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ANALYSIS OF A DOUBLE-ENDED COLD-LBG BREAK
SIMULATION - TETF TEST 3.05.5B.

W. G. Craddick R. E. Pevey
J

ABSTRACT

On July 3,1980, an experiment was performed in the Oak
Ridge National Laboratory Thermal-Hydraulic Test Facility that
simulated a double-ended cold-leg break pressurized-water re-

actor (PWR) accident. Analysis of the experiment revealed
that nuclear fuel rods exposed to the same hydrodynamic envi-
ronment as that which existed in the experiment would have
departed f rom nucleate boiling both earlier and later than the
fuel rod simulator (FRS), depending on the size of the gap be-
tween the nuclear fuel pellets and cladding and on the initial
power of the nuclear fuel rod. Comparison of the results of
the current experiment, which used an FRS bundle with geanetry
similar to 17 x 17 PWR fuel assemblies, to the results of ear-
lier experiments, which used an FRS bundle with geametry sini-
lar to 15 x 15 PWR fuel assemblies, revealed no differences
that can be attributed to the difference in geometries.

'

1. INTRODUCTION

|

.

On July 3,1980, an experiment was performed at the Oak Ridge Na-
tional Laboratory (ORNL) Thermal-Hydraulic Test Facility (THTF) that was!

intended to simulate the conditions that would occur in the core of a

*pressurized-water reactor (PWR) during a double-ended cold-leg break
(DECLB) accident. The experiment was designated THTF Test 3.05.5B and

was conducted as part of the PWR Blowdown Heat Transfer (BDHT) Separate-

Effects Program sponsored by the Nuclear Regulatory Commission (NRC) . The

obj ectives of the experiment were to obtain data on time to departure from

nucleate boiling (DNB) and to provide data that can be used to benchmark

transient reactor analysis codes. This report describes the analyses that

have been perfonned to investigate the extent to which the results of THTF

Test 3.05.5B can be used to draw conclusions about the behavior of a nu-.

j clear reactor during a DECLB.

The PWR-BDHT Separate-Ef fects Program was begun in 1972 and will be*

completed early in 1982. During this period, the program obj ectives have

changed considerably. During the past 2 years, the principal obj ective of

i
.
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the program has been to obtain data on heat transfer coefficients and re-

lated parameters under a variety of accident conditions. Prior to this ,

time, the program's principal objective was to obtain data on time to DNB

during simulations of large break loss-of-coolant accidents (LOCAs). TNTF -

Test 3.05.5B was the only test conducted in the last 2 years with the ob-

jective of simulating core conditions during a DECLB.,

The experiment was conducted in the TNTF, a heavity instrumented non-

nuclear pressurized-water loop containing 64 full-length [3.66-m (12-ft)]

rods arranged in an 8 x 8 square lattice.1 Sixty of the 64 rods are elec-

trically heated fuel rod simulators (FRSs). The four unheated rods are

located within the lattice in positions that would be occupied by control

rods in a 17 x 17 PWR fuel assembly. The FRS diameter [0.95 cm (0.374
in.)] and the pitch of the lattice [1.27 cm (0.501 in.)] are typical of

late generation 17 x 17 PWR fuel assemblies. The THTF is capable of

achieving pressures in excess of 15.9 NPa (2300 psia) and temperatures
in excess of 1089 K (1500'F). Data are recorded from every instrument

at intervals no larger than 0.05 s.

The relationship of the behavior of FRSs in an experimental facility *
,

such as the TNTF to the behavior of nuclear fuel rods during an actual
~

reactor accident may be considered in two parts. First, to what extent

does the behavior of the FRS simulate the behavior of a nuclear fuel rod
exposed to the same fluid conditions? Second, to what extent do the fluid
conditions produced during the experiment correspond to the fluid condi-
tions that would exist during an actual reactor accident? The former

question is addressed in some detail in this report through the use of the

PINSIM computer code;8 PINSIM is essentially a generalized one-dimensional

! host conduction code for cylindrical geometries. The code is used to per-

form two types of calculations aimed at relating FRS behavior to nuclear
fuel rod behavior; these will be referred to as back calculations (de-

scribed in Chap. 4) and forward calculations (described in Chap. 5).
The extent of the similarity of the fluid conditions in the experi-

.

ment to the fluid conditions in an actual reactor accident is extremely

difficult to determine. This difficulty stems from several factors. To
,

make the needed comparison, one must calculate the bundle fluid conditions
for both the experiment and a reactor accident. Because the THTF does not

|
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have flow measuring sites within the rod bundle, calculation of bundle
fluid conditions must use a thermal-hydraulic code with boundary condi-*

tions supplied f rom measurements made outside of the rod bundle. The na-
e

ture of Test 3.05.5B make s this ta sk extremely dif ficul t. The outlet of

the test section saturates immediately in the experiment, and the inlet to

the test section saturates after ~2 s. Thus, we are f aced with the task

of measuring two phase flow at both the test section inlet and outlet
3through most of the transient. The accurate measurement of two phase flow
is, of course, extremely dif ficult. These difficulties are compounded by

the fact that the flow reversed direction during the test. Flow reversals

cause periods of flow too low to be measured accurately. The difficulty
in determining bundle fluid conditions accurately in such an environment
is well documented.s ,4 We currently have no means to accurately calcu-

late bundle fluid conditions under these conditions.
The calculation of bundle fluid conditions that would exist in a re-

sctor during a large break LOCA must be accomplished by means of a thermal-<

hydraulic code used in a purely predictive manner. The extent to which
.

currently existing codes can accurately predict such conditions for an
actual reactor remains unknown. And even if accurate bundle fluid condi-

W

tions could be obtained for both the experiment and a reactor acciden},
the means by which we could assess the significance of any observed dis-
crepancies between the conditions is uncertain. This report does contain
comparisons of the predictions of RELAP4 NOD 5 Update 2 of a 200% cold-les
break and bundle fluid conditions calculated for Test 3.05.5B (Chap. 2) .
How ev er, due to the large uncertainties connected with both of these cal-
culations, no reliable judgments can current 3y be made of the extent or
significance of differences in fluid conditions between the experiment and
an actual reactor accident.

4

Chapter 5 contains a brief discussion of tests that were conducted
earlier in the THTF. These tests used a rod bundle that had geometries

similar to that of a 15 x 15 PWR fuel assembly in contrast to the geometry.

of a 17 x 17 PWR fuel assembly used in Test 3.05.5B. Before presenting

the analytical results, a discussion of the planning and conduct of the*

tests and the f acility is presented.

1

-_ _ __ _ _
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2. EXPERINENTAL PROCEDURE

.

2.1 Facility Descrintion

.

A schematic of the THTF as configured for Test 3.05.5B is shown in

Fig. 2.1. The TNTF does not attempt to model components outside of a re-

actor core. Thus the heat exchangers, pressurisor, and pump are used only

to achieve reactor-like conditions in the test section that contains the

rod bundle. To f acilitate instrumentation, a downconer external to the

test section is used. While the test section is heavily instrumented with

temperature and pressure sensors, flow measurement sites exist only out-

side the test section in instrumented " spool pieces." A spool piece typi-'

'
cally contains temperature and pressure sensors, a single- or triple-beam

gamma densitometer, and drag body and turbine flowmeters. The location of

specific spool piece instruments is shown in Fig. 2.2 with the following

key to instrument designations.

