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SUMMARY

Three mildly transient film-boiling heat transfer experiments (tests
3.03.6AR, 3.06.6B, and 3.08.6C) were performed at the Oak Ridge National
Laboratory (ORNL) in the Thermal-Hydraulic Test Facility (THTF). These
tests had several purposes, including obtaining transient film-boiling .
heat transfer data in rod bundle geometry for assessing film—boiling heat
transfer correlations used in transient reactor analysis codes. The ex-
periments were high—-pressure and high—-temperature transient tests with -
water flowing upward through an 8 x 8 rod bundle. The rod bundle used in
the experiments contained four unheated rods and had a flat axial power
profile. The heated pin diameter, rod pitch, and ratio of heated to un-
heated rods are typical of later—generation pressurized-water reactors
with 17 x 17 fuel assemblies. The bundle is highly instrumented with
thermocouples, and two flow measurement sites are at each end of the test
section containing the rod bundle.

Equilibrium bundle fluid conditions have been calculated for the
transient film-boiling experiments for use in the assessment of film-boil-
ing heat transfer correlations. The fluid conditions were calculated from
a homogeneous two—phase flow and thermodynamic equilibrium thermal-hydrau-
lics code.

Calculated bundle fluids, level-average rod surface conditions, ex-
perimental heat transfer coefficients, and the dispersion in the exper1—
mental heat transfer coefficients are presented for all three ORNL trans—
jent tests. The burnout quality vs time is also presented for each test.
These data should provide valuable input for the development of d1spersed—
flow filmboiling correlations.

Comparisons were made between exper1menta11y‘determined heat transfer
coefficients (or surface heat fluxes) and heat transfer coefficients (or
surface heat fluxes) calculated using six film—boiling correlations:

. Dougall-Rohsenow,

Dougall-Rohsenow (with Prandtl number evaluated at the wall tempera-
ture, as used in RELAP4-MOD7),

Groeneveld 5.9,

Groeneveld 5.7,

Groeneveld-Delorme, and

Condie—Bengston IV,

N
* ] ] L ]

AN dWw

"The heat transfer coefficients predicted by ‘the Dougall-Rohsenow cor—
relations are often high (by as much as a factor of 2.5) compared with all
experimentally determined heat transfer coefficients discussed in this
report. This overprediction is probably a result of the thermodynamic
nonequilibrium in the flow. Since each of the Dougall-Rohsenow correla-
tions is basically a Dittus—Boelter correlation for the vapor (ignoring
the entrained dispersed droplets), the use of equilibrium quality, which
is the common practice, results in an error in ‘the vapor Reynolds number
used by the correlation. Thus, the heat transfer coefficients produced
are in error, The Groeneveld 5.7, Groeneveld 5.9, and Condie—Bengston IV
correlation predictions tend to be in general agreement with the data,
while the Groeneveld-Delorme correlation underpredicts the experimentally
determined heat transfer. Analysis of data from steady-state film—boiling
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experiments (THTF Test Series 3.07.9) conducted at ORNL indicates very
good agreement between the steady—-state results and the results of the
three ORNL transient film-boiling experiments.

Uncertainties in rod surface conditions and bundle fluid conditions
were calculated for test 3.06.6B, which permitted the caiculation .of un—
certainties in cbrrelation—predicted heat transfer and experimentally de-
termined heat transfer. Typical uncertainties in the calculated rod sur-
face conditions (defined as one standard deviation) are: o (rod surface
temperature) of ~5.5 to 8.3 K (10 to 15°F) and o (heat flux) of ~15%.
Typical uncertainties in the calculiated fluid conditions are: o (pres—
sure) of ~0.14 MPa (20 psi), o (saturated fluid temperature) of ~1.1 K
(2°F), o (equilibrium quality) of ~15%, and o (mass flux) of ~15%. Uncer-—
tainties in correlation—predicted and experimentally determined heat
transfer coefficients are on the order of 15%.

- An advanced two—fluid thermal-hydraulics code was used to examine the
thermodynamic nonequilibrium in the three ORNL transient tests, Signifi-
cant thermodynamic nonequilibrium was calculated for tests 3.03.6AR and
3.06.6B. Significant thermodynamic nonequ111br1um was not calculated for
test 3.08.6C until late in the transient.




AN ANALYSIS OF TRANSIENT FILM BOILING OF HIGH—
PRESSURE WATER IN A ROD BUNDLE

D. G. Morris C. B. Mullins~
G. L. Yoder .

ABSTRACT .

The following six dispersed-flow film-boiling correla—
tions were assessed using data from three ORNL transient film—
boiling experiments conducted in the THITF:

. Dougall-Rohsenow,

Dougall-Rohsenow (with Prandtl number evalnated at the
wall temperature, as uosed in RELAP4—MOD7)

. Groeneveld 5.9,

. Groeneveld 5.7,

. Groeneveld-Delorme, and

. Condie—Bengston IV.
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The correlations were evaluated with bundle fluid conditions .
calculated using a homogeneous two—phase flow and thermody—
namic equilibrium thermal-hydraulics code.

Comparisons made between experimentally determined heat
transfer coefficients and the individual correlations’ heat
transfer coefficients indicate that (1) the Dougall-Rohsenow
correlations often overpredict the heat transfer coefficients;
(2) the Groemeveld 5.7, Groeneveld 5.9, and Condie-Bengston IV
correlations tend to be in general agreement with the data;
and (3) the Groeneveld-Delorme correlation underpredicts the
data.

Equilibrium bundle fluid conditions are reported along
with fuel rod simulator surface temperature and heat flux.
Calculated experimental heat transfer coefficients are also
reported.

Uncertainties are reported for calculated heat transfer
parameters for one of the transient tests.

Thermodynamic nonequilibrium in the three transient tests
was examined with an advanced two—fluid thermal-hydraulics
code.

1. ' INTRODUCTION -

Three transient film-boiling heat transfer experiments have been con-
ducted at the Oak Ridge National Laboratory (ORNL) Thermal-Hydraulic Test
Facility (THTF). The purposes of the experiments were to: (1) obtain
transient heat transfer data for film boiling in rod bundle geometry to be



used in assessing or developing film-boiling heat transfer correlations
for use in transient reactor analysis codes, (2) obtain data in the high-—
.flow film-boiling data ranges requested by the Nuclear Regulatory Commis—
.:sion (NRC). Office of Nuclear Reactor Regulation, (NRR) (Ref. 1), and-
(3) provide.a benchmark for transient reactor analysis codes. The purpose
of this report is to présent an evaluation of rod bindle post—critical
heat flux (CHF) heat transfer in the dispersed-flow film-boiling regime.
.Dispersed-flow film boiling has been studied extensively for the past
20 years. This heat transfer regime is important in the design of steam
generators and cryogenic systems, and over the past decade it has been
identified as an important regime to quantify in nuclear power reactor
safety. Most of the data available are from experiments employing simple
geometries such as tubes or annuli,? Experimentation in rod bundles is
much more expensive, requires extensive instrumentation of the rod bundle,
and increases the risk of heater element failure. Nonetheless, film-boil-
ing data in rod bundle geometries are needed for more accurate development
of heat transfer models for use in reactor safety analyses.

In early experimental studies, the hypothesis was made that dispersed-
flow heat transfer depends intimately on thermal nonequilibrium effects,?
which are affected by mass flux, heat flux, geometry, and quality at dry-
out.* Thermodynamic nonequilibrium is characterized by droplets near or
at the saturation temperature dispersed in superheated steam. This occurs
because the heat transfer from the wall to the fluid is primarily to the
steam, thus superheating it. For the steam to remain in thermal equilib-
rium with the droplets requires that all the wall heat flux go into drop-
let vaporization. Since this does not occur, the actual mass flow rate of
steam is less than that calculated by equilibrium considerations, and the
effective sink temperature or steam temperature is higher than the satura-—
tion temperature.

Collier? has noted that three types of correlating procedures have
been adopted to account for dispersed—flow heat transfer:

B 1. Empirical correlations that make no assumption about the mecha-
nisms involved in post—dryout heat transfer, but attempt a solely func-
tional relationship between the heat transfer coefficient (assuming the
coolant is at the saturation temperature) and the independent variables.

2. Correlations that recognize that departure from a thermodynamic
equilibrium condition can occur and attempt to calculate the "true" qual-
ity and vapor temperature. A conventional single-phase heat transfer cor-
relation is then used to calculate the heated wall temperature,

3. Semitheoretical models where dtteqpts have been made to derive
equations for the various individual hydrodynamic¢ and heat transfer pro-—
cesses occurring in the heated channel and relate these to the heated wall
temperature.

Type~1 correlations are the most commonly used in reactor safety
studies. Thése correlations usually perform well when applied to geome-—
tries and conditions that are similar to the data base from which the cor-
relation was regressed. When the correlations are applied outside their
range of applicability, they will probably not account for shifts in the
degree of thermal nonequilibrium and therefore caniiot account for the heat
transfer appropriately. Assessments of type—1 correlations currently in



use by the reactor safety community have been made using tube data at the
Idaho National Engineering Laboratory.® This report presents similar as-—
sessments using 8 x 8 rod bundle data. The final analysis of these data
is presented in this report, preliminary analysis having been presented
earlier,~% -An assessment of type—1l correlations using rod bundle data
from the facility at Columbia University?® does not concur with the ORNL
studies, , :
Type—2 correlat1ons attempt to account for nonequil1br1um more ex-—
plicitly. A recent paper written by researchers at Lehigh University,?°
where actual measurements of nonequilibrium are being made, indicates that
much work is needed to improve type—2 correlations. In addition, in a
1976 report by Richlen and Nelson,2* a type—1 correlation by Groeneveld
was recommended over the nomequilibrium or type—-2 correlations available
. at the time.

A number of type—3 models have been developed at the Massachusetts
Instxtute of Technology. These models usually give the most accurate
results but are too cumbersome and involved for implementat1on in large
reactor safety codes.

