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NOMENCLATURE

bundle flow area

hydraulic diameter — 0,0106 m (0.0348 ft) for THIF test section
function of quality in Groemeveld 5.7 equation

mass flux

heat transfer coefficient

latent heat of vaporization

inlet subcooling

subnumber of levels used in stratified sampling technique
current

thermal conductivity

pressure

Prandtl Number

heat flow rate at any location

rod linear resistance

radius

GDe
Reynolds number <—;—>

temperature
volumetric flow
equilibrium quality

actual flow quality

void fraction
viscosity
density

uncertainty in the parameter x
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Subscripts

B

b

BN

con

GD
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SS

surf

TC

bulk vapor conditions
burnout (dryout)

boron nitride

correlation (corr)

contact resistance
experimental (exp)
saturated liquid conditions
film

at level G

saturated vapor conditions
Groeneveld-Delorme

index

inside sheath

inlet

saturation

stainless steel

rod surface

thermocouple

actunal vapor conditions

rod surface

Supercripts

per unit length

per unit area

perturbed value



ix

SUMMARY

A series of steady state experiments (test series 3.07.9) were com-
pleted October 1, 1981, at the Oak Ridge National Laboratory Thermal-Ry-
draulic Test Facility. The tests provide steady state film boiling heat
transfer data in rod bundle geometry. The data are to be used in assess-
ing film boiling heat transfer correlations used in reactor analysis
codes. The experiments conducted were high—-pressure and high-temperature
steady state tests with water flowing upward through an 8 x 8 rod bundle.
The rod bundle used in the experiments contains four unheated rods and has
a flat axial power profile. The heated pin diameter and rod pitch are
typical of later generation presurized-water reactors with 17 x 17 fuel
assemblies. The bundle is heavily instrumented with thermocouples, and
two flow measurement sites are positioned at each end of the test section
containing the rod bundle.

Equilibrium fluid conditions within the bundle can easily be calcu-
lated using mass and energy conservation considerations. Accurate calcu-—
lations are possible because of the steady state nature of the tests. How—
ever, nonequilibrium conditions probably exist within the bundle, and a
more sophisticated calculational method is needed if actual bundle fluid
conditions are desired.

Comparisons were made between experimentally determined heat transfer
coefficients (heat fluxes), those determined from six film boiling corre-
lations, and one single-phase vapor correlation. These correlations are:

. Dougall-Rohsenow,

. Dougall-Rohsenow (wall Prandtl number),
. Groeneveld 5.7,

. Groeneveld 5.9,

. Condie-Bengston IV,

. Groeneveld-Delorme, and

. Dittus-Boelter,

LU B W R

Uncertainties in experimental heat transfer coefficients and in three film
boiling heat transfer coefficients were also calculated (Dougall—-Rohsenow,
Groeneveld 5.9, and Groeneveld 5.7).

A comparison between results of the steady—state film boiling tests
and the three transient film boiling tests (3.03.6AR, 3.06.6B, and 3.08.6C)
indicates that conclusions are similar for all the tests, The heat trans-
fer coefficients of the Dougall-Rohsenow correlation are often high (by as
much as a factor of 2.5) compared with experimentally determined heat
transfer coefficients discussed in this report, This is possibly caused
by thermodynamic nonequilibrium in the flow. Because the Dougall-Rohsenow
correlation is basically a Dittus—Boelter correlation for vapor (not ac—
counting for wall-to-liquid heat transfer and assuming perfect vapor—to—
liquid heat transfer), an error in the fluid quality will result in an
error in the vapor Reynolds number (Re = G X D /u_a) used in the correla-
tion, Therefore, the heat transfer cogfficient prgduced would be in er-
ror. Nonequilibrium also implies that liquid can be present in the flow
when equilibrium qualities are >1., This also reduces the vapor Reynolds



number compared with equilibrium assumptions and would cause the Dittus—
Boelter single—phase vapor correlation (assessed only when equilibrium
quality was >1) to overpredict heat transfer coefficients. The Groeneveld
5.7, Groeneveld 5.9, and Condie-Bengston IV correlations perform better
than the Dougall-Rohsenow correlation. The Groeneveld-Delorme correlation
predicts heat fluxes lower than experimental fluxes near dryout but im-
proves as the distance from dryout increases.
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ABSTRACT

Assessment of six film boiling correlations and one single-
phase vapor correlation has been made using data from 22 steady
state upflow rod bundle tests (series 3.07.9):

« Dougall-Rohsenow,

. Dougall-Rohsenow (wall Prandtl number),
. Groeneveld 5.7,

Groeneveld 5.9,

Condie-Bengston IV,

Groeneveld-Delorme, and
Dittus-Boelter.
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Bundle fluid conditions were calculated using energy and
mass conservation considerations, Results of the steady state
film boiling tests support the conclusions reached in the analy-
sis of prior transient tests 3.03.6AR, 3.06.6B, and 3,08.6C.
Comparisons between experimentally determined and correlation—
predicted heat transfer coefficients indicate that the Dougall-
Rohsenow correlation often overpredicts the heat transfer coef-
ficient, while the Groeneveld 5.7, Groenmeveld 5.9, and Condie-
Bengston IV correlations tend to be in better agreement with the
data. The Groeneveld-Delorme correlation underpredicts heat
fluxes near dryout but improves as distance from dryout in-
creases. The Dittus—Boelter correlation, which tends to over—
predict the heat transfer coefficient, was evaluated only when
equilibrium qualities were )1,

1. INTRODUCTION

In flow boiling systems, a transition in flow pattern occurs when the
liquid becomes depleted at the heated (or hot) surface. This is the dry-
out or burnmout point, which signals a significant change in the type of
heat transfer mechanism important at the surface. Upstream of dryout,
heat transfer is primarily from the surface to the liquid in contact with
it, resulting in high heat transfer coefficients and low surface tempera-
tures. Downstream of dryout, heat transfer is primarily to the vapor, and
heat transfer coefficients are much lower with correspondingly higher sur-
face temperatures. Surface temperatures downstream are high enough to
prevent intimate liquid-surface contact and can cause material failure.