Instrument designations consist of a group of letters that identify

the type of instrument followed by a number used to distinguish instru- .

'

ments of similar type. The letter designations are as follows:

.

DE Gamma densitometer (If the identifying number is followed by the

letter A, B, or C, the instrument is a triple-beam densitometer,

and the letters identify the separate beams. Otherwise, it is a

single-beam densitometer.)

PE Absolute pressure sensor

TE Thermocouple

FE Turbine flowmeter

FMFE Drag body flowmeter

PdE Pressure-difference sensor

A schematic of the THTF as configured for tests before 1980 (Refs. 5

and 6) is shown in Fig. 2.3. Principal differences are the annular down-

comer, rather than the external downconer with additional instrumented -

spool pieces, and lack of a spool piece on the test section outlet hori-
*

zontal piping. The implications of these differences are discussed in

more detail in Chap. 5.

_ , - .- . _ . . . - . -_ _ - . _ . _ - - _ - -.
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The rod bundle contained in the test section for Test 5B consisted of

64 rods arranged as shown in Fig. 2.4. The bundle is composed of 60 elec- -

trically heated FRSs with 3.66-m (12-f t) heated lengths and 4 unheated
*

rods. The location of the unheated rods is the same as that of control

rods in a 17 x 17 PWR fuel assembly (note upper-right one-fourth of 17 x 17

assecSty in Fig. 2.5). The FRS diameter [0.95 cm (0.374 in.)] and lattice
pitch [1.27 cm (0.501 in.)] are typical of 17 x 17 PWR fuel assemblies.

The axial power profile in the bundle is flat. The construction of an FRS

is shown in Fig. 2.6. The rod is heated by passing current through the

Inconel cylinder. From one to three sheath thermocouples may have their

junctions at a given elevation. The elevations at which FRS thermocouples

have their junctions as well as the locations of the spacer grids are

shown in Fig. 2.7.

The rod bundle contained in the test section for tests before 1980

consisted of 49 rods arranged as shown in Fig. 2.8. The heated length was

also 3.66 m (12 ft). The FRS diameter [1.07 cm (0.422 in.)] was typical

of 15 x 15 PWR fuel assemblies. In the first six tests, all rods were
*

heated; thereafter, four rods were unheated. The axial power profile was

a stepped chopped-cosine. The construction of these FRSs is shown in Fig.
~

2.9. They are heated by passing current through the cylinders of cupro-

nickel and Inconel. The elevations of the thermocouple junctions, loca-
'

tions of spacer grids, and the peak-to-average power ratio for the bundle

are shown in Fig. 2.10.

Data are acquired by a computer-controlled data acquisition system

(DAS) and are recorded f rom each instrument at least as of ten as every

0.05 s.

2.2 Test Plannina and Conduct

Test 3.05.5B was conducted by first establishing the desired initial

conditions and allowing the f acility to come to steady state. Once steady
'

state was achieved, rupture disk assemblies were activated at the test

section inlet and outlet. These assemblies produced a break of a prede-
e

termined, constant size. The breaks were connected to an effluent tank

kept at atmospheric pressure. The total power delivered to the core was

_ - _ _ _ _ -. . -
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varied through the transient in accordance with the predetermined power

" program." Data recording by the DAS began ~30 s before break initiation. *

Thus, the parameters available for the experimenter's selection are

initial prm ;e test section inlet temperature, test section flow rate, '

total bundla power, inlet and outlet break sizes, and the power program.

For Test 3.05.5B, these parameters were chosen in an effort to match as

closely as possible the conditions that would exist in a nuclear reactor

during a 200% cold-leg break. The initial conditions for a PWR can be

well matched by the THTF except for the discrepancy between the THTF's

flat axial power profile and a reactor's cosine profile. How ev er, the

inability to exert active control over the hydrodynamics once the tran-

sient has begun (except for the limited effect of the power program)

severely limits the extent to which a set of desired conditions can be

matched through time.

The source for the core conditions of a reactor undergoing a DECLB

was a prediction of RELAP4 NOD 5 Update 2. A RELAP4 model of a Westing-
house four-loop PWR with 17 x 17 fuel assemblies was obtained from Sandia

*National Laboratory.' The model was modified to remove upper-head inj ec-
tion resulting in the model shown in Fig. 2.11. RELAP4 NOD 5 Update 2 was

'

then used to model the entire THTF (the " system" model) as shown in Fig.
2.12. The system model was then used to produce a series of predictions

of THTF behavior with varying break sizes. The break sizes were selected

that caused RELAP4's predictions for the THTF to best match its predic-

tions for a reactor. The power program for the experiment was determined

using the PINSIM code. PINSIM was used to calculate the response of a

nuclear fuel rod to the hydrodynamic conditions predicted by RELAP4 to

occur during the experiment. PINSIM then used the surface temperature and

surface heat flux calculated for the nuclear rod to determine the power

that must be supplied to the electric FRS to produce the same responses.

The determination of input power from the surface heat flux and surface

temperature will be referred to as a "back" calculation (described in more
,

detail in Chap. 3 and Appendix A) . At this point, it is sufficient to say

that a back calculation was used in an attempt to arrive at a power pro- .,

gram with the electric FRS that would compensate for the internal differ-
,

ences between an electric rod and a nuclear rod to produce behavior in the

electric rod similar to that which would occur in a nuclear fuel rod.

. .. . = - - -- . . -. _- . . __
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A summary of the initial conditions for Test 3.05.5B is contained in
*

Table 2.1. The variation in power supplied to the electric FRSs is shown

in Fig. 2.13.
-

Having described the planning and conduct of the experiment, a brief

graphical summary of the test results will be provided. Figures 2.14-2,17

show the temporal variation of the pressure, temperature, density, and

volumetric flow. as measured at the test section inlet. Figures 2.18-2.21

show the same quantities for the test section outlet. Approximately 1 in,

above the top of the heated length, a thernocouple rake with fluid thermo-

couples proj ects into the subchannels. Representative responses from

these thermocouples are shown in Fig. 2.22.

The instrument responses for all instruments for Test 3.05.5B have

been provided to the NRC data bank at Idaho National Engineering Labora-

tory. These instrument responses have also been documented in a data re-

port * along with a complete description of instrument uncertainties.

As described earlier (Fig. 2.6), each FRS contains a number of inter-

nal thermocouples. The quantities of principal interest are the surface

heat flux and surf ace temperature of the FRSs, and these quantities must

! be calculated f rom the instrument responses. This task is accomplished by '

,

the computer code ORINC (Ref 9) . ORINC uses the measured sheath tempera-

tures, the measured electrical current supplied to each rod, and thermo-

physical properties determined f rom in situ calibrations ** to calculate

the rod surface temperatures and surface heat fluzes. Representative

surface temperatures and surfa# a heat fluxes for each thermocouple level

(Fig. 2.7) are shown in Figs. 2.23-2.36.

1

i

e

.

I

_. _ _ _ _ . - . . _ .________ _ _ _ . _ _ _ _ . - - - - _ _
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Table 2.1. Initial conditions for Test 3.05.5B .