In this report, the following six correlations are evaluated:

1. Dougall-Rohsenow (Ref. 12),

2. Dougall-Rohsenow (with Prandtl number evaluated at the wall tempera-
ture as used in RELAP4-MOD7) (Ref 13),

3. Groeneveld 5.9 (Ref. 14),

4., Groeneveld 5.7 (Ref. 14),

5. Groeneveld-Delorme (Ref. 15), and

6. Condie-Bengston IV (Ref. 16).

The experimental data were obtained from high-pressure, high—-temperature
mildly transient tests with water flowing upward through a rod bumdle.
The correlations are assessed over a range of thermal-hydraulic condi-
tions. These conditions and the range requested by the NRC-NRR are shown
in Table 1. The bundle fluid conditions used in the evaluation were cal-
culated from a homogeneous two—phase flow thermodynamic equilibrium com-
puter program.1? Uncertainties are reported for calculated heat transfer

Table 1. THTF upflow film—boiling data ranges

Parameter ~ 'NRC requested _ Obtained ORNL tests

Mass flux, kg/s-m? 2714069 - 129-1090
(1b_/h-£t2) (2 x 105-3 x 106) (9.5 x 104—8 x 10%)
Equilibrium quality, % 0-100 ~15-150
Pressure, MPa (psia) 4.,14-18.6 5.17-12.4
(600—2700) (750-1800)
Heat flux, kW/m? 31.5-3150 1601100

(Btu/h-ft3) (104—109) ' (5 x 104-3.5 x 10%)




parameters for test 3.06.6B, the most severe transient. Thermodynamic non-
equilibrium in the three transient tests was calculated with an advanced
two—fluid thermal-hydraulics computer code,?2?®

Chapters 2 and 3 of the report .contain descript1ons of the THTF and
the experimental procedure, respectively. The test phenomenology is pre-—
sented in Chap. 4. Chapter 5 reports the results of the analysis includ-
ing (1) the procedure used to calculate equilibrium bundle fluid condi-
tions, (2) the calculation results, and (3) correlation comparisons per-—
formed with the equilibrium fluid conditions. The results of the uncer-
tainty analysis for test 3.06.6B are also contained in Chap. 5. Lastly,
Chap. 5 contains a discussion of thermodynamic nonequilibrium and the re-—
sults and method used to calculate nonequilibrium bundle fluid conditions
with an advanced thermal-hydraulics computer code. Report conclusions are
presented in Chap. 6. Appendix A contains a typical model listing used to
calculate equilibrium bundle fluid conditions., Calculated film-boiling
data are contained in Appendix B. The THTIF steady-state film-boiling re-
sults are presented in Appendix C. Appendix D contains a description of
the method used and the uncertainties calculated for test 3.06.6B. Typi-
cal test section model listings used to calculate nonequilibrium bnndle
fluid conditions are presented in Appendix E.




2. FACILITY DESCRIPTION

The THIF is a highly instrumented nonnuclear pressurized-water loop
containing 64 full-length [3.66-m (12-ft)] rods arranged in an 8 x 8
bundle; 60 of the rods are electrically heated. Tests 3.03.6AR and
3.06.6B were conducted with the THIF in the configuration shown in
Fig. 2.1. A simplified diagram of the THIF in this configuration is
provided in Fig, 2.2, The configuration used for test 3,08.6C differed
slightly from that used for tests 3.03.6AR and 3.06.6B because the pres-—
surizer was connected to the pump bypass line. This movement of the pres—
surizer had no significant effects on test 3.08.6C but had been done for
prior ORNL steady—state tests conducted in the THIF. Figure 2.3 contains
a system line drawing showing piping size and run lengths for the THIF in
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Fig. 2.2. Diagram of THTF.

standard configuration. A cross section of the portion of the THTF con-
taining the rod bundle is shown in Fig. 2.4.

_ Rods 19, 22, 36, and 46 are the four unheated rods in the 8 x 8
‘bundle (Fig. 2.5). Rod 32, normally a heated rod, was not operable for
‘test 3.08.6C. Rods 19 and 22 contain thermocouples that extend a short
distance from the rod surface into the fluid and thus measure in-bundle
fluid temperature. In-bundle fluid temperature is also measured using
thermocouples mounted on the spacer grids located as shown in Fig. 2.6(a
‘and b). The axial locations of the fuel rod simulator (FRS) thermo-
couples are also shown schematically in Fig. 2.6(a and b). The FRS
thermocouple levels between E and F and between F and G were not present
in test 3.03.6AR. The heated-pin diameter is 0.950 c¢m (0.374 in,), un-
heated—pin diameter is 1.02 cm (0.401 in,), and rod pitch is 1.27 cm
(0.501 in.) on a square lattice, which is typical of later generation
PWRs with 17 x 17 fuel assemblies. The bundle hydraulic and heated
equivalent diameters are 1,06 and 1.38 cm (0.0348 and 0.0453 ft), re—
spectively. The axial power profile is flat. Figure 2.7 shows a cross
section of a typical FRS,
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During steady-state operation of the THTF, fluid flows from the pump
(Fig. 2.2) through two flow—control valves, through the horizontal inlet
spool piece, past the inlet rupture disk assembly, and through a vertical
spool piece before it enters the external downcomer. The fluid then
passes through two spool pieces in the downcomer before it enters the test
"section, where it is heated as it flows past the rods. The fluid leaves
‘the test section from the upper plenum, passes through the three outlet
" spool pieces, through the heat exchangers, and returns to the pump. Blow-
down is initiated in the THIF by forcing the rupture disk(s) to open.
Effluent passing through the rupture disk(s) enters the pressure suppres-—
"sion tank., In the ORNL film-boiling experiments only the outlet rupture
disk assembly was opened.
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3. EXPERIMENTAL PROCEDURE

The first step in executing the transient film-boiling experiments
was to establish the desired steady-state conditions in the THTF. Test
section steady-state conditions prior to transient initiation for each of
the tests are shown in Table 2. The high-pressure and —-temperature condi-
tions provided an appropriate starting point for obtaining the desired
transient dispersed—flow film-boiling data. Under these steady—-state con-
ditions, no rods were in film boiling.

Table 2. Steady—state conditions prior to transient initiation

Parameter Test _
3.03.6AR 3.06.6B ‘ 3.08.6C
Inlet flow, m?/s (gpm) 1.8 x 10-2 (285) 7.9 x 10-? (125) 8.2 x 10-3 (130)
Inlet fluid temperature, K (°F) 540 (512) 547 (526) 538 (509)
Outlet fluid temperature, K (°F) 590 (602) 610 (638) 598 (618)
Bundle power, MW 4 2.3 2.4
Outlet pressure, MPa (psia) p 14.1 (2065) 14.8 (2165) 12.8 (1870)

Once steady—state conditions were achieved, the transients were ini-
tiated by breaking the outlet rupture disk assembly (Fig. 2.2). An out-
let break area of 3.763 cm? (0.583 in.2?) was used for tests 3.03.6AR and
3.06.6B, while an outlet break area of 3.135 cm? (0.486 in.?) was used for
test 3.08.6C. Although the THTF has a rupture disk assembly at both the
outlet and inlet, unidirectional flow through the test section, inlet
spool pieces, outlet—nozzle spool piece, and vertical outlet spool piece
was ensured throughout the transients by breaking at the outlet only. The
unidirectional flow in the instrumented spool pieces and rod bundle facil-—-
itates the calculation of accurate fluid conditions in the rod bundle dur-
ing the transients.

Following the breaking of the outlet rupture disk, bundle power was
ramped up from the initial levels to near maximum power levels over a
short time interval (Figs. 3.1, 3.2, and 3.3), The rapid and large in~
crease in power caused the bundle to dry out quickly. In test 3.03.6AR
and 3.06.6B, the pump was tripped at transient initiation. To prolong the
duration of film boiling for these tests, bundle power was maintained at
high power levels for a few seconds, then reduced. In test 3.06.6B, the
high-temperature rod trip subsequently shut the power off at ~10.5 s.

The pump was left on during the first ~20 s of test 3.08.6C. Bundle
power was maintained at a high power level through ~21 s and then reduced
slowly. This procedure resulted in.a mild transient with essentially con-
stant mass flow and heat flux through much of the first 20 s of the tran-
sient.

During the transient, data were taken by a computer—controlled data
acquisition system (DAS) capable of scanning 2000 instruments at a rate
of 20 data points per instrument per second.
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4. TEST PHENOMENOLOGY

As mentioned previously, the transients were initiated with the
breaking of the outlet rupture disk (time: 0.0 s). At the initiation of
the transients an almost instantaneous subcooled decompression occurred
from the steady—-state operating pressure to the saturation pressure cor-
responding to the outlet fluid temperature (Figs. 4.1—4.3). Since the
break was at the outlet only, flow through the test section, outlet-nozzle

spool piece, and external-downcomer spool pieces remained unidirectional
throughout the transients (Figs., 4.4—4.9). A high, almost constant inlet
volumetric flow rate was'maintained through ~20 s of test 3.08.6C while
the pump was running (Fig. 4.8). Fluid at the external-downcomer spool
pieces remained subcooled through 17.5, 15, and beyond 30 s for tests
3.03.6AR, 3.06.6B, and 3.08.6C, respectively (Figs. 4.10-4.15). Fluid at
the bundle outlet saturated almost instantaneously with the breaking of
the outlet rupture disk (Figs. 4.16~4.21).

In test 3.03.6AR the first rod bundle temperature excursion was re-—
corded at ~3 s in the uppermost part of the bundle [Fig. 4.22; Table 3,
and Figs. 2.5 and 2.6(a and b) for thermocouple locations]. As time
progressed, more of the bundle underwent departure from nucleate boiling
(DNB) (Figs. 4.23 and 4.24). At the midplane of the bundle (level D)

Table 3. Rod-sheath thermocouple designations

Rod-sheath thermocouples are designated accoiding to one of the
following two schemes:

1. TE—3 17 AD
axial thermocouple level
azimuthal thermocouple location
rod number

2. TE — 3 54 F8

axial thermocouple level

rod number

Thus, this first designation refers to the shéath thermocouple
in rod 17 at level D, az1mutha1 location A [see Figs. 2.5 and
2.6(a and b)]. If the thermocouple des1gnation ends with a
number, then this designation refers to the sheath thermocouple
in rod 54 at level F8 [see F1gs. 2.5 and 2.6(a and b)].
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sporadic DNB and rewetting are observed after ~4.5 s (Fig. 4.25). The
highest rod-sheath thermocouple temperatures [950 K (1250°F)] were ob-
served at level G (Fig. 4.22),

In test 3.06.6B the first rod bundle temperature excursion was re-
corded at ~3 s at level G (Fig. 4.26). As time progressed, more of the
bundle underwent DNB (Figs. 4.27-4.30). Level B sheath thermocouples
indicated no film boiling (Fig. 4.31). A larger portion of the bundle
experienced DNB in test 3.06.6B than in the other two tramsients, ‘The
highest rod-sheath thermocouple temperatures [1144 K (1600°F)] were ob—
served at level G (Fig. 4.26).

