ~0.26748E~-01L 608.59 205.05 602.82 573.48 $453.69
150000 14,019 S€2.63 0.43414FE-01 6054 0175 59%9.67 572.42 Sel.96
1.65000 15.586 561 .35 “0+6Q2REE~D] 602.238 3%B.02 596.€65 571.10 Se2.7%
L.70000 13.516 561.21 0.39671E~-01 598.33 395.70 393.86 S70.03 5€2.46
179000 15.5¢€5 5%55.18 Jed0C19E~D2 £9%.58 392 96 591.24 $68,52 5€0.062
1.80000 12.3¢7 556.31 ~0.10950E~-01 593.20 390436 388.75 SovV.e2 L6005
1.85000 12.311 EEL.55 ~0.22501E-01 £90.58 587 .91 SAR6e 36 566 .33 559,66
190000 13.110 557.0% 0.49042E-0! 5R8.12 385.02 58a.20 565.04 558, 30

1.93000 778852 SSE.T? ~0.40807E~01 Se85.79 583.48 582411 564 .60 559.49

‘.

SET



Il mBpeamD

TIWE(SeC)

e T ——y

202002
2.0%0° 0
2e1000
24135000
2.29000

2425009
2.30000
2.35000
2.40090
2.45000

2.50000
2.5%000
2460000
2.65000
2.70030

275000
2.80000
285900
2« 90000
249500

3.000200
3.05000
3.130w9
3.1%000
3.20002

3J.25000
3.30020
2 35¢C00
340000
3.85000

356000
3.55000
J.6N300
3.65300
3.79%0

375200
3.80009
3.85000
Je930CD
3. 935000

S8F MY FLUX
D/75-F ' 2

..... .------.—-----_-----.----------.—.-—--.------.------------'-----—-----.---—---------

27741

1e42¢e
J.852¢
D.58372
244545
3. 3868

D.7896%
243262
d.0208%
241018
-le726€1

4.5452
Q083321591

18536
J.0835%

L3452

0.43570
29780
D.20043
1.T686
=1.9572

SURF TExe
DEG F
« 1. )

2S5t e85
$57.92
555 .04
£57.34
55,96

£5€.34
559 .45
£54.5%
552.77
“5¢ .38

£55.50
552 .88
SCa.a7
£54.3)
5%4.9%

ELE Y 1
5%53.91
$%3.0¢
552.41
853.2%

e83.82
85257
€53.9%
$52.97
98212

£53.04
582,42
£82.9%
352434
“58.2&

S5 141
582.75
5%2.0%
52455
551.90

(33 &%
551404
51494
S51.29
5€2.10

LEVEL POWR
STUsSEC
t 31+ 1)

Q.11712€-01
0.22904:-02
~Qel4072E-01
0. 30206F-01
=04 35706E-01

0.30787¢-01
=3« 18220E~01
~De22%26E-02
0.3516RE-01
~0+3173RE~01

=0.12150E~01
0.IBTEBOE~D)
~0.270:3E-01
D.i177eE-M
~0.150¢6F =01

N.1397276-02
.15c06F-02
~0.81€6526-02
Jd.12859E-01
~0.4281%%02

Jeb ) I0aC~-02
=0.243708-01
N.30144€~01
=“D.16619E~-01
~0.39528€~32

=0 7105%54E~0)
Q.22968E-01
~0.30357E-01
SeJ8S4EE~D1L
~0+.45223€E-01

D.4058%€E~01
~Qedla24F-01
D.30672E-0)
Q788038 -C2
=N.12174E~-01

0-31679€~(.,
~Je8R253E-01
D.45005F 01
=0.26065%-91
~e233GRE-02

NOO AL

(DES ™)
fe i

$83,.%)
S81. 56
579433
57743
S5Thels

574450
573.33
ST1e72
S70. 42
S€9. 20

S6ued?
S67.21
56630
S€65.10
68,23

SC€I 93
S62 .37
S81.937
S61e W
96J.50

560.10
959.55
559.05
558,37
£58,.3

S57.7)
557,82
550435
S656.51
5564 12%

5%6.30
$55.73
38547
$3S.26
$4835.01

524420
554, 30
84419
554.19
254. W

Tems

“

NIJAL TEwd

‘

(IEG F)

P

81 .40
aTIe50
3r7.70
575.03
L7408

72499
7182
370.33
26510
50«00

ILL 9
36597
205400
es el
303.38

ELTary ey )
301«
Set.27
JoV et
30d.97

254,53
35v.01
3509455
i53.11
25 7.09

357.50
33t ave
200 029
350 .20
355.48

25372
350440
355423
239400
254 .73

354 .59
55« .38
29419
2594409
S53.82

-3

NODAL Towe
(OEG F)
t 1e Ls &)

580.1°
3T8. 33
STe. 60
575.90
ST Sean

572440
57078
OG5S
Sof.e0
307,32

6L 30
565 39
LR N
9€3.07
S562.9

262418
Sule N2
S5t 046K
563.29
35%. T2

599.21
S558. 71
38,27
$S57.4%
567,60

£97e9¢
SSu. 72
S3t.3A
55¢e 09
55%. 80

555487
9554 30
555.04
S6a.n?
594,65

554, an
S54.00
5540
53385
Sa3.72

NODAL VEMNP
(DES F)
{ I« Lelt)

$53,51
56300
Sele.7c
501 .58
560.86%

SO0 .87
59982
559.15%
598.30
558,51

EELEY 1
£57.21
556 .95
ESu.7E
550.77

5484102
L0%e%0
LSS5 .68
5254295
53593

50508
$58,.58
556459
S55a,38
S53.5e

55393
853.73
383.7:2
553491
852,523

S335.%0
553.28
$53.07
993407
55288

552.8¢
552,49
S82.41
£52.20
9532.¢2

NUDAL Toww
(DEG )
f e 11D

- ——— —

S8, 22
558,57
S%ee.l0
$57.80
S58e75

93629
5%6.12
SS2.58
254,349
558,52
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