Quantity Initial value -

System pressure (PE-209) 14.84 NN/m3 (2153 psia)

Test section inlet temperature (TE-266) 550 K (531*F)
Test section outlet temperature (TE-208) 603 K (625'F)
Core power 124 kW/ rod

Test section inlet volumetric flow rate 31..e L/s (505 spm)
(FE-250)

Bundle mass flux 3965 kg/s m8
(2.93 x 108 lb /h ft*)

m

Inlet break size 4.01 cm8 (0.622 in.8)
Outlet break size 3.51 cm2 (0.544 in.8)

~
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Fig. 2.13. Power as a function of time for 'HITF Test 3.05.5B. *
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3. BACK CALCULATION
.

3.1 Concept
.

This report presents two approaches to answering the question of how

well the electric FRSs in the TNTF simulated the behavior of nuclear fuel
rods exposed to the same hydrodynamic environment. One of these ap-

proaches, referred to as the forward calculation, is described in Chap. 4;

this chapter describes an alternate technique, referred to as a back cal-

culation. The back calculation determines the power that must have been

generated in the nuclear fuel rod in order for it to experience the same

surface temperature and surface heat flux transient as the electric FRS.

The variation of power with time that would occur in a nuclear reactor

during a DECLB can be calculated in a fairly straightforward manner,

assuming that reactor scram occurs on break initiation. Comparing the

expected transient power for an actual nuclear reactor accident with the
power produced by the back calculation will provide a means of assessing

whether the surface temperature and surface heat flux experienced by the
*

electric FRS could have represented the surface heat flux and surface ten-
~

perature that would have been experienced by the nuclear fuel rod. If the

power produced by the back calculation is totally unrealistic, this would

indicate that a nuclear fuel rod could not have experienced the surface

temperature and surface heat flux transients that were experienced by the

electric FRSs.

The precise means by which the back calculation is performed is de-
scribed in Appendix A. Neither existence nor uniqueness theorems exist

for this type of problem. As formulated and solved by PINSIM, this prob-

les is extremely ill-conditioned. Minor fluctuations in the surface flux

or surface temperature produce extreme fluctuations in the calculated

power; however, this problem has not proved insurmountable. When the ,

power produced by the back calculation is smoothed, a reasonable result is
-,

obtained. This has been verified by performing a back calculation using a

model of the electric FRS and supplying it with the temperature and heati
,

flux determined from the experimental measurements. When the power pro-

duced by this back calculation was smoothed, the power program that was

. . - - .-. . .-
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actually supplied during the experiment was produced. Validation studies
for both the back- and forward-calculational capabilities of the PINSIM -

code have been perfonned and are documented.11
.

3.2 Results

At each axial level, an FRS sheath thermocouple was selected whose

behavior was representative of all the thermocouples at that level. The

surf ace heat fluz and surf ace temperature calculated by ORINC for these

thermocouples were used as boundary conditions in back calculations using

three nuclear fuel rod models. The differences in these models were in
the size of the gas gap. One model, referred to as the nominal gap model,

had a gas gap of 0.01 cm (0.004 in.); one model had no gas gap; and one
model had a wide gap, twice as large as the nominal gap. The use of three

models of varying gap sizes allows one to determine if the results are

dependent on the size of the pellet-to-clad thermal resistance. Other

than that caused by the gas gap, no thermal resistance (i.e., ne contact

resistance) is used between the fuel pellet and the cladding; the intent -

is to de termine the effect of the variation in the pellet-to-clad thermal
*

resistance, and this can be done with the range of gap sizes.

The method selected to present the results of the calculations was

to smooth the calculated power and then integrate it over time. Graphs

are presented that show the integrated power as a function of time. The

graphs also contain a reference integrated power curve for comparative

purpo se s. The reference curve was obtained by integrating the power cal-

culated by RELAP4 Mod 5 Update 2 in a prediction of a DECLB. This is the

same calculation (described in Sect. 2.2) that was used to plan the ex-

periment. Thus, the question of interest is how closely the integrated

"back power" for each nuclear fuel rod model follows the integrated refer-
ence power curve.

The results of the calculations for each thermocouple level are shown
"

in Fiss. 3.1-3.7. Each figure contains two graphs; one shows the results

of the comparisons for 9 s, and one shows the comparisons for the first
,

'

3 s only. The latter allows a more detailed examination of the period dur-

ing which all of the FRSs experience DNB. Note that the character of the

. - _ - _ _ --. ._ ._
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reference curve is as expected, a slow, almost linear increase caused by
the nuclear fuel's decay heat following scram. Both the uominal- and the .

wide gap back-calculated, integrated powers at all levels almost immedi-

ately become negative. A negative integrated power means that energy *

would have had to have been consumed rather than generated by the nuclear
fuel. This obviously unphysical result indicates that a nuclear fuel rod

with either a nominal or wide gas gap could not have experienced the sur-
face heat flux and surface temperature transients experienced by the elec-

1

tric FRS. Thus, the electric FRS behavior in this experiment did not accu-

rately simulate the behavior of a nuclear fuel rod with either a nominal

or wide gas gap.

Only in the case of the no gap nuclear fuel rod model did the inte-

grated power remain positive. This is a logical result; the absence of a

gas gap would reduce substantially the stored energy in the nuclear fuel

by lowering the internal temperature profile. Thus, the energy that

needed to be removed in the nominal- and wide gap models is never present
in the no gap model. In fact, in Figs. 3.1-3.7 the no gap model's inte-

grated power appears fairly close to the reference integrated power for *

most of the first 2 s. These appearances are somewhat deceiving, however,
'because the scale of the graphs had to be quite large to show the enormous

discrepancies of the nominal- and wide gap models. Thus, substantial dis-

crepancies between the no gap and reference calculations may still appear
small on the graphP. The significance of the apparent similarity between

the no gap and reference calculations is further reduced when one consid-

ers that the percentage of nuclear fuel in an actual reactor having no

pellet-to clad thermal resistance is likely to be quite small. The

nominal gap model is more representative of the majority of nuclear fuel

rods than is the no gap model.

In summary, we may conclude that the behavior of the electric FRS in

Test 3.05.5B (in terms of its surf ace heat flux and surf ace temperature)
was not representative of the behavior of a nuclear fuel rod. These cal-

.

culations do not directly address the question of whether a nuclear fuel

rod in the same hydrodynamic environment as existed in the experiment
,

i would have experienced DNB carlier or later than the FRS. This question

is addressed by the forward calculations described in Chap. 4. The fact

-- ., . _ _ _ . - - -
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that the integrated power of the nominal- and wide gap calculations was

negative implies that too much energy would exist in the nuclear fuel for*

the raclear rods to experience the same surface transients as the FRS.
* Because this " excess" energy would exist in the nuclear fuel, this sus-

gests that the surf ace heat flux of such a nuclear fuel rod would be

higher than that experienced by an FRS. This speculation is confirmed in

Chap. 4.

.
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4. FORWARD CALCULATION
.

.

4 .1 Concept

.