In test 3.08.6C the first rod bundle temperature excursion was re-
corded at ~2.5 s at level G (Fig. 4.32). As time progressed, more of
the bundle underwent DNB (Figs. 4.33 and 4.34). Thermocouples at level D
indicated no DNB (Fig. 4.35). The highest rod-sheath thermocouple [1100 K
(1520°F)] was observed at level E (Fig. 4.34).
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5. ANALYSIS OF EXPERIMENTAL DATA

5.1 Equilibrium Bundle Fluid Conditions and Analysis

The analysis of raw data obtained in the ORNL transient tests is per—
formed to evaluate dispersed-flow film-boiling correlations and compare
their results with experimentally determined heat transfer coefficients or
heat fluxes. Correlation comparisons permit the recommendation of parame-
ter ranges in which the correlations can be expected to perform well in

the dispersed-flow film-boiling regime,

5.1.1 Calculational procedure

The calculational procedure used to analyze the raw data is shown via
a flow diagram in Fig. 5.1. The analysis begins with the creation of an
engineering units data tape from the raw voltage tape that contains the

ORNL-DWG 81-22839 ETD
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Fig. 5.1. Calculational procedure.
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actual instrument responses in millivolts, A computer code has been writ-
ten to perform this task. Next, the FRS transient surface temperature and
heat flux associated with each sheath thermocouple are calculated. This
calculation is performed by the computer code ORINC (Ref. 19), which
solves a finite—-difference inverse formulation of the transient heat con—:
duction equation. The computer code AMICON (Ref. 20) was written to cal-
culate the fluid conditions in selected spool pieces. Two important pa-—
rameters supplied by the code are the fluid enthalpy and mass flux at the
external-downcomer inlet spool pieces. These parameters are used to
create (via the computer code FILLGEN)21 a time—dependent fill table that
is one of the boundary calculations used in the bundle fluid conditions
calculation. A second boundary condition is created that supplies the
time—dependent fluid conditions in the horizontal outlet-nozzle spool
riece. The fluid condition specified is pressure. The final boundary
condition necessary in the bundle fluid conditions calculation is the FRS
surface heat fluxes. The ORINC-calculated surface heat fluzes are used to
formulate this boundary condition with the computer code RELBND (Ref. 22).
Three boundary conditions are used in the homogeneous two—phase flow

thermodynamic equilibrium computer code RLPSFLUX to calculate the bundle
fluid conditions., The RLPSFLUX codel? is a locally modified version of
RELAP4/MODS5/Update 2 (Ref. 23). The modification involved the replacement
of the RELAP4/MODS heat transfer package with software that supplies the
FRS surface heat fluxes calculated with ORINC, Clearly, then, no film-
boiling heat transfer correlations (or other heat transfer correlations)
are used to calculate FRS heat transfer in the RLPSFLUX bundle fluid
conditions calculation. The noding diagram of the THTF test section for
the calculation of bundle fluid conditions is depicted in Fig. 5.2. At
Junction 27 (J27 in Fig. 5.2), which models the test section inlet, the
fill boundary condition was specified. . Outlet pressure, the time—depen-—
dent volume boundary condition, was specified in Volume 26 (circled 26 in
Fig. 5.2). '

~ With the calculated bundle fluid conditions, heater rod surface heat
flux, and surface temperature, an experimental heat transfer coefficient
can be calculated as described in the following equation:

dexp

hex =T - T ’

P surf fluid
where

oxp = level-average experimental heat transfer coefficient,
;; = level-average rod surface heat flux,
surg = level-average rod surface temperature,

Tfluid = saturated fluid temperature. '

The calculated bundle fluid conditions also permit the evaluvation of film-

boiling heat transfer correlations to obtain correlation-predicted heat

transfer coefficients (h___) or surface heat fluxes (q'’ ) for comparison
c cor

with experimental values.
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Calculated bundle fluid conditions, level-—average rod surface condi-
tions, experimental heat transfer coefficients, and the dispersion in the
experimental heat transfer coefficients are presented in Appendix B for
all three ORNL transient tests., The burnout quality is also presented in
Appendix B.

5.1.2 Calculation results

Calculated volumetric flow one node downstream of the inlet mass flux
boundary condition is compared with the measured volumetric flow in the
external-downcomer spool piece (Fig. 2.2) for each of the transient tests
in Figs., 5.3—5.5. The fluid entering the test section is subcooled
through 17.5, 15, and 30 s for tests 3.03,6AR, 3.06.6B, and 3.08.6C, re-
spectively (Figs. 4.10-4.15). A comparison between the calculated and
measured inlet density for the transients is shown in Figs. 5.6—5.8.

Since film-boiling data are presented and analyzed only when the inlet
fluid is subcooled, the ~1-s delay in the prediction of saturated condi-
tions at the inlet in test 3,06.6B is of no consequence. Calculated pres-—
sures at the inlet to the test section (Vol, 1) are compared with those
measured in Figs, 5.9-5.11, The comparisons show excellent agreement
because outlet pressure is a boundary condition. The calculated upper—
bundle fluid temperatures are compared with measured upper-bundle fluid
temperatures in Figs., 5.12—-5.14, Figures 5.15-5.17 show the calculated
volumetric flow at Junction 24 overlaid with the volumetric flows measured
by the turbine meter in the outlet-nozzle spool piece. Comparing the cal-
culated outlet volumetric flow with that measured gives some indication of
how well the calculated equilibrium bundle fluid conditions approximate
the actual bundle fluid conditions since the outlet turbine meter response
is not used in the calculations. However, this comparison is not defini-
tive since thermodynamic nonequilibrium in the flow can cause a difference
in volumetric flow for a given mass flow. The outlet volumetric flows in
test 3.06.6B tend to be higher than those calculated. As will be de-—
scribed in Sect. 5.3, this suggests the existence of significant thermo—
dynamic nonequilibrium in the flow. The flow comparisons in test 3.08.6C
show excellent agreement between experimental and calculated outlet volu-
metric flow. This suggests that thermodynamic nonequilibrium effects are
less significant in test 3.08.6C. The actual steam temperature (i.e.,
that which accounts for the thermodynamic nonequilibrium), and therefore
the actual quality, actual steam density, and actual volumetric flow, can-
-not be calculated with an equilibrium thermal-hydraulic model. However,
those parameters not influenced (or influenced little) by thermodynamic
nonequilibrium can be calculated accurately. Such parameters include
pressure, saturation temperature, total mass flux, and equilibrium qual-
ity. Equilibrium quality is defined as the quality that would exist if
the fluid were in thermodynamic equilibrium and thus is not equal to the
actual quality. The quality calculated by the computer model using equi-
librium assumptions is thought to accurately predict the fluid quality had
the fluid been in thermodyrnamic equilibrium., Note that the correlations
evaluated in this report were designed for use with equilibrium fluid con-
ditions and are generally used this way in reactor safety analysis, ’
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5§.1.3 Correlation comparisons

The six dispersed-flow film-boiling correlations evaluated in this
report are:

1. Dougall-Rohsenow (Ref. 12) -—

K

h = 0.023 _£ Pr® -4
De g

»

p
Re [x +-£ (1 - x)]
8 Pe

2. Dougall-Rohsenow (with Prandtl number evaluated at the wall tempera-—
ture, as used in RELAP4-MOD7) (Ref, 13) —

K Pg
h = 0,023 £ Pr%-4 !Re [X + (1 - X)]
De w g [

f

3. Groeneveld 5.9 (Ref. 14) —

K p 0.9%901
0.00327 =% pri.33 |Re [x +-£ 1 - x)]
De w g Pe

p 0.4]1,.5 4
[1.0—0.1 (1 — X)o.4 <—f— 1> ]
Pe

4. Groeneveld 5.7 (Ref. 14) —

0.688

p
Re [x + £ (1 - x)]
g P

Pf 0.472.06 ’
[1.0 - 0.1 (1 — X)0-4 <—— - 1) ]
pS

K
0.052 =& pr1.a¢
'De w




13

5. Groeneveld—Delofme‘ (Ref. 15) —

Ke1

[ - —— 0,6112
q 0.008348 D, Prd;

p a 00,8774
x |Re,. [Xx +—£2 (1-1x) (T. - T) ,
fl a p a w a

f

6. Condie—-Bengston IV (Ref. 16) —

q'’ = 0.00128

where

QRN
il

Pr
Re

© ME
nun

K0.4593 Pr3.2s59s

po.809s (1 + X)2.0514
e

e[o-6349+o-zo4s 1n (X+1)]

x,.Rg (TW—'TS)'

heat transfer coefficient, kW/m2.K;
thermal conductivity, kW/m'K;
total mass flux, kg/m2-s;

= equivalent diameter, m;
= heat flux, kW/m3;

Prandtl number, dimensionless;

Reynolds number, dimensionless (G De/p);
viscosity, kg/m?;

quality; ‘

density, kg/m3;

with subscripts

g = saturated vapor conditions;
f = saturated liquid conditions;
f1 = film;
s = saturated conditions;
w = wall,
*Note that Xa and Ta are the nonequilibrium quality and vapor tem-—

perature and are determined from an empirical formula given by Groeneveid
and Delorme; pg a is actual vapor demsity.
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The parameter ranges over which these correlatxons were developed are
summarized in Table 4.

Comparisons (in the form'of a ratio: /h or /q
cor cor

equilibrium quality, pressure, and mass flux) of . ca culated and measured
level—average heat transfer coefficients (or heat fluxes) are shown in
Figs. 5.18-5.71. Based on the uncertainty analysis of test 3.06.6B (pre-
sented in Sect. 5.2), the uncertainty (defined as one standard deviation)

in the ratio of hcor/h exp for the Dougall-Rohsenow, Groeneveld 5.7, and

Groeneveld 5.9 correlations is on the order of 20%. The correlations
were evalunated dur1ng film bo111ng. Data for film-boiling analysis were
selected from the portions of the transients where the flow remained
unidirectional and the inlet fluid was subcooled. Under these circum-
stances, the calculated equilibrium bundleé fluid conditions are most ac—

curate. Film boiling was assumed when the superheat on the wall (T surf

fl ) was 220 K (400°F) or greater. The Dougall Rohsenow, Dougall-
Rohsenow (wall Pr), Groeneveld 5.7, and Groeneveld 5.9 correlat1ons were
evaluated over their applicable equ111br1um qua11ty range of 0 to 1. The
Groeneveld-Delorme and Condie-Bengston correlations were evaluated over
the equilibrium qua11ty range. 0 to 1 and above 1 as they are intended.
For the correlation comparisons presented the’ dryout point was located
~183, 93, and 212 cm (~6, '3, and 7 ft) from the bottom of the heated
length in tests 3.03.6AR, 3.06.6B, and 3.08.6C, respectively. The exact
location of the dryout point cannot be determined and is, in fact, rarely -
clearly defined in a rod bundle. The relationship between equilibrium
quality and pressure-during film boiling is shown in Figs. 5.72-5.74 for
the thermocouple levels used in the correlation evaluations.

Care must be exercised in interpreting the results of the correlation

comparisons as they are presented here, since h or/hexp (qcor/q ) is a
function of many 1ndependent variables., Thus, when h /h (q'P /q'' )

cor exp cor’ “exp
is plotted vs a part1cu1ar variable, the other; variables change simulta-

neously with the var1ab1eArepresented on the abscissa.

The comparisons of .the Dougall-Rohsenow correlations (Figs. 5.18—
5.35) show that the correlations often predict high heat transfer coeffi-
cients, The Dougall-Rohsenow correlation using thé wall Prandtl namber
predicts heat transfer coefficients, that are ~25% lower than those of the
Dougall-Rohsenow correlat1on using the saturated vapor Prandtl number.