The forward calculation is another means of attempting to answer the

question of how a nuclear fuel rod would have behaved if exposed to the
i

same hydrodynamic environment that existed during the experiment. In gen-

eral, the determination of the hydrodynamic conditions that existed within
the rod bundle during a test such as this one is extremely difficult.
How ev e r, one quantity may be determined with considerable precision. The,

saturation temperature can be determined from state searches using the
measured pressure. Because pressure can be measured accurately, the satu-

ration temperature can be determined accurately. Combining the saturation
temperature with experimentally determined FRS surface temperature and
surface heat flux, one can calculate an experimental value for the heat

transfer coefficient h. Using a calculational model of a nuclear fuel rod

and a power curve determined from a standard nucicar kinetics calculation,
one can solve the conduction equation in a standard (" forward") manner us-

.

ing the experimental values of h and the saturation temperature as bound-
ary conditions. One can then compare the calculated values for the nu- ,

clear surf ace temperature and nuclear surf ace heat flux to the actual sur-
face heat flux and surface temperature experienced by the electric FRSs.

|
In general, a gas gap will exist in a nuclear fuel rod between the

fuel pe1.let and the cladding. Because the results of the forward calcula-

tion a o s'insitive to the size of the gap and because the precise size of

the gap tor any particular fuel rod in a given reactor at any point during
its ) is uncertain, three nuclear fuel rod models were used in the for-

war ~ .ulations. One fuel rod model contained a nominal gas gap of

. 0: f0.004 in.). A second fuel rod model contained no gas gap, and a ,,_

tb iel rod model contained a gap twice as large as the original gap.

1( the cesults of the calculations for all three nuclear furl rod models

trac 4 wnsistent relationship to the experimental behavior of the elec- .

aic i then conclusions about the relative behavior of nuclear fuel,

electric FRSs in a particular case may be drawn independent of
'

od, , ,

deteils.if the gas gap.

|
,
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A principal obj ective of Test 3.05.5B was to gain information about

time to DNB in an environment similar to that of a reactor accident. For-.

ward calculations in some cases may be used to directly address the rela-

tionship of time to DNB for electric and nuclear fuel rods exposed to the-

same environment. Such analyses rely on certain assumptions about the

mechanism that produces DNB. Many reactor analysis codes determine when a

rod departs from nucleate boiling by using a correlation to predict the

critical heat flux (CHF) and assuming that DNB occurs when the rod's sur-

face heat flux exceeds the CHF. A variety of correlations, often giving

contradictory results, exist for predicting the CHF, given the bundle

fluid conditions. In general, the conditions in the test section during

the first few seconds of Test 3.05.5B may be characterized as being of in-i

creasing void fraction and decreasing flow. Under such conditions, most

correlations would predict that the CHF decreases with time. Consider a

specific location on a specific rod in Test 5B (Fig. 2.24). At one no-

ment in time, we know the approximate value of the CEF for this specific

location on this specific rod (1.20 s in Fig. 2.24) . Because the rod

departs frem nucleate boiling at this time, we may assume that the rod*

|
heat flux just prior to departure is approximately equal to the value of

*
the CHF.

Suppose that the experimentally determined surf ace heat flux for an

electric FRS is given by the curve labeled " Pin 1" in Fig. 4.1. Suppose

further that the results of a forward calculation on a nuclear pin model

produce the results labeled as " Pin 2" in this figure. If we then assume

that the CHF has a generally negative slope and intersects the curve of

Pin 1 at the point shown, we may then conclude that a nuclear fuel rod in |

the same environment would have departed from nucleate boiling later than,

the electric FRS because its flux just prior to DNB is lower than the elec-

tric pin model. Conversely, if the electric pin flux was as shown on the

curve labeled " Pin 2" and the nuclear heat flux produced by the forward
calculation was as shown by the curve labeled " Pin 1," we would conclude

e

that the nuclear fuel rod would have experienced DNB earlier than the FRS.

How much earlier or later the nuclear fuel rod would have experienced DNB
,

compared with the electric FRS would depend on the precise slope of the

CHF curve, which is unknown.

}

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

The forward ralculations are performed with three nuclear fuel rod

models having gas gaps of varying sizes. If the heat fluxes calculated

for the nuclear fue'l rod models straddle" the heat flux from the electricd

FRS, then the question of whether the nuclear rod would have experienced
DNB earlier or later would depend on the details of the gas gap size for

7

any particular nuclear fuel rod.

j It is enlightening to consider in more detail the assumptions being
!

made in this analysis. It is assumed that any rod exposed to the same,

(
| hydrodynamic environment as the FRS would experience the same heat trans-

fer coefficient h as the FRS prior to DNB. Thus, we assume that h depends

only on the local fluid conditions. This assumption, while not exact, is
|

*

believed to be sufficiently accurate for this application; note that the'

correlations for pre-DNB heat transfer regimes used by most transient, ,

thermal-hydraulic, reactor analysis codes do not use the wall composition,I

wall surface temperature, or wall surface heat flux. The heat transfer

. ._. - - - _. .-____ _ _ _
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coefficient is calculated from the experimental data as

.

FRS heat flux
"

(FRS temperature saturation temperature).

and is applied to the nuclear models as

surf ace heat fluz = h x (surf ace temperature - saturation temperature) .

Using this-definition, the assumption that h does not depend on the wall

temperature is probably f airly good for the forced-convection-to-liquid

heat transfer regime. For the nucleate boiling regime, obtaining a quan-

tity that does not depend on the wall temperature could be done more accu-

rately by defining h as

FRS heat flux
h = (FRS temperature saturation temperature)8

and applying it as

.

surf ace heat flux = h x (surf ace temperature - saturation temperature):

.

However, in a similar analysis perfonaed for an earlier THTF test [see

Appendix F, (Ref.12)], calculations were performed in both ways, and the

differences between them were much smaller than the differences between
,
.

| the FRS and nuclear model results. Thus, the procedure used here is suit-

able for this application. The assumption is also being made that the

value of the CHF depends only on the local fluid conditions. Once again,

although this probably is not strictly correct, it is a commonly made as-

sumption (e.g., all five CHF correlations available in RELAP4 Mod 5 Update

; 2 depend only on local fluid conditions) and is believed to be a reason-

| able approximation for this calculation. Given these assumptions, the

approach presented here allows one to examine whether a nuclear fuel rod

exp; sed to the same hydrodynamic environment as the FRS would have a.

longer or shorter time to DNB, through the use of quantities (saturation

temperatures and FRS heat fluxes and temperatures) that can be calculated*
'

more accurately than those needed to apply various correlations (i.e., the
|

I bundle fluid conditions).

|

i
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4.2 Results

.

As in the previous chapter, at each axial level (Fig. 2.7) one FRS
sheath thermocouple is selected whose behavior is representative of that ,

level. The heat transfer coef ficient h is calculated f rom the ORINC-
calculated surface heat flux and surface temperature and the saturation

temperature as determined f rom the measured pressure. Three nuclear fuel

rod models (no gap, nominal gap, and wide gap) are supplied with h, the

saturation temperature, and a nuclear power decay curve as calculated for

a reactor scram by the RELAP4 Mod 5 Update 2 model of a DECLB [ described in

Sect. 2.2 (Fig. 2.11)]. The resulting nuclear-model surf ace heat fluxes

and surf ace temperatures are then compared with the experimentally deter-

mined (by ORINC) FRS surface heat fluxes and surface temperatures.
Three separate cases are considered. In the first case, the * . ear

fuel rod models are supplied with the same initial power as the Fk3 had in

the experiment. Thus, differences between the nuclear fuel rod models and

FRS behavior are due solely to the differences in the rods themselves.