The high predictions-by the Dougall-Rohsenow correlations are probably
due, at least in part, to the thermodynamic nonequilibrium in the flow,
Since the Dougall-Rohsenow correlations are basically a Dittus—Boelter24
correlation for the vabor.(ignoring the entrained dispersed droplets),
using equilibrium quality will result in an error in the vapor Reynolds
number and hence the heat transfer coefficient. In addition, Anklam3?$

has shown that the Dittus—Boelter correlation overpredicts the convective
heat transfer to superheated single-phase steam in a rod bundle for low
turbulent flows when the rat1o of the wall to vapor temperature is greater
than ~1.2, : .V

The Dougall—Rohsenow correlat1ons do not perform s1gn1f1cant1y better
in the analysis of data from test 3. 08.6C than in the analysis of data
from tests 3.03.6AR and 3. 06.6B. Because thérmodynamic nonequilibrium
effects are much less significant in test 3.08.6C than in tests 3.03.6AR




- Table 4.

-Cottelatioﬁ.d;velopment pafumetet ranges

ﬁnss flu;

: . o Heat flux - _ " Pressure Quality

Correlation Fluid . Geometry  fyy/m: (Btu/b-£t2)] . (kg/m?+s (1b_/h-£t2)] (MPa (psi)] (%)
Groeneveld 5.7 ‘Vater Annvli 450—2250 " . 800—4100 3.4-10 10-90

o ‘ ' S (143 x 10°7.34 x 10'); (5.90 x 10%—3.02 x 10 (493-1450) » .
Groeneveld 5.9 - - Water .  Tube.and 120-2250 - . . 700-5300 . - 3.4-21.5 10-90

o ‘ X ' annuli (3.80 x 1o~-7 14°x 1o-) (5216 171053, 91 x 1ot)_~ | (493-3117) S
Condie-Bengston 1V Water Tube 34-2074 i6. 5—5234 0.42-21.5 -12-173
‘ : (1.08 x 104-6. 58 x 10°) (1,22 x 104-3.86 x 10¢) (61-3117)
Ditfuszoeltetv . Gases and  Tube Not reported ‘ Gases. O.916f32.5 Gases: 0,010-1.31 Single phasé
(Dougall-Rohsenow) liquids (7.20 x 102-2.40 x 10%) (1.5-190) o e .
Groeneveld-Delorme  Water Tube 30-2100. 305200 - i 0.70-21.5 - -12-309
. (9.52 10’—6 61° x 10') (9.58.1.104-3.83 x 108%) (102-3117) ™ '

L

Dougall Rohsenov

correlation was theotetically detived ftom the single-phase D:ttus—Boeltet" cortelntxon.
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and 3.06.6B (as shown in Sect. 5.3), the Dougall-Rohsenow correlation
comparisons indicate that nonequilibrium effects are only partially re-
sponsible for the correlations’ poor performances. In general, the
Dougall-Rohsenow correlations overpredict the experimental heat transfer
more with increasing distance from the dryout point and with increasing
quality.

The results of the correlation comparisons with Groeneveld 5.7 and
5.9 are similar (Figs. 5.36—5.53). The predictions of Groeneveld 5.9 tend
to be slightly lower than those of Groeneveld 5.7, although both correla-
tions predict the heat transfer better than the Dougall-Rohsenow correla-—
tions. Groeneveld 5.7 and 5.9 correlations perform better in the analysis
of test 3.08.6C than tests 3.03.6AR and 3.06.6B. This is probably due in
part to the higher mass fluxes in test 3.08.6C, which are closer to the
data base from which the correlations were regressed.

The comparisons of the Groeneveld-Delorme correlation (Figs. 5.54—
5.62) show that the correlation generally underpredicts the heat transfer.
However, in test 3.06.6B (Figs., 5.56—5.58) the correlation overpredicts
data significantly far from the dryout point when the pressure is low and
quality is high.

The Condie—Bengston IV correlation comparisons with the data are
shown in Figs. 5.63—5.71. The Condie-Bengston IV correlation predicts the
heat transfer better than the Dougall-Rohsenow correlation; also it gen—
erally performs better close to the dryout point,.

The results of ORNL steady—-state experiments conducted in the THIF
generally concur with those of the transient tests. Appendix C presents
a summary of the steady-state film-boiling results.

5.2 Uncertainty Analysis: Test 3,06.6B

A best—estimate uncertainty analysis was performed on the film-boil-
ing data obtained in test 3.06.6B to determine the accuracy of calculated
flow parameters and rod surface conditions. The uncertainties calculated
in the flow parameters and rod surface conditions permit the calculation
of uncertainties in correlation—-predicted and experimentally determined
heat transfer,

The uncertainty analysis methodology that was used is similar in
many respects to response surface methodology. The method is described in
Appendix D, The calculated uncertainties in the bundle fluid conditions
and rod surface conditions using this method are reported in Appendix D.
Uncertainties are presented for two fluid volumes and for the local rod
surface conditions of two rods associated with the fluid volumes. The
calculation of uncertainties was limited to locations low in the bundle
because locations high in the bundle contained equilibrium qualities
greater than one which prohibits the application of the correlations used
in the uncertainty analysis. Typical uncertainties in the calculated rod
surface conditions (defined as one standard deviation) are: o (rod sur-
face temperature) of ~5.5 to 8.3 K (10 to 15°F) and o (heat flux) of ~15%,
Typical uncertainties in the calculated fluid conditions (defined as one
standard deviation) are: o (pressure) of ~0.14 MPa (20 psi), o (saturated
fluid temperature) of ~1.1 K (2°F), o (equilibrium quality) of ~15%, and
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c (mass flux) of 15%. These fluid uncertainties were calculated assuming
that slip is one. ’

The calculated uncertainties in the experimental heat transfer co-
efficients are generally on the order of 15%.. Uncertainties in the heat
transfer coefficients calculated using the Dougall-Rohsenow, Groeneveld
5.7, and Groeneveld 5.9 correlations are also on the order of 15%. Fig-
ures 5.75—5.86 presént correlation comparisons with the data and the
calculated uncertainties in the heat transfer coefficients. Figures 5.75—
5.78 show Dougall-Rohsenow correlation comparisons with two level-C and
=D thermocouples, These comparisons indicate that except when the heat
transfer coefficient is low, the Dougall-Rohsenow correlation overpre—
dicts the heat transfer, and the overprediction is statistically signifi-
cant.

. Groeneveld 5.9 correlation comparisons are shown in Figs., 5.79-5.82
for two level-C and -D thermocouples. The level-C comparisons indicate
that the correlation underpredicts the heat transfer. The heat transfer
is most underpredicted when the heat transfer coefficient is low. The
level-D comparisons indicate that the Groemeveld 5.9 correlation underpre-
dicts the heat transfer, but the underprediction is generally within plus
or minus one standard deviation,

Correlation comparisons are shown in Figs. 5.83—5.86 for the
Groeneveld 5.7 correlation, Comparisons with level-C thermocouples in—
dicate that the correlation predictions are in general agreement with the
experimental heat transfer. Many of the predictions lie within plus or
minus one standard deviation of the experimental heat transfer. Level-D
comparisons show that the correlation gemerally overpredicts the heat
transfer coefficients slightly except when the coefficients are low., How-
ever, much of the data lies within plus or minus one standard deviation
of the diagonal line.

5.3 Nonequilibrium Bundle Fluid Conditions

Because of the nature of dispersed-flow film boiling, some measure
of thermodynamic nonequilibrium is inevitably present. There are sev-—
eral indications that the thermodynamic nonequilibrium in test 3.08.6C is
- gignificantly less than that in tests 3.03.6AR and 3.06.6B. Using the non-
equilibrium model developed by Yoder,4 the thermodynamic nonequilibrium in
the three ORNL transient tests was calculated. The calculations were per—
formed at similar distances from dryout [~122 cm (4 ft) — test 3.03.6AR;
~91 cm (3 ft) — tests 3.06.6B and 3.08.6C]. In test 3.03.6AR the non-—
equilibrium quality and steam superheat are estimated to be 0.39 (vs an
equilibrium quality of 0.49) and 120 K (217°F), respectively, at 302 cm
(119 in.) above the bottom of the rod bundle and 14 s into the transient.
The nonequilibrium quality and steam superheat are estimated to be 0.34
(vs an equilibrium quality of 0.40) and 76 K (137°F), respectively, in
test 3.06.6B at 14 s and 183 cm (72 in.). For test 3.08.6C at 18 s and
302 cm (119 in.,), the nonequilibrium quality and steam superheat are es—
timated to be 0.49 (vs an equilibrium quality of 0.58) and 49 K (89°F),
respectively. Since the steam has significantly less superheat in test
3.08.6C than in the two . other transient tests, less thermodynamic non-
equilibrium is suggested in test 3.08.6C.
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Figure 5.87 shows the average axial rod surface temperature profile
of the portion of the rod bundle in film boiling for the three transient
experiments, Note that the curves for tests 3.03.6AR and 3.06.6B slope
upward with increasing distance from the bottom of the heated length,
while the curve for test 3.08.6C slopes downward, This effect suggests
that the heat transfer coefficient is increasing more with axial distance
in test 3.08.6C than in the other two transiemt tests, and the bulk fluid
temperature increases less in test 3.08.6C. Increased steam mass flow is
probably causing the heat transfer coefficient to increase, which is con-
sistent with the effects of thermodynamic nomequilibrium. Thus, more liq-
uid is changed to steam in test 3.08.6C, and this steam has less superheat
(i.e., less thermodynamic nomequilibrium).

Because of the excellent agreement between the measured and calcu-
lated outlet volumetric flow (Fig. 5.17), significant thermodynamic non-
equilibrium is not indicated in test 3.08.6C. Had there been significant
thermodynamic nonequilibrium, the measured volumetric flow would probably
have been higher. This may occur even though steam mass flow decreases
with increasing nomequilibrium caused by large increases in the steam's
specific volume, Outlet volumetric flow comparisons in test 3.06.6B show
that the measured flow is higher than the calculated flow, as expected
with significant thermodynamic nomequilibrium (Fig. 5.16). Possible
equilibration between the top of theabundle and outlet—nozzle spool piece
prevents more definitive statements, -

The main reason for the apparent lesser degree of thermodynamic non-
equilibrium in test 3.08.6C is the much higher mass flow rate in test
3.08.6C than in the other two experiments. Higher mass fluxes teand to
increase droplet-vapor relative velocities and thus increase droplet heat
transfer, decreasing nonequilibrium within the flow. ,

To better quantify the measure of thermodynamic nonequilibrium in the
ORNL transient tests, an advanced computer code with nonequilibrium models
was used to calculate nonequilibrium bundle fluid conditions,

5.3.1 Calculational procedure

The calculation of nonmequilibrium bundle fluid conditions was per—
formed with the computer code COBRA-THTF (Ref. 18). The COBRA-THTF code
is a modified version of COBRA-TF (Ref. 26) that involves a heat flux
bounding methodology. o

. The COBRA-TF code solves two enmergy equations, one for each phase
(vapor and liquid), requiring a heat source term for each equation., The
distribution of the imposed heat flux between the two phases is inferred
from the measured wall temperature and the predicted local fluid condi-
tions. To accomplish this in a consistent manner, the heat transfer
selection logic and correlations of COBRA-TF are used with only minor
modifications. The total heat added to the fluid is purely experimentally
determined; the only effect the code’s heat transfer logic and correla-
tions have on the fluid are to determine the distribution of energy be-
tween the liquid and vapor phases. A description of the heat transfer
selection logic can be found in Ref. 18.

Along with the specified heat flux (heat flux boundary condition),

a pressure boundary condition is specified at the outlet of the test
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section, and a mass flux and enthalpy boundary condition are specified

at the inlet to the test section., Thus, the same boundary conditions

are specified in the execution of COBRA-THIF as are used in RLPSFLUX. A
5—channel 17-node model of the THIF was used in the analysis and is shown
in Fig. 5.88. The heated length, for which heat flux bounding is ap-—
plied, is contained solely within channel one. Structural heat transfer
surfaces are modeled using the COBRA-TF heat transfer and conduction
models. The surfaces are:

Rod No. Description
2 Shroud wall
3 Unheated length of fuel rods in
upper plenum
4 Vessel wall in upper plenum
5 Box in upper plenum

In addition, an electric heater rod (rod 1) was placed in channel one,

This rod has a zero rod multiplication factor, so that no heat is input
from the rod to the fluid. However, the transient temperature response
of the FRS is calculated normally, so that by comparing its temperature
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response with that observed experimentally the accuracy of the heat
transfer correlations in COBRA-THIF can be assessed using the local fluid
conditions resulting from heat flux bounding. .

The first step in executing COBRA-THTF was to create the heat flux
and rod surface temperature boundary condition. Next, using the pre—
blowdown outlet pressure, inlet mass flux, and inlet temperature, a "null
transient” calculation was performed to establish steady-state conditionms,
The third step entailed the creation of the inlet mass flux, enthalpy
boundary condition, and the outlet pressure boundary condition. Using the
boundary conditions, a transient calculation was performed by restarting
from the steady—state conditions. The null transient (or steady-state)
and transient input models to COBRA-THIF are listed in Appendix E.

5.3.2 Calculation results

Comparisons of RLPSFLUX equilibrium fluid conditions (consisting of
the bulk fluid temperature and equilibrium quality) and COBRA-THTF non-
‘equilibrium fluid conditions [consisting of the vapor temperature and
nonequilibrium (actual) quality] are presented in Figs. 5.89-5.100 for
“the three transient tests. Quality and fluid temperature are plotted vs
distance from the bottom of the heated length. Two time points were
selected from each test: one early in the transient, and one late in the
transient.

The comparisons of -equilibrium conditions with nonequilibrium condi-
tions for test 3.03.6AR are shown in Figs. 5.89-5.92. As mentioned pre-
viously, the dryout point in test 3.03.6AR was located at ~183 cm (6 ft).
The time points for which the data are shown are 10 and 15 s. The actual
quality as predicted by COBRA-THTF is a maximum of ~0.2 lower than the
-equilibrium quality at 10 s in test 3.03.6AR., At 15 s the actual quality
"is a maximum of ~0.08 lower than the equilibrium quality. The maximum
differences between the COBRA-THTF vapor temperature and RLPSFLUX bulk
fluid temperature for the 10— and 15-s time points are 91 and 104 K (163
and 187°F), réspectively. Thus, the results of COBRA-THIF indicate sig-
nificant thermodynamic nonequilibrium in test 3.03.6AR.

. Comparisons of equilibrium conditions with nonequilibrium conditions
for test 3.06.6B are shown in Figs. 5.93-5.96. In test 3.06.6B the dryout
point was located at ~93 cm (3 ft). The time points for which the data
are shown are 8 and 15 s. The actual gquality as predicted by COBRA-THTF
is a maximum of ~0.5 lower than the equilibrium quality at 8 s in test
3.06.6B. At 15 s the actual quality is a maximum of ~0.1 lower than the
equilibrium quality. The maximum differences between the COBRA-THIF vapor
temperature and RLPSFLUX bulk fluid temperature for the 8-~ and 15-s time
points are ~111 and 106 K (200 and 190°F), respectively. Thus, the re-
sults of COBRA-THTF indicate significant thermodynamic nonequilibrium in
test 3.06.6B, which is greater than that in test 3.03,6AR.

Nonequilibrium conditions are compared with equilibrium conditions
for test 3.08.6C in Figs. 5.97-5.100. The dryout point in test 3.08.6C
was located at ~212 cm (7 ft). The time points for which the data are
shown are 10 and 25 s. Recall that at 10 s the pump is running and the
mass flux is high [~1.02 x 10% kg/s'm? (7.5 x 105 1b_/h-ft2)], and at 25 s
the pump has been shut off (tripped at ~21 s) and th® mass flux is lower
[~3.74 x 10% kg/s'm? (2.8 x 103 lbm/h~ft’)]. The results from the 10-s
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time point show little difference between the RLPSFLUX (equilibrium) and
COBRA-THTF (nonequilibrium) calculated fluid temperature and quality. The
high mass flux tends to minimize the thermodynamic nonequilibrium in test
3.08.6C while the pump is running. The results at 25 s show that some
differences exist between the nonequilibrium and equilibrium fluid condi-
tion, This difference is probably caused by the reduction in the mass
flux that occurred as a result of the pump trip. At 25 s the COBRA-THTF
predicted actual quality is a maximum of ~0.15 lower than the equilibrium
quality. The maximum difference between the COBRA-THIF vapor temperature
and RLPSFLUX bulk fluid temperature at 25 s is ~106 K (190°F). Thus,
while the pump was running in test 3.08.6C, the thermodynamic nonequilib-
rium was not significant; however, after the pump was tripped significant
thermodynamic nonequilibrium was observed.

As described previously, a model of an FRS was placed in contact
with the COBRA-THTF bundle fluid conditions calculated with a heat flux
boundary condition to determine the accuracy of the heat transfer corre-
~lations and logic in COBRA-THTF. The accuracy of the correlations and
logic was assessed by comparing the surface temperature response of the
FRS model in COBRA-THTF with thdt calculated by ORINC. The ORINC-calcu-
lated surface temperatures are calé¢ulated using inner—sheath thermocouple
responses and are quite accuraté [one standard deviation in surface tem—
perature is ~5.6 to 8.3 K (10 to 15°F)]. A surface temperature comparison
at 10 s is shown in Fig. 5.101 for test 3.03.6AR, where rod surface tem—
perature is plotted vs distance from the bottom of the heated length,.
Clearly, the DNB is predicted a little too low in the bundle. The COBRA-
THTF predicted surface temperatures in the portion of the bundle in film
boiling are high. A similar comparison for test 3.06.6B is shown in Fig.
5.102; the results are shown at 10 s. As in test 3.03.6AR, DNB is pre-
dicted too low in the bundle. The COBRA-THTF surface temperature predic—
tion for the portion of the rod in film boiling is in excellent agreement
with that calculated by ORINC., Thé test 3.08.6C surface temperature com—
parison at 10 s is presented in Fig. 5.103. As in tests 3.03.6AR and
3.06.6B, DNB is predicted too low in the bundle. The COBRA-THTF predicted
surface temperatures in the portion of the bundle in film boiling are
high. The dips in the ORINC-calculated surface temperatures are caused
by spacer grids that enhance the heat transfer downstream of the gr1d
Individual spacer grids were not modeléd in COBRA-THTF.

The too—low predictions of DNB in the bundle for all three ORNL tran-—
sient tests indicate the need to examine the CHF logic and/or correlations
used in COBRA-TF. The CHF is predicted using a combination of the Zuber
pool-boiling CHF correlation?? and the Biasi correlation.??
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6. CONCLUSIONS

Equilibrium and nonequilibrium bundle fluid conditions were calcu-
lated for the three ORNL transient film-boiling experiments. The equilib-
rium fluid conditions were used in the assessment of film-boiling heat
transfer correlations. The equilibrium fluid conditions were calculated
using the homogéneous two—phase flow and the thermodynam1c equilibrium
thermal-hydraulics code RLPSFLUX. The nonequilibrium fluid conditions
were calculated with COBRA-THTF, a two-fluid theimal-hydraulics code for
local fluid conditions analysis,

Comparisons were made between experimentally determxned heat transfer
coefficients (or surface heat fluxes) and heat transfer coefficients (or
surface heat fluxes) calculated using six film-boiling correlations:

1. Dougall-Rohsenow,

. Dougall-Rohsenow (with Prandtl number evaluated at the wall tempera-
ture, as used in RELAP4-MOD7),

Groeneveld 5.9;

Groeneveld 5.7,

Groeneveld-Delorme, and

Condie-Bengston IV,

™

At b w
]

The Dougall-Rohsenow correlations’ heat transfer coéfficients are
often high by as much as a factor of 2ﬂ5 compared with all experimentally
determined heat transfer coefficients discussed in this report. The
Groeneveld 5.7, Groeneveld 5.9, and Condie-Bengston IV correlation pre-
dictions tend to genmerally agree with the data, while the Groeneveld—

. Delorme correlation underpredicts the experimentally determxned heat:
transfer. Generally, results of ORNL steady—state tests agree with those
of the transient tests.

Uncertainties in experimental and correlatxon—predlcted heat transfer
coefficients were calculated for test 3.06.6B. Uncertainties in correla—
tion—predicted heat transfer coefficients were calculated for the Dougall-
Rohsenow, Groemeveld 5.7, and Groeneveld 5.9 correlations. Uncertaipties
in calculated and experimentally determined heat transfer coefficients
are on the order of 15%., In light of the calculated uncertainties, the
overpredictions of the Dougall-Rohsenow correlations are statistically

significant,
Significant thermodynamic noneqnilibrium was calculated for tests
3.03.6AR and 3.06.6B using COBRA-THTF. Significant thermodynamic non-

equilibrium was not calculated for test 3.08.6C until late in the tran-
sient.

Compar1sons between the COBRA-TF predicted temperature and the ORINC-
calculated rod surface temperature. suggest the need.to examine the CHF
logic and/or correlations used in COBRA-TF
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Appendix B

CALCULATED FILM-BOILING DATA

This appendix presents the calculdted equilibrium bundle fluid condi-
tions, level-average rod surface conditions, experimental heat transfer
coefficients, and the dispersion (defined as one standard deviation = SH)
in the experimental heat transfer coefficients for the three ORNL tran-
sient tests. The burnout quality is also presented. Data are presented
from selected thermocouple levels from each test: 1levels E, F, and G from
test 3.03.6AR; levels C, D, E, E3, E7, F, F3, F7, and G from test
3.06.6B; and E, E3, E7, F, F3, F7, and G from test 3.08.6C.