Recall that the axial power profile in the FRS is flat, while in a reactor ,

the axial power profile is a chopped-cosine. This difference provides the

motivation for the other two cases. One approach to considering the ef- .

fects introduced by this difference would be to comparo the response of

the FRS at a specific axial location with the responses of the nuclear

fuel rod models supplied with the initial power that they would have had

at the same axial location in a nuclear core. If we had confidence that

our experimental fluid conditions closely matched those of an actual reac-

tor accident, this approach would permit us to draw conclusions about how

different portions of the nuclear core would behave by comparison with

their corresponding portions of the electric rod bundle. In fact, we have

no such confidence (this is discussed in more detail in Sect. 4.3) . The
fluid conditions extant in the lower bundle in the experiment might, for

example, be more representative of the upper core than the lower core in a

nuclear accident. Therefore, the approach chosen compared the actus1 FRS *

response at each location to the responses of nuclear fuel rod models with
.

initial powers at both the highest (center of the core) and the lowest

(ends of the core) levels that would be present in a nuclear core. These

_ _ - . __ _ __. - .- - -- - - - - - -
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comparisons constitute the second and third cases. The values for the
* high and low powers were chosen af ter reviewing the data presented in a

Westinghouse report on 17 x 17 fuel assemblies.ss Comparisons using the
.

same initial powers will be presented first (Figs. 4.2-4.15).
Note that DNB is marked by a sharp drop in the FRS surface heat flux.

Note also that all of the nuclear models experience a similar drop at the

same time. These drops occur because we are using the heat transfer coef-
ficient as seen by the FRS to bound all of the models. Because DNB is

marked by a sharp drop in heat transfer coefficient, we are, in effect,
forcing all of the models to experience DNB at the same time. The assess-

ment of whether a nuclear fuel rod would have experienced DNB earlier or

later than the FRS is based on the value of the CHF, taken to be the value

of the FRS heat flux at the moment of DNB. If the nuclear-model surf ace
heat fluz at that moment is higher than the CHF, it would have experienced
DNB sooner; if it is lower, it would have experienced DNB Inter. Because

we force all of the models to undergo DNB at the same moment, the nuclear-

model calculations beyond the time of DNB are of little physical signifi-
,

cance. Therefore, Figs. 4.2-4.15 present the calculational results for

only the first few seconds of the transient.,

The calculational results at all levels are similar. The nominal gap

and wide gap results show that the nuclear fuel rod surface heat fluxesi

for these models would have been higher than the FRS surface heat fluxes

at the times of DNB, thus implying that they would have experienced DNB
sooner than the FRS did in the experiment. The no gap results indicate

that such a nuclear fuel rod would have had a surface heat flux close to
but slightly lower than the FRS at the time of DNB, implying a later time
to DNB. These results are consistent with the speculations prompted by

the results of the previous chapter.

Next, we compare the response of the FRS with that of nuclear fuel

rod models exposed to the same fluid conditions as in the experiment (as
represented by h and the saturation temperature) but having initial powers.

characteristic of those at the ends of a nuclear core. Because the re-

suits at all axial levels of the FRS were similar, results will only be*

shown for the bottom, middle, and top. The results of these low power

cases are shown in Figs. 4.16-4.18. Not surprisingly, when DNB occurs the

. . . _ . - - - . - - -. _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _
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surface heat fluz for the nuclear fuel rod models is always much less than

that of the FRS, indicating that they would have experienced DNB Inter a

than did the FRS.
Finally, we compare the response of the FRS with that of nuclear fuel -

rod models having initial powers characteristic of those at the center of

a nuclear core. Once again, results at all levels are similar, and only

three are presented (Figs. 4.19-4.21). As expected, the surface heat

fluxes for the nuclear fuel rod models are always above those of the FRSs

at the time of DNB, thus indicating that nuclear fuel rods would have ex-

perienced DNB earlier than did the FRS.

In summary, the forward calculations indicate that nuclear fuel rods

exposed to the same hydrodynamic environment as that which occurred in

Test 3.05.5B could have experienced either earlier or later DNB than the

FRS, depending on the size of the gas gap and the initial power level in

the nuclear fuel rod. If the fluid conditions anywhere in the electric

bundle can be taken as representative of those at the ends of a nuclear

core during an actual accident, then the nuclear rods' DNB at the ends of
"

the core would be later than that seen in the experiment. Similarly, if

the fluid conditions anywhere in the electric bundle can be taken as rep-
'

resentative of those at the conter of a nuclear core during an actual

accident, then the nuclear rods' DNB at the center of the core would be

earlier than that seen in the experiment. At those positions in the core

where nuclear fuel rods would have had the same initial power as did the

FRS in the experiment, the relationship of time to DNB depends on the size

of the gas gap. Because (1) the no gap model is probably not characteris-

tic of the majority of nuclear fuel rods and (2) even in that case, the

nuclear heat flux is only slightly below the CHF, where the nominal gap

and wide gap model calculations were well above the CHF, it is probably

fair to assume that most nuclear fuel rods at these locations would have

experienced DNB earlier than did the FRS in Test 3.05.5B.

.

4 .3 Comparison of Reactor and TNTF Bundle Fluid Conditions

'

The question of how the behavior of FRSs in an experimental facility

such as the THTF relates to the behavior of nuclear fuel rods during an

actual reactor accident can be broken into two prrts. First, what is the
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relationship of the behavior of an electric FRS to the behavior of a nu-
'clear fuel rod exposed to identical hydrodynamic environments? Second, to

wnat extent did the hydrodynamic environment in the experiment match the
<

.

hydrodynamic environment that would occur during an actual reactor acci-

dent? The analytical effort described thus far in this report has ad-

dressed the first of these two questions. As mentioned previously, the
second question is much more difficult to address. liis difficulty stems

both from the difficulty in determining accurate bundle fluid conditions

for an experiment such as this one and f rom the dif ficulty in determining

r, what conditions would have existed during an actual accident.

A calculation of reactor conditions during a 260% cold-les break has

been made using RELAP4 NOD 5 Update 2 as described in Sect. 2.2 (Fig. 2.11).
In addition, calculations have been made of the conditions that existed in

h- the bundle in the THTF during Test 3.05.5B. These calculations were made
i

with a locally modified version of RELAP4 MOD 5 Update 2 (Ref.14). The

modifics; ion consisted of removing the code's own heat transfer package

and replacing it with the experimentally determined surf ace heat fluzes
e -

for the FRSs. Thus, the heat transfer correlations and switching logic

normally used by the code are superseded. A model of the THTF test sec-
,

tion was constructed (Fig. 4.22) and used in a calculation bounded by the
experimentally determined rod surface heat fluxes, the mass flux, and

fluid enthalpy calculated from instrument responses at the test section

outlet and the pressure, temperature, and quality calculated from instru-

ment responses at the test secti7n inlet. Because the calculation of THTF

bundle fluid conditions relies on the determination of transient two phase

j mass flows (a task made even more difficult by the f act that the flow

reverses and therefore periodically becomes too small to measure accu-
t

I rately), the accuracy of the results of such calculations must be viewed
l
' with considerabic suspicion.

This section presents comparisons of the calculated reactor core hy-

drodynamic conditions with the calculated THTF bundle hydrodynamic condi- .,

tions. Because large and unquantified uncertainties must be associated

with both sets of conditions, no attempt is made to draw conclusions from -

these comparisons. These comparisons are presented because the relation-,

ship of hydrodynamic environments between the experiment and a reactor

,_ _ ._ _ _ _ . - _ _ _ __ . _ _ _ _ _ _ _ -
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accident is important, and the calculational results presented here are

the best ones currently available. *

Because the variations in absolute pressure along either bundle were

not calculated to be large, a single graph comparing variations of pres-
"

sure with time is presented in Fig. 4.23. The model of the reactor (Fig.

2.11) used three volumes to model the reactor core: one for the lower
core, one for the middle core, and one for the upper core. The model of

the THTF test section used 20 volumes to model the TETF bundle. Thus, for

most of these comparisons, results from more than one volume in the THTF

model will be compared with a single volume of the reactor model. The

volumes from the TETF model selected for these comparisons contained pri-
mary FRS thermocouple levels (Fig. 2.7). Thus, in Fig. 4.24, which com-

pares fluid temperatures, the temperature calculated for the lower core in

i the reactor (volume 34, Fig. 2.11) is compared to the fluid temperatures
calculated for three volumes in the lower portion of the THTF bundle (vol-

uses 4, 6, and 8 in Fig. 4.22) . The relationship between THTF RELAP4

model volumes and the thermocouple levels shown in Fig. 2.7 is as fol-
.

lows: volume 4-TC level A, volume 6-TC level B, volume 8-TC level C, vol-

une 11-TC level D, volume 14-TC level E, volume 18-TC level F, and volume
.

23-TC level G. Figures 4.23-4.41 show comparisons of fluid temperature,

quality, and mass flux for the lower, middle, and upper cores for both the

average and hot reactor channels. Each figure contains two graphs; one

presents the comparisons over a time period from 0-15 s, and one shows the

comparison on an expanded time scale extending from 0-3 s, during which

the majority of DNBs occur.

To provide some qualitative feeling for the accuracy of the fluid

conditions calculated for the THTF rod bundle, graphical comparisons are

presented between calculated conditions and selected instrument responses

that were not used in the computation of boundary conditions for the cal-

culation. The parameters compared are the inlet volumetric flow (Fig.

4.42), the inlet density (Fig. 4.43), the bundle outlet fluid temperature
,

(Fig. 4.44) [ note that these are thermocouples located in the bundle

j ~2.54 cm (~1.0 in.) above the heated length; they are not thermocouples at -

| the test section outlet spool piece], and test section outlet pressure

(Fig. 4.45).
,

i

- - , , - - - . .-
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5. COMPARISON OF TEST 3.05.5B WITHs

'- EARLIER 711TF TESTS .

.

Prio't- to 1980, a number of DECLB simulations had been performed in -

the THTF' (Ref s. 4,15, and 16) . Most of these tests were aimed at deter-

sphipgsthe effects of various parameters, such as bundle outlet tempera-r-a

'ure and power, on the behavior of the FRS. As described in Sect. 2.1,''

th'e bundletinsthe THIF for these-te_sts had rod. diameter and pitch charac-
c .,

teristic of 15"i 15 PWR fuel assemblies. The rod bundle that was in-

stalled in the latter pert of 1979 has rod diameter and pitch characteris-

tic of 17,x 17, PWR fue1' assemblies. A question of interest to the NRC is

whether tDis {if ference in, acometry produced-any significant variations in
FRS !behav ior. This quest, ion is ' addressed in this chapter.

% ,\
Representative FRS surface heat fluxes and surfcce temperatures for

Test 3.05.5B were presented in Figs. 2.23-2.36. A statistical summary of
NN N

the key features of the FRS--hehs) Test'3.05.5B is contained in Table
5.1, and a description of the FRa . cath ~thsfgocouple naming convention is
contained in Table 5.2. Restrictions must.be placed on the power supplied *

to the FRS to avoid exceeding the rod temperature safety limit of 1089 E
w1 *(1500*F). 73ese restrictions make it impossible to attempt to simulate

1

maximum nuclear fuel rod clad temperatures with our FRS. The remainder of

this discu_ssion' will therefore bejfocused'on ti$e to DNB.
~

'

Upon braak initiation, $nbcooled depressuriestion causes the system
| 3. . s +,,

| pryasure to drop precipitously until it saturates-$he fluid at the test
<-s

'sec' tion outlet (Fig. 2.18). Fl ow at the test section inlet reverses it-
,

-hejf(Fig.2.17) immediately and begin's.Lo flow ' owar'd the inlet breakts
f

d*(at the inlet, negative flow implies flow y t of the test section; posi-
tive flow indicates flow in the same direct!nn as at steady state). Du r-

,t'
1 ing the first 2 s, the outlet flow (Fig. 2'.21), while dipping low, remains

AA
-

;

,out of the test section (i.e., positive, the samc ds,Section as the steadyp. m m
,N s
i \ state).1 Because: flow at both the inlet and thy outlet is out of the test

,

section,-a region of zero flow must exisi somewhere inside the test
~

,
sec-

tion. One would expect this region offlow flow to be conducive to DNB.
.

5 Because the times to'DNB form a uniform progression from shortest tog

#

longest as 'one moves f rom the top to {he bottom mof the 'uundle, one might
y -

-s 1

h , h \

._ 4y g

! 't .
'

} J' .

; >- .
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*
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Table 5.1. Time-to-DNB sur*..ry : all levels.

.

Number of sheath thermocouples Average time. Standard
Level to DNB

At this level Indicating DNB To DNB < 1 s (s) 4[*
"

1

A 19 19 2 ', 1.1319' I 0.30953'

B 40 40 8 ! 1.3835 0.145ft-
C 47 , 46 31 1.0004 0.J0590

( D 79 70 .' 46 0.9777 0.14f33
E 75 . 75 61 0.9040 0.14740*

'
F 43 42 38 0.7429 0.13658

'

G 20 20 19 0.6175 0.15 t'67

k \
!

Maximum time Thermocouple Nazimum Time to anzimum Thermocoupl e '

Level to DNB in maximum tempera ture temper ature to masisse -t

(s) time ('F) (s) temperatire/ y

A 1.3362 TE-325BA 1365.4 20.8986 TE-343BA
B 1.3759 TE-305AB 1387.4 17.9993 TE-343 BB S

C 1.2773 7E-321BC 1404.3 18.0493 TE-3 55 BC

D 1.3437 TE-321 BD 1435.8 21.2985 TE-3 50 AD

E '1.5388 7E-362AE 1359.4 16.7496 ,') TE-353 BE
F 1.1725 TE-3 28CF 1335.0 14.9998 TE-3 53 BF*

G 1.1868 TE-3 42 AG 1276.2 9.4999 TE-3 5800
''

-( , .

.

*
,

'

Table 5.2. Rod sheath thermocouple designations

.

Rod sheath thirmocouples are designated according to the
following scher e:

s

TE - 3 17 A D
a a A

L__ axiar thermocoupie s evei

___azimuthat thermocouple location

rod number
.

Thus, this designation refers to the sheath thermocouple
in rod 17 at level D, azimuthal location A. (Rod num-

- bers are shown in Fig. 2.4.)
'

<

.
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be inclined to suggest that the low-flow region is near the top of the

bundle. However, other factors may be responsible for the earliest time -

to DNB being at the uppermost level of the bundle (level G). Fluid at the

top of the bundle is hotter at break initiation and will saturate more *

quickly than fluid at the bottom of the bundle. Because the bundle's

axial power profile is uniform, this would lead one to expect higher fluid

enthalples and qualities in the upper bundle, and therefore earlier times

j to DNB. Thus, it seems reasonable to attribute the DNB behavior in the

experiment to a combination of the flow pattern, initial fluid temperature

profile, and flat axial power profile.