Table B.1(a) presents film boiling data from test 3.03.6AR in metric
units from 6.6 to 17.1 s every 0.5 s. Table B.1(b) contains the same in-
formation in English units. Film boiling data from test 3.06.6B are pre-
sented in Tables B.2(a) (metric units) and B,2(b) (English units) from 5.3
to 14.8 s every 0.5 s. Film-boiling data from test 3.08.6C are presented
in Tables B.3(a) (metric units) and B.3(b) (English units) from 5.65 to
29.65 s every 0.5 s. Burnout quality is presented in Table B.4 for each
transient test. The burnout point was located at ~183, 93, and 212 cm (6,
3, and 7 ft) from the bottom of the heated length in tests 3.03.6AR,
3.06.6B, and 3.08.6C, respectively.

Microfiche Tables M.1(a), M.1(B), M. 2(a), M.2(b) M.3(a), M, 3(b). and
M.4 contain film-boiling data from the three ORNL transients as in the B
tables except that the data is presented every 0.05 s. The notation for
these tables is as follows: :

Notation for tables

mass flux based on bundle .flow area of 61.7 cmz (9.58 in.’)

G =

X = local thermodynamic quality

P = pressure
TB = bulk fluid temperature .

Q = level-average rod surface heat flux .
TW = level-average rod surface temperature

H = level—average experimental heat transfer coefficient
SH = dispersion in H : o ‘

L = distance from bottom of heated length



Film boiling data — test 3.03.6AR (metric units)

Table B.1la,
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VOLUME 18, L=299.

TEST 3.03.6AR,
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Table B.1la (continued)
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=363.

VOLUHE 23, L
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Film boiling data — test 3.03.6AR (English units)

Table B.1b.

VOLUME 14, L= 8.0 FT
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L= 9.8 FT

TEST 3.03.6ARy VOLUME 18,
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Table B.1b (continued)

VOLUME 23,
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Film boiling data — test 3.06.6B (metric units)

- Table. B.2a."

TEST 3.06.6B, VOLUME 8,
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Table B.2b (continued)
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Table B.2b (continued)
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Film boiling data — test 3.08.6C (metric units)

Table B.3a.
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Table B.3a (continuned)
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Film boiling data — test 3.08.6C (English units)

TEST 3.08.6C, VOLUME 14, L= 8.0 FT
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Table B.3b (continued)
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Table B.3b (continued)

= 9.4 FT

L

VOLOME 17,

TEST 3.08.6C,

203

ot

™1

® |

# |

e

5
R | 363“18559275255"22557““92“86032993875835115570938
T R N N N L R R U L L LR S S S LA
[~ ] Ot~ B AN OOIN O MO O O M= ONINM ALY NG P = (NN QO RN OMNNNNNO M
m“ MNAINNMAM MM 3 T2 P 2 2 OO DO N DN DN T2 MMAIN e e e e e
=N

B

m

~1

-1

o

»*

&

— -.-.---.----.-....--c.............-.-...
Ty u3337289u833976673925775u3791u5225567726275570582
] N W O P = 2 MMM OIAINANAIMANMNNANNNNEMONMOCITOVMONSFINMMMANN—O ™
@ | VOO AN DD DDA DN DD NN DN DNV DINIDDN I F 2 MMM AN NN NN
o]

N

o=}

]

[42]

—

t 1500233370261““8659222996“2631798“505060890277056
{ .-...-_-...-..-..-o--o-..o-.-o--.-.--.--.
i 720u60218591332950u82579122a3325681ua308‘51510003
D | 258022“679023“55677788889999999999000009988777777

(F)

A LD DA N DA D DN DA N DD DN DD NN NN N INDINNDLNNL
Pt tel=lo =ttt l=l= === ol = l= = l=lo o lo o=t to e Yo to o T o I Ia Ta To o Tode o ol To To T o 1o A
P T T I T T AT I XS A TR 2 A R R A A Rl BN i A
£ £ ) ) e £ P P o Fd B ) ] B 0 Fud ) ) 0o P 3 o £ € (5 £ 3 £ (o3 ) 57 A 003 7 ) 9 (3 3 (] () A 1Y S8 7 087 1 1 53
OO0 OOO00RO0OCOHOOODORTORROOOOOO00OOOCOOO0OQ
QR D e NOUNO O T PO~ P MM D r O M RO NN O 20 O FOND I
N O OVON OO (N NM Mzt 2P LOOUNODAD O\ PO PSS 0N & NAMONNO O AP POV
--o..----..--.-o-n.-..--o..~.-.-..-.-
NN AINA M MMM MMM MMM MM MM MMM MM MMM NI I N ¢ S e e e e e e e

(BTU/%R—FT*‘Z)

| OFOONF VO IAMPUNE O~ NONO— S NON - OODMANNNNN-ROUNNOM-MmM
M|l €0 0 0 00 909 090 00 00 00 0 02 g ¢80 00 9.0 00889000000ttt
40 ) 765“3211099888765310875“3187529‘-‘18“93“0“97555655“
hand | —_r e 000000 OOOONMAA M M M MO OO I MMMMMMMMO

1 OO DO\ DR OO0\ OO OO D WO DN N NN N NN N DN NN DN NN

— PAM TANIMODNDOMN MOUNNIONOD M2 = = ANNORNMMNDO I NN IOONMM
- R R N I R R AR L LA
M 8631011369273830255“7“58u375757663565261180771957

[7]70] “3210987655““332086nw21.976.41075333117260“0633223221
oy 7777766666666666655555““uuuu333333221100999999999
S

Y e P P P g P R o B T € G ey g £ o G P e £ € e T 4 g R R e (e T e O

2 OMNOO MO O™ FOM OO M NG NS O T SO N OO T MANED NI MDMOV O 3
3“566788990001clcl223unuu555587891760071629“9293056
uuuuuuuuuu555555555555555555555667899099887767890
>4 B EE R N A N A
COOOCOOOO0OOOCOOOOCOO0OCIOOOOOOOCCOOOT OO0 OOO-

AL DDD NN D DD DDA
OO ECOO0OOOOOROO0OOCOROOO0CO00OCOOCOOCDOO0O00OR0
P a PO S POEER e ORe YRR a R g I T AL I RS L L L L XD A
£ PR Fed ] (e B £ Fed Y o ) B o e (Y [ P (23 () 3 e £ £ £ o Fe £ (3 £ (5 o 152 e B3 g Fed B 6 £ Fad 15 3 A3 P 01 B3 B3 7}
OO0 OCCONCOO00OOCO0OO0OO0COOOCOOCNOLROCOOOCO0Q
O FODONNNODIDONOM =D WO MO OO0 =~ OO NUNNOAR IF FOLN O P DM
OOV T 2T 3 NAMIPONIUN MM I PN NNMNO N ONODS ORI 00O FO0
o.cccoo.-o-..-.-...-..oo--...oo-..o.-....-o--
L A N e N N N o e e T N e al atant N o N N RV TR e T Ta Ta T [a T T Ja T 1) Lag

(LBM/HR-FT*%2)

5555555555555555555555555555555555555555555555555
6‘6«161616161616’61616161616161616’616‘6161636’616
--..-....-..-.-o...-..-a.o..o...-.-o..c..oo-.....
56677889900112233““556677889900112233““5566778899

g g g g T Y g g ¥ g 9 T 0 e (NN OO N O OO OOV NN N N NN

TIME
{s)




Table B.3b (continued)
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Table B.3b (continued)
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Burnout quality for ORNL transieant tests

Table B.4.

3.06,68

TEST
TIME(S)

BURNOUT X

208

QM= DN NP NN AP0 AS 00
OMNMILIOFNNOOD == NN NNOR
FODVOMNAO = DN G =i NO
00 0D O DU F N0 O O ol b b ok it
® 8 0 8 & & 0 8 08 0 0 9 a0 et s oa

0000000000000 000ODD

0.5809

[elelolalelslslslelelelelglelele)]
MmAOMOMNDMOMOMNDMD
LA I I L K R Y R I I Y N )
O~ 00N POO~—~NNNM I

P gt gnd el el e ed 4

Oe

VNODOF TN PN F NN el et i
ANONNDF NN T - 0D ONONTTOMNM
DOMNOFTNNO T OO NN N= N
00O VO NNN G T NN NN NINNNN N
@ 00 % g0 00 80900 0800 te e

[=lelelalelelolofololololololololololo o ot

[olelelelelelolelolelolololelelelololololota)
OOt Qed O rd Ot O rd D ol O vl O b 0 —d O b
[ I I I R R Y R I I B I I I I )
OO OPNOO=~NNAMNF TN OO

ol b ot d b g g ek b et e g gt

N FONO DAL A PROVO Atk OV N O NP0 (= N O = (1D 0 D0 O O et it O LA it e 00 N F (NI
ANV T D NND = PN DD et NN et D VN D N NP =P O T O o F =0 Ot O I F =1 0 O LN O N DO
AN NG F 3 F P FINDNNO DM DD VPO O OMD OO MO DM OO0 NON -~
MOEAMOMOAMMAMMAAAMEANEOOAMNMA OO A0S OF FF T O D OMM 09D NN AN OO
on-.‘o.-o-o-.-.-....‘.o.o-‘-.-...-o‘oul.o.uo.-oo.
0000000000000 00CO000COCO000OLC0O00C00CO0oO000000000

NN DDA DN DN NN DADLNIAN DD D DDA DD DN D B A D DRI D DN NN N
6161616161616161616161616161616161616161615161616
QDOQDODOOQDDODOOI.....ll.....l.......l.l...‘.....‘.
56677889900‘.‘.2233&.4556677889900112233445566778899

et el et el s md ot 4l g ot o e sl gmed et O TN O\ NN N NN O N NN N O N LN NI N




209

Appendix C

ORNL STEADY-STATE EXPERIMENTS

A series of 22 steady—-state film-boiling tests (3.07.9) were com
rleted October 1, 1981, A discussion of those tests is presented in
Ref. 1, and a summary of the results is presented here.

The steady-state test series covered the following data rnnge:

. mass flux — 225,3-800 kg/m2+s (1.6 x 105—5.9 x 105 1b /ft"h).
heat flux — 315-940 kW/m? (1 x 1053 x 105 Btu/ft"h).

quality — 0.4-1.3, and

pressure — 13.4—4.4 MPa (1940—650 psi).

owN
* e

Bundle fluid conditions were calculated using a simple mass and en-
ergy balance on the bundle. Experimental heat transfer coefficients (heat
fluxes) were compared with the same correlations as those in - the transient
tests.

Figure C.1 shows all experimental steady—state film—boiling heat
transfer coefficients compared with the Dougall-Rohsenow predicted heat
transfer coefficient, The Groeneveld 5.7 predicted heat transfer coeffi-
cient is compared with steady—state data in Fig. C.2, while the Condie-
Bengston IV comparison is shown in Fig, C.3. Experimental heat fluxes are
compared with Groeneveld-Delorme predicted heat fluxes in Fig. C.4.