The times to DNB listed in Table 5.1 are al? within the range of

times to DNB observed in the tests performed with the earlier (15 x 15-

type) FRS bundle. The axial profiles of these times to DNB were, however,

somewhat different. In the first bundle, the upper portion tended to ex-

perience a relatively late DNB and in some cases no DNB at all. The

lower portions of the bundle experienced DNB earlier, but still not as

soon as the middle of the bundle, which had the shortest times to DNB.
~

This differenco in the locations thst first experienced DNB between the

earlier and current bundles is probably due to the difference in axial
.

power profiles.

The axial power profile in the earlier bundle (Fig. 2.10) is a

sharply peaked cosine distribution having a local-to-average power ratio

of 1.67 at the center and dropping all the way to 0.422 at the ends. The

flow pattern and inlet and outlet temperature for Test 3.05.5B were sini-,

lar to those of the earlier tests. How ev er, in the earlier tests the in-

. put power et the upper end of the bundle was too low to achieve the early
|

DNB seen in this test. Rather, the center of the earlier bundle, with its

i high power region, had times to DNB similar to those seen in the upper

bundle in Test 3.05.5B. In the earlier tests, the lower portion of the

bundle experienced earlier DNB than the upper portion, even though they
had the same local power levels, because of the flow pattern. In the ear-

_

lier tests, the region of low-to-zero flow was believed to reside slightly

above the middle of the bundle; as fluid flowed down through the high heat .

flux zone, it gained sufficient enthalpy and quality to eventually produce

{ DNB in the lower bundle, in spite of its lower local power. Thus, the
,

J

J
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difference in power profiles appears to be the probable cause for the oh-

served dif ferences in time to DNB.*

Because the times to DNB of Test 3.05.5B fall within the times to DNB
*

of tests with the earlier bundle and because the difference in the loca-
tion of the earliest times to DNB seems to be due to the difference in
axial power profiles, we may conclude that no differences in behavior have

been seen between the 15 x 15-type bundle and the 17 x 17-type bundle that
can be attributed to the difference in geometries. This does not mean
that such effects do not exist. A series of eight parametric tests was

needed with the earlier bundle to discern the effects of outlet tempera-

ture and power.** A similar parametric series might reveal same geometric

effects. All that can be said at this point is that any such effects are

not large enough to manifest themselves in the single DECLB simulation

test conducted with a 17 x 17-type bundle.

.
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6. CONCLUSIONS

.

On July 3,1980, an experiment, designated Test 3.05.5B, was per-

formed at the ORNL THTF that was intended to simulate the conditions that '

would occur in the core of a PWR during a DECLB accident. The obj ectives
of the experiment were to obtain data on time to DNB and to provido data

; that can be used to assess transient reactor analysis codes. The analysis

documented in this report is directed at the first of these objectives.

TWo types of calculations were performed to determine the relation-
,

ship of the times to DNB of the FRS in the experiment to the times to DNB

that would be experienced by a nuclear fuel rod exposed to the same hydro-

dynamic environment. Back calculations showed that nuclear fuel rods with

nominal or wide gas gaps between fuel pellet and clad could not have expe-

rienced the surface heat flux and surface temperature transients experi-

enced by the FRS. Forward calculations indicated that such nuclear fuel
!

rods would have experienced DNB earlier than did the FRS in the experi-

ment, if the nuclear fuel rods had the same initial power as did the FRS.

The forward calculation showed that a nuclear fuel rod with no gas gap and
"

with the same initial power would have experienced DNB Inter than the FRS.
.

When the initial power of the nuclear fuel rod differed from that of the

FRS, the results on time to DNB corresponded to the power: higher power
implied earlier times to DNB, and lower power implied later times to DNB.

If the hydrodynamic conditions that existed during the experiment could be

taken as characteristic of those of an actual DECLB accident, then these

results would indicate that the ends of the reactor core would experience

DNB Inter than the experiment (i.e., later than 1.1 s), while the middle

of the reactor core would esperience DNB earlier than the experiment

| (i.e., earlier than 0.6 s) .
l

i Calculations were made of the hydrodynamic conditions extant in the

THTF during the experiment and predicted to occur during an actual reactor

i accident. How ev e r, the uncertainties associated with these calculations
> .

are believed to be much too large to allow any conclusions to be drawn.

A comparison of the results of this experiment, which used an FRS -

bundle with 17 x 17-type geometry, to the results of earlier experiments,

.-. _ _ -- ._ _

. _ . - -- -.
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which used an FRS bundio with 15 x 15-type seometry, revealed no differ-
'

i ences in FRS behavior that could be attributed to the difference in geom-

etry. However, our ability to discern such effects is limited given only
~

one test in 17 x 17-type geometry.
i
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Appendix A
-

.

BACE-CALCULATION METHOD

(Reproduced from ORNL/NUREG/TM-400, Reference 12)#

A unique feature of PINSIM is its ability to determine the power

required to force a user-defined pin model to experience user-supplied

surface conditions. Relevant to this repor t is its ability to determine

the power,raquired to force a model of a nuclear fuel pin to experience
,

surface heat flux and surface temperature transients of an electric FPS.

H e calculational technique, referred to here as "back calculation," is

described briefly in the following paragraphs.;

De parabolic differential equation used to model the transfer of

heat in a solid with an internal heat source is

OT.. .. .

V K7T + q' ' ' = p C . (A.1)
p at

.

Integration of Eq. (A.1) over an incremental volume Y yields
g

T( -. g*
. .

i i i+ J v, 91' ' dV i Jv pC ^*
J , v * k vT

dV -

g p 8t i*
i gy

1

pg, and 8T /at are all constant over VgAssuming that 4{'', p , C reduces
g g

Eq. (A.2) to
>

ST

IkNMg+k{''V =pC V ^**
3 g p i aty g

Application of the divergence theorem to the first term allows this result

to be written as

ST-

k iT.dA + q' ' 'V =pC V ^**
A g g gp i at

g

Restricting the application of these results to cylindrical geometries

allows expansion of the gradient of T in cylindrical coordinates. This

. - - - _- -
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yields
.

[aT 1 8T OT h aTg

k + * * ' "PC V M.5)g i ar rU * 8Z ) i gp g 3t
-

.

g

By assuming that smial and azimuthal temperature gradients are insignifi-
cant when compared with the radial temperature gradient, one can reduce

Eq. (A.5) to

BT OT

g g 7.d5 + q' ' 'V =pC V ^*''k *
g g i at

With the assumption that k (8T/ar) is a function of r and t only, Eq.
g

(A.6) reduce s to

OT BT OT
i

g h in E + 9'''V "P C V2nr, k,Z, p - 2nr , k Z * *
i g i at

# I'o in .

Assume now that the volumetric properties of the incremental volume
,

V are located in space on a surface of no thickness at a radius r . His
g g

surface is referred to as a " node." This assumption requires that the

heat flow between adj acent nodes be constant at any r between the nodal
radii. Thus,

OT T -T
g g

(A.8)r ,

out ar in (rgg/r ), g
out

and

BT T _1 -Tg g ,

(A.9)# in Er " In (r / r _g) .

g g

This assumption also allows us to write
,

aT T (t) - T (t - At)g i g

(A.10"
.

at At

_., ._. _
_ , - _ _ _ _ . _ _ _ _ _ - - . - _ . - -
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Inserting the relationships (A.8), (A.9), and (A.10) into Eq. (A.7) yields
.

1-1, i " 1,1+1 "
(T ,3 -T)

- T _g) + in (r_g/r )
* - (T g gg _g_ _

in (r /r _ )g g

+ q' ' 'nZ( rj r j_3) = pC nZ( rj r j_3 )

T (t) - T (t - At)g g

^*x *

At

Factoring out nZ and using an implicit formulation allows Eq. (A.11) to be
written as

1-1,1
- [T (t) - T _3(t)]3 g_ _

(n (r / r _g)g g

i, i+1

[T ,g(t) - T (t)] + h ''(rj rj_g)
-

+
_ g g g_

In (r ,g/r )g g
.

T (t) - T (t - At)g g

(A.12)= pC (rj rj_g) At
.

i

Collecting terms in Eq. ( A.12) yields

25 _3,g
'

25 _g,g
-

pCpg(rj rj_g)gg

T _3(t) +
-

j g _ __ _

fn (r /rf n (r /r _g)_
_

g i-1g g
,

25
i, i+1 g , g,1

| in .rg/r ) in (r
_ Tpy(t)| T (t) +

_g/r )g_
-

g_ _

g

.

PCpg(rj rj-1)
f" ,

T (t - At) ( A.13)= q 'g ' ' (rj rj_g) - At g
' .

|
. .

i

-, - - -p
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Equation (A.13) may be conveniently written as

~
__ _

AT=B, ( A.14)

._

where 4. is the tridiagonal coefficient matrix of the system:

0 0 0 0 0 -0 0 . . .. , , , e,,,
0 0 0 0 0 0

2d *2 ,2 *2 . 3
e . . .

0 e .2 *3 J '3.4 * *
3

. . . . . . . . . . .

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

. . . . . . . . . . . .

a e 0 00 0 0 0 e ,_3 , ,4 r y ,,_3 n-3 . a-2. . .

00 0 0 0 O s * *
2. e-1. . . o-2.e-3 a-2.m-2 s-

0 0 0 0 0 0 e * * 1.m. . . s-l . e-2 n- 1, a- 1 m-

0 0 0 0 0 0 0 e a. . ,, ,

where

_ .

2k pcPi(r8i r *1-1 ) 2k-

i-1,1
a = - - -

1,1+ 1
(A.16)g, g _ ,, _ _

,

in (r /r _g) At in (r ,y/r ) *
g g g g

2k
i, i+1

(A.17)a =
_ _

,g, p
In (rgg/r )g

! i-1,i
( A.18)a =

! g , g_3

_1-1)
,

fn (r /r'

l i

(

2k pcPn(r8 r8n-1)n-1,n n
a = -

n, n - -

in (r /rn-1) At
a

.

! - 2/[1/r h (t + At)] + [In (r /r )/k ] ( A.19).nf n n n
.

,a - -- ,.
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!

1
i 101 *

; r
i

1

T is a column vector of anknowns (modal temperatures at time t):
r .

t _ _

T
1

,

T
1 2
4

*
:
3

.

.

f a !
*

1

;

I' T
i-

; 7= (A.20) |.

1
1 e

i

|
,

.

I
T
v2 ,

,
,

T
: el
4

! T*

_ a ._
!
:

I * B is a column vector of knowns:
!

_ _

b -

1 -

i b
: 2

r

: 3
i

! -

:

t i= ( A.21) .

. .

|
!

*

I

. b r
! n-2

. .
n-1

| b
! La _
. .
t

h-
t.

t ,

'
,

i
I

5

h

!

a

.-, - . w - - _ , - - - - - .-.m .. .-_-e._..- . . . . . . - . . . _ - . . . . ~ , , _ . - - , . - . . , - -,. - _...-,-,..me- , . .-.,-....mm- %.- - - - - . < , ~ . .... .-- ..w. .-,--,w-. ..,..w ---
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If the nodal heat generation terms l''' are expressed as fractions of thel

total heat generation rate 6, such that -

F d = y'' , (A.22)g ,

the elements of the B vector may be written

pCg pg(rj rj-1.

b = -F d rj rj_g) - At i
t - At), i < n. (A.20i g

. .

and

. .

b = -F Q(r8 r8 )-
" " " "

1 fn(r /r )n n

rha f(t) k
n .

'p Cn Pn(r8 n-1 } -
sr

n
x T (t - At) - * ~ A*' ^*b . At - n *

~

The back-calculational method is iterative and is based on the
assumption that the radial and axial power distributions of the pin are

fixed and known. The method is illustrated schematically in Fig. A.1.
The matrix form of the conduction equation is given in Eq. (A.14);

this equation may be written for a single node as

(A.25)' i ,1-1 1-1 + "i, i i + * i, i+1 i+1 + i i.
"

Assuming that node k is the outermost heat generating node, F for all
g

nodes i ) k will be zero. If the outermost node is node a, Eq. (A.25) for

node a reduces to

a Tg + a, T, = b, . (A.26) -

*

Ifeat transferred between the outermost node and the fluid may be expressed

_. _ _ _ _ _
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Fig. A.1. S*.mplified back-calculation method.

as

! .
t
i

1 in(r /r )a a-

+ (A.27)T =TW + q''
rh k .

a
sf a

. .

}

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

The temperature of the outermost node on the specified IcVel of the |

pin is determined by Eq. (A.27), and the temperature of the next inner -

node is determined by solving Eq. (A.26) for T,_3 Equation (A.25) is
~

then solve 6 for each successive inner node (T _g, beginning with i =
g

m - 1) until a heat generating node (F 60) is reached. A matrix system
g

is then constructed that has the form

-- -

A B" B*B

where

_

0 0 F _*1,1 *1,2 3

0 F"2 ,1 *2,2 "2 ,3 2

0 a F
3,2 "3 ,3 *3 ,4 3

. . .

. . . . ._

%- ,

. . . . . .

. . . . .

.

0 0 a
k-1,k-2 *k-1,k-1 k-1

0 a

[ k,k-1 k
_

,

~T
-

3

2

3

i, (A.28), ,

k-2

Ik-1

0 .
-

- - _ . _ _ _ _

. -- . _ _ _ _ - -
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i
and

.
- -

1

b~

2

3

._

B = .y
.

.

k-1 ~ "k-1,k k

,k ~ "k, k k ~ * k , k+ 1 k+ 1_

The solution is determined by inverting the matrix. The conduction equa-
tion matrix is then reformulated, using " iteration-averaged" nodal tem-

peratures, defined as

d~
. - T1+Ti

( A.29)T = ,

i 2

.

where j is the ituration counter.

An energy-balance error is calculated for each node as
._- _

T (A.30)g,g,3 g,3 + F Q - bg.e a T T
g g,g_g g_3 + ag, g g + aError g

If any Error is greater than a user-supplied value, the iteration is
g

repeated, beginning with a recalculation of the temperature of the outer
node. If all errors are smaller than the user-supplied limit, the pin

power is determined by dividing Q (determined by inverting the matrix) by
the level's axial power fraction; system power is then simply the pin
power multiplied by a user-supplied f actor.

.

g.

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