In general, results of the steady—-state tests agree with those of the
transient tests. The Dougall-Rohsenow correlation overpredicts heat
transfer coefficients for much of the data range. The Groemeveld 5.7 and
Condie-Bengston IV correlations predict the. data better than the Dougall-
Rohsenow correlation. The Groéneveld-Delorme correlation tends to predict
low heat fluxes near the dryout point but improves as distance from dry-
out increases,

Reference

1. G. L. Yoder et al., Dispersed-Flow Film Boiling in Rod Bundle
Geometry — Steady-State Heat Transfer Data and Correlation Com-
parisons, ORNL-5822 (to be published).
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Appendix D

TEST 3.06.6B UNCERTAINTY ANALYSIS:
METHOD AND UNCERTAINTIES

The best—estimate uncertainty analysis procedure used to calculate
uncertainties in heat transfer parameters for test 3.06.6B is shown via a
flow diagram in Fig. D.1. The first step in the analysis is the assign—
ment of FRS instrument and property uncertainties. Next, using an uncer—
tainty analysis technique, uncertainties in rod surface conditions (T_ and

') are calculated. Using the calculated uncertainties in rod surface
conditions, and fluid instrument uncertainties, the uncertainty analysis
technique is applied to determine the uncertainties in bundle fluid condi-
tions. Next, the calculated uncertainties in bundle fluid conditions are
increased using engineering judgement to include dadditional model uncer-
tainties neglected in the formal fluid uncertainty analysis. Finally,
calculated rod surface uncertainties and the bundle fluid uncertainties

ORNL—DWG 81-23625 ETD

FUEL ROD SIMULATOR FUEL ROD SIMULATOR
INSTRUMENT PROPERTY
UNCERTAINTIES UNCERTAINTIES

FUEL ROD SIMULATOR
UNCERTAINTY IN
T, AND g

Y

FLUID INSTRUMENT BUNDLE FLUID
UNCERTAINTIES > UNCERTAINTIES

BUNDLE FLUID UNCERTAINTIES
WITH ADDITIONAL MODEL
UNCERTAINTIES

h.._ AND h
uNSRRTAINEDES [

Fig. D.1. Uncertainty analysis procedure,
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are used to determine the uncertainties in experimental and correlation-
predicted heat transfer coefficients using the uncertainty analysis tech-
- nique.

Bundle fluid conditions and uncertainties are presented in Tables
D.1(a and b) and D.2(a and b) for two fluid volumes; one is 118 cm
(3.9 ft) from the bottom of the heated length (L), and the other is 183 cm

(6 ft) from the bottom of the heated length. The bundle fluid conditions
and uncertainties correspond to level-C and -D thermocouples. Local rod
surface conditions and uncertainties are presented in Tables D.3-D.6 for
two level—C and two level-D thermocouples. The calculation of uncertain—
ties was limited to the locations shown because locations above these con-
tained equilibrium qualities greater than ome, which prohibits the appli-
cation of the correlations used in the uncertainty analysis.

The methodology used to calculate output uncertainties due to input
uncertainties has been documented.®! The technique employed to calculate
uncertainties is a sensitivity analysis method. The formula to calculate
an output uncertainty caused by an input uncertainty can be derived from a
Taylor series. With inputs (X,, ..., Xi, oo XN) = X, the output, R(X),

© is given by:

+ eee s

R(X) = R(X ) + ) 9R/3X AX  + 1/2ZZa=R/axiaxj AX A%,

where X = nominal X value. ‘The variance of R(X) about R(Xo)_is given
by: : ’

ZZ X A%,
Var R(X ) = Z(an/ax )2 AX* (3R/0X,) (3R/3X,) AX AX,

+ 1/4.ZZ(a=R/axiaxj)= Ax;Ax} +oee

Thus, the uncertainty in R(Xo) can be defined as:

aR(Xo) = [Var R(Xo)]ll’ .

Two types of data are needed to propagate the input uncertainties.
The first type is a knowledge of the input uncertainties, which includes
" the variance Ax;, the covariance AX, AX, AX » and higher moments. The other

type of data needed is a knowledge of sensitivity derivatives:

aR(X) 3R

axi axiaxj




Test 3.06.6B, fluid uncertainties (one standard deviation), L = 118 em
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Test 3.06.6B, fluid uncertainties (one standard deviation), L = 3.9 ft

Table D.1b.
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Table D.1b (continued)
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Table D.1b (continued)
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Test 3.06.6B, fluid uncertainties (one standard devietion), L = 183 cm
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Table D.2a (continued)
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Table D.2a (continued)
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Test 3.06.6B, fluid uncertainties (onme standard deviatioﬂ). L=¢6 ft
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Table D.2b (continued)

DEV.

5T,

VOL 11 P(PSIA)}
RESP.

NDOMe

DEV.

‘'JUN 11 X
sT.

RESP.

NOM.

DEV.

sT.

11 G{LBM/HR-FT&Xx2)

RESP .

227

OOO0D000D0NI0CORDOODACDDID000IDD0000IDO000DDDVODOR0OVIOCVONV00D0DVRIDI
RO NEODNEI00000DN00000000000000000002000020CCH0020000000N0COOI0PD000D
Frararardrirg g ririrar g Qr i GF e R R R R R AR AR R R X E R LR R R R Rk i i thdhihdhdngd
L LI L1 G AL AU G L L L L L L5 U A A L L L A LU L) LU AL LT L L L A A U LT LU 0 L LU ) L Ll L A L L g L W
PN DDA AN BN D AT~ P e J DD D~ F DDA OP NG T OL=NT DN~ DDNF N~ P-QD AP AR DO F OO M
MM A DO IOROAFTNONT it ~EMCMOMINBARDDOOFT N ~D—~CMNDVNNOOD B=NNNONR I ADAMDNNI G O ~
DO O e N DD F OO Ottt NV NN i N F F D AN E O DR O P TP~ NN F = NN FDND PO NN TN O TP D =N
e O P PP e e e 23 O DT RO D TP D DN D P DVDVOMDCDDVROAVCARPOCCONRDODACCNODIOOCO0OOIONIO A~~~
-o.o-‘-.-..o.-.-...o-n.-..-.-.-o-o.-ocn-.---o--...-n.-o-;-.oo
l.ll.].l.l.l.].l.l..ll. —d ol ot — — et —— et el med et md et O\ O] et el et = et N O PN N N S J AT NN NN

AU AN A AN AU AN (3 O NI AT NI N AN NN A TN oY

ooy OV O AT N ORI A O IS NI AN AT A AT NCT TN I N
SONOCON0000000000DOC00DIDCOOODODT0D
Py
w

22222222
)00000000000000000030000000000003000000
P R N e R R R R K I I I T e R e X It A0 Jh i AL 4
LU L L b (L P L0 T a0 L 1 L o oL L LD L Ly L e U W L UL U L W0 DD WU AL G AU L AU U U AU LU LU ) R U U WL )
AU O o e P00 O N Ot B AD AG DA PN OM-DNNOD DR NONRD IO DN B NI AL DANN T RL D AN F NI 0= D 0O
A DU D D 00 PP 0D QP T F O ot O 3 UV et et A0 1) U e et 20 et TP LA R ) D -0 00 et o T oF P et O SN e I MAUN O VNI DR et (0 D O O Y
CPO TP D DADIA G NN AO 1 DO R DB DI B DN FOMAUMAQC T OO DN E FANN~ORDOR NI MAOAN~HODT DO MDD
P OCNTFOCTNCTOCCC OO GO0 000 BVLOODONDNONODDDDMP P fefs fafe b e fe e o o050 02000 00000 0 O v inn
-..-...-..-......ll...ll.l.-.-.....-.l.....-l....-n.l.....nnl.....-.'.-..
DA IA NI INA LA A DDA N DD IR AR DN AR O A DI DD DD RO DA N D AN DD DRI IR D RO DD RN DB AR BRI AN AN

ol pd =t d -t el el e vl ot o ] ot ot 7] =l -t ot vl g Ll el =l =t peed. -t 1] -, e el el g ] ot
000000000000000000000000000000000000000000000000000000000000000000000000000
00+0000++00040000&00000+0900000000000%00#00000!00000000000+000§006000000600
..r_EFL_..CErCEEEEL._EEEEEEEEE..CEEEEEEEEEEEEEEEEEEEEEEEEFEF_CEEEEEEEEEEEEEEEEEEEEEEEEEE
39940892446974584722777045806368222167974n83649249344406666668266662668626ﬁ
72.‘20705205090200705977703771570553027775 MO OO N -0 3 O G D P P P o e (N LA oo o P U P e £ oo L = P
~+ONNEOEDACODNNANTABA T IR F TSI IAL S LTINS S ST LI INRNONOP NG T I T TS E S I TSI ST
e 00 29

M- 2070 €0 20 00 60 20 0 M- Or 70 0 0 60 600 20 M= D 0O M & TN 0 20 00 B 03000 80 0 0 0 0 ®
@8 80 00 80 e st a0t g

- 1l e et et st e st et el el gt =t gl ek gmed e =t

MMM MMAN O NMEMONMANNEANNAGAMNMNOAMMAAMAMNMAOHMMANMAMMAMAMOM MMM Aama Ao Onmmammaanaamnanenn
000000000000000000000000000000000000000000000000000000000000000000000000000
PSP O-GR b g Seperirgr i Sirarginp Grry i i Qi R g ENg D R R R R A e I i i
AU L QUL LS UL LS G LA G ) U L L L AL L L L Ut UL G L L L LT U UL L L L AL G U L 1 WA LU LU LU G LU L) LU W LWL WL W AU U
PO QP T F D T 020 —0N DD =F O DA MIN-J O M0 MIN N ONN NN N PO N DMAMP b Ferd (NP~ N~ 0 OO P =0 DD =0 H DN
ANAIC 0 0N 00 DD DD e Ot D= D N F ONE P = A O O O NN = NN DA G DN O MMM O DG PO NF P~ NN OO NT-OMO O
433321111099998766544443211100099877b%54332110098876554332100987b6544322109
raYTa 1 YO ST PART T TS R P e UK e e gt Tt JU B B L R0 I B X s Tu T T Dty NN N AN U AT NI NI OO O O Nt ot et ot el ol et e ek et et = O
T R R R R R R R N N N N R N LA EEEEL AN

— ——— - - in et o o ok e ot — —_—— —_ - — —_—t

OO O0AEA00N000000000000000000000000000000DA00R000O0I0ANDIOOI0DCDDOCODOV00OD
_______;___________;______.____.._____-_______________.__.________.._.__..

444433221006296200886655544444445555432222212119998644310976532109976543210
....A...'...-J...ltl....I.l..'.l.‘..'.........l.....l'...l..Ol.,I..l.......l.
1111111111[9988888777777177771777777777777777776666666666555555554444444444

. ; - -t — - ot ot ot o P ——
000000000000000000000000000000000000000000000000000000000000000000000000000
RARARRR AR AR AN R AR A AR AN A R R R R N R N I IR T T T TR T S o TN T O IO T I
98566967826660126626703589121183879691526923169886[596676809880259496497427
8‘2945939535165309973438081559275816291447483555185621051507169890302027537
012935439361267941682168153939972764655731964218640625259256765578888902456
100998887766,054333211109988776666555432111000009999837765543210987654332109
.......l.......‘....l..l.....'..-...t......-l..........lll......I.-........
999888883888888888888887777777777777777777777176666666666666666555555555554

L ETE OO NG F S TOFNEOF FANMNT MO AMMANEMS S Nnd N
0000000 S00O0000000000O00NROO000D0ACO000V00000
P T R R Rl L el At dh i dhd
wiwuwiw L L

P A T Dalain Dababaaba el Dalua balalabalalubalad
fol=toYololotololololololofalotolololelolelo lalo Lo o]
P Y R X
EE

NOEINO—O OO FODIN NN =N D=0 D0 O O Nt et 0O AN O MO O O (A LN O 00 IR 3 D P NN O MO = (N DO 3 LN Q0 st red A D et O L
OO N A D A D N A R O VO BN D AN F = NNV T PO N OO ONON = O G MM NOONNNODOPDOD O ONE NN Of =g >
-.--oo--.o.-ooo--o-.ooo-o--oo-.-oo-no-a-.-oo.-o..n--..-oo-.-.o
121111199181]12619911657816876686815119619867534932287555555556667777777888

DUAINIA D AN D A UATRTIA AN DDA DA AR IA A DI DA AN D DN DA I ININ NN D DA NI DB INING N o F SN N - D S nninnin
000000000000000000000000000000000000000000000000000000000000000000000000000
P e e Y e G e R R D o I AN e o i i g

66345534455434654656434565456545665212333222100100000508888800003090000011[
......-..xtl............I...........l.......UII..\IQOQ-.................I....l
bt =, et - ot ol - - - O et O OF O T O omt i el g (P 78 O ot ol et et ] gt ok

505050505050505050505050505050505050505050505050505050505050505050505050505
899001[223364556677389900112233645566778899001[2233445566778899001122334455

€ 82 8 0 8 0006089088600 008 Se0 8000604000000 008000000600 0000000¢8 00300000 Passoateese
DODPRCCCRRCCRCCCTIRCCCCOD0000CCO000000000- - et N OV YOV NI NN NN Y
L l ll L L




Table D.2b (continued)
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Test 3.06.6B, rod uncertainties (one standard deviation), TE-327AC
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Test 3.06.6B, rod uncertainties (one standard deviation), TE-355BC

Table D.4.
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Test 3.06.6B, rod uncertaintics
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Test 3.06.6B, rod uncertainties (one standard deviation), TE-327AD.
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The sensitivity derivatives can be calculatéd ﬁsing"a-Taylor héfies.
Application of the Taylor series gives: :

+ - - :
R(X') = R(X ) + 3 9R/0X, AX, +1/2 §:§:a§R/axiaxj Axifsxj ¥ oeee s
and
R(X) = R(X ) — D 9R/3X AX, + 1/2 §:§:azn/axiaxj AXAX = ...,
where
X' = X_+AX,
o
and
X =X_+AX.
(o
Thus;

R(X) - R(X) = 2 YOR/3X, AX, + O(AX?) ,

which gives:

+— -—
R(Xi) R(Xi)

= \X 2
8R(X)/8Xi ZAXi + O(Axi) ’

if only ome imput (Xi) is varied. It can be shown that

33R(X) R(XI) + R(X) — 2R

. o -
axz AX32 .+ 0WAx)
i | :
and

+ _+ + - — oty e o

P*R(X)  R(LX) ~ ROLX) ~ ROXX) + RO ,X)

= — - —.+ 0(AX,,AX,) .
axiaxj 4AXiAXj - i., J
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Using the input uncertainties and semsitivity derivatives, output uncer-
tainties can be calculated as described.

As mentioned previously, the first step in the uncertainty analysis
was the assignment of FRS instrument and property uncertainties. Since
many of the FRS physical properties are determined from calculations per—
formed using data taken when the rods are exposed to known fluid condi-
tions (these calculations are performed by the computer code ORTCAL?),
many of the uncertainties on FRS instrument responses and properties are
correlated. To account for this rigorously, one must know the covariances
of the uncertainties AX _AX,, Determination of these covariances would
have been quite expensive.j The following approximate technique produced
accurate results at substantially reduced cost. The effect of the in-situ
physical property calculations is to calculate properties that counteract
inaccuracies in other data. For example, an error in the value of the
thickness of the boron—nitride (BN) annulus would result in a variation
in the value of the BN conductivity that "balanced" it. Rather than con-
sider the annulus thickness in the uncertainty analysis, the uncertainty
used for the thermal conductivity is sized to include the thickness uncer-
tainty. Thus, a reduced number of sources of uncertainty are considered,
and those considered are assumed to be uncorrelated (AXiAX = 0). The re-

maining input uncertainties include rod property uncertainties in BN core
and annulus thermal conductivity, sheath thermocouple~clad contact resis-—
tance, and clad density and specific heat. Also remaining are instrument
uncertainties in the sheath thermocouple signal and measured electric cur-
rent. Uncertainties in Inconel cross-sectional area and length and In-
conel resistivity are included in the uncertainty in measured current used
to assign an uncertainty in rod power. Table D.7 contains input uncer-—
tainties used in the analysis.

o Using uncertainties in FRS properties and instrument signals, the
uncertainty analysis method described previonsly was employed to calculate
uncertainties in rod surface temperatnre and heat flux, As mentioned pre-
viously, the computer code ORINC (Ref. 3) is uséd to calculate rod sur—
face ‘conditions.

Sources of uncertainties from fonr inputs were "considered in the
formal calculation of bundle fluid uncertainties. The inputs considered
include: test section inlet mass flow; inlet enthalpy; outlet pressure;
and heat flux from the rods to the fleid, which is lumped as omne variable.
Uncertainties in the first three inputs were ascertained from uncertain—
ties in the following instruments: the test section inlet turbine meter,
inlet fluid thermocouple, inlet pressure gage, and outlet pressure gage.
Based on the instrument uncertainties, the input uncertainties assigned to
inlet mass flow, inlet enthalpy, and outlet pressure are 2.11%, 10. 1 J/g
(4.35 Btu/1b ) and 100 kPa (14.5 ps1), respectively. The remaining input
uncertainty,mthat of the total bundle heat flux, was calculated as the
root-mean-square error of the uncertainties in heat flux of individual
FRSs. The uncertainty calculated in total bundle heat flux was 4%.

With the four inputs described, uncertainties in bundle fluid con-
ditions were calculated using the formal uncertainty analysis technique.
Details of this analysis have been published. 4 Because of the nonphysical
.behav1or of the second-order sensitivity derivatives, they were eliminated
"from the calculation of bundle fluid uncertainties. This behavior con—
sisted of the second-order derivatives being negligibly small at the vast
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Table D.7. Input uncertainties for rod surface conditions v \
. Typical Typical
Input : nominal . uncertainty
value (o) .
Core boron nitride thermal conductxvity. 20 (12) 10 (6)
W/ m-K (Btu/h-ft-°F)
Annular yoron nitride thermal con- . 20 (12) 9 (5)
_ductivity, W/m'K (Btu/h'ft'°F) _ .
Sheath thermocouple-clad contact re— 4.7 (0.027) 5 (0.2)
sistance, K°m2/kW (°F-s+ft3/Btu) -
Stainless steel clad demsity, © 7 1.8 (4%)  0.08 (5)
g/cm3 (lbm/ft3)A '
Stainless steel clad specific heat, 0.59 (0.14)  0.03 (0.007)
J/gK (Btu/lbm°°F)
Sheath thermocouple signal,® K (°F) -~ 810 (1000) 2.7 (4.9)
'FRS current, A . : 450 11.7
4 = 1.8 K + 0.005 (T — 623 K).

majority of time points, but being unrealistically large (i.e., "spiking")
at occasional isolated time p01nts. ‘These spikes appeared, disappeared
and moved in time in an almost random fashion when such parameters as
time—step size were changed. A second derivative may be thought of as the
difference in the first derivatives at two nearby points, divided by the
separation, If the code response is not sensitive to variations in the
inputs (as is the case here), the first derivatives will be calculated by
subtracting two quantities whose difference is small compared with the
numbers being subtracted. These. then, are again subtracted to get the
second derivatives. That this kind of procedure can rapidly lead to a
meaningless result when small differences in large quantities are involved
is well known., That appears to be the case here, so the second deriva-
tives were ignored,

Since the formal analysis did not consider all sources of input un-
certainties, uncertainties in addition to the formally calculated uncer—
tainties in the bundle fluid conditions were assigned. The additional
1nputs that were not included in the formal uncertainty analysis are
"model" inputs. These include the RLPSFLUX time—-step size, node size,

" pumerical solution technique, and model of the THTF rod bundle used in

the calculation of bundle fluid conditions. Engineering Judgement was
used to assign the additional bundle fluid uncertainties. The engineering
judgment is based on experience with RLPSFLUX and comparisons of bundle
fluid conditions calculated using RLPSFLUX and COBRA-THTF. 'The resulting
total bundle fluid uncertainties were obtained by doubling the formally
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calculated uncertainties in equilibrium quality and mass flow, adding 28
kPa (4 psi) to the pressure uncertainty, and adding 0.3 K (0.5°F) to the
saturated fluid temperature,.

The bundle fluid conditions calculated using COBRA-THTF indicate
that slip becomes significant at ~12 s in test 3.06.6B. As a result, the
RLPSFLUX and COBRA-THTF calculated mass flows and equilibrium qualities
are significantly different (~50%) after ~12 s. Before ~12 s the slip is
not significant and the RLPSFLUX and COBRA-THTF calculated mass flow and
equilibrium quality show good agreement (~6%). Thus, the assumption that
slip is one is probably justified through ~12 s, but after ~12 s the as-
sumption is unjustified. However, all uncertainties reported assume that
slip is one. Comparisons between RLPSFLUX and COBRA-THTF calculated bun-
dle fluid conditions for tests 3.03.6AR and 3.08.6C indicate that slip is
not significant in any portion of these transients.

The calculation of uncertainties in experimentally determined and
correlation—predicted heat transfer coefficients was achieved using the
required input uncertainties in rod surface conditions and bundle fluid
conditions. These input uncertainties were used in the uncertainty analy-
sis technique to calculate the desired output uncertainties.
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Appendix E

COBRA-THTF TEST SECTION MODEI. LISTING:
TEST 3.03.6AR
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E.1 Steady-State Initialization COBRA-THTF Model
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E.2 Transient COBRA-THTF Model
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OAK RIDGE UPFLOW FILM BOILING TEST
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