Therefore, characterization of the heat transfer in this regime, termed
the film boiling regime, is very important.

A significant amount of film boiling experimental data is available.
Single—tube experiments for both water*—3? and refrigerants,4—¢ along with
tube bundle experiments with water as coolant,? have been conducted and
used in developing dispersed flow predictive schemes.

In general, analysis techniques fall into two categories, correla-
tional and phenomenological.

Correlational techniques have been used by several investigators.
Typically, the correlation takes the same form as a single—phase heat
transfer coefficient

Nu = A Re? Prb ,

with modifications to account for such factors as slip in the flow and
local vapor velocity. A good review of such correlations is presented in
Ref. 8.

Phenomenological techniques have also been used to predict film boil-
ing heat transfer. This type of analysis usually involves integrating the
two—phase transport equations stepwise along the flow path beginning at
the dryout point. Some analyses include drop-wall effects,®,® while
others assume that these effects are negligible.* This type of analysis
has also been used for various fluids other than water*2,22 and has met
with varying degrees of success.

Both Chen?® and Groeneveldl4 have attempted to combine the correla-
tional and phenomenological techniques, Both assume that a single—-phase
heat transfer coefficient can adequately describe the heat transfer in
film boiling. A correlation for actual quality (including the effects of
nonequilibrium) is then developed based on known flow conditions.

This report compares several of the correlational models with experi-
mental data,

A series of 22 steady state film boiling experiments (test series
3.07.9) was completed October 1, 1981, at the Oak Ridge National Labora-
tory (ORNL) Thermal-Hydraulic Test Facility (THTF). These experiments
provided steady state data for rod bundle film boiling over a range of
flow conditions., Tests such as these provide accurate bundle fluid condi-
tions and rod surface conditions to assess or develop film boiling heat
transfer correlations. These tests also provide a means of obtaining data
in the high—flow film boiling data ranges requested by the Nuclear Regula-
tory Commission (NRC) Office of Nuclear Reactor Regulation (NRR).'5 This
report presents an evaluation of steady state rod bundle post-critical
heat flux (CHF) heat transfer. The following seven correlations are as—
sessed in this document:

Dougall-Rohsenow, 16

Dougall-Rohsenow [wall Prandtl number (Pr)j,*?
Groeneveld 5.7,1%

Groeneveld 5,9,18

Condie-Bengston IV,19

Groeneveld-Delorme,*4 and

Dittus—Boelter,2°

~I AL A W =
.




The experimental data were obtained from high—pressure, high-tempera-
ture, steady state tests with water flowing upward through the rod bundle.
Assessments of the seven correlations were made for all the steady state
tests. The test conditions for each run are shown in Table 1.

Table 1. THIF steady state upflow film boiling data ranges

Pressure Mass flux Average heat flux
Test xb xo XG
MPa (psi) kg/m2.s [lbm/(fti-h) x 10%] kW/m? [Btu/(ft2.h) x 10%]

B 12.76 (1849.4) 713 (5.25) 910 (2.9) 0.373 —0.107 1.039
C 12.46 (1805.3) 334 (2.46) 560 (1.8) 0.684 —0.179 1.320
D 12,75 (1847.3) 518 (3.81) 690 (2.2) 0.541 —0.154 1.052
E 13.2 (1908.0) 593 (4.37) 710 (2.3) 0.482 —0.155 0.950
F 12.62 (1829.6) 255 (1.88) 380 (1.2) 0.886 —0.180 1.175
G 12.54 (1817.6) 249 (1.84) 320 (1) 0.929 0,171 0.995
H 8.89 (1288.9) 256 (1.89) 417 (1.3) 0.870 —0.146 1,088
I 9.19 (1331.5) 362 (2.67) 550 (1.8) 0.881 —0,087 1.087
J 13.37 (1937.3) 732 (5.4) 770 (2.4) 0.406 —0.157 0.819
K 4.38 (634.8) 226 (1.66) 440 (1.4) 0,883 —0.128 1.101
L 8.30 (1202.5) 527 (3.88) 770 (2.5) 0.794 —0.082 1,005
M 8.57 (1242.1) 657 (4.84) 870 (2.8) 0.742 —0.061 0,936
N 8.52 (1234.2) 806 (5.94) 940 (3.0) 0.662 —0.056 0.815
0 5.98 (866.7) 307 (2.26) 530 (1.7) 0.874 —0.071 1.088
P 6.03 (874.3) 520 (3.83) 810 (2.6) 0.771 —0.029 1.018
Q 6.53 (946.7) 325 (2.4) 560 (1.8) 0.838 0,067 1.118
R 6.57 (952.4) 363 (2.68) 640 (2.0) 0.846 —0.073 1.130
T 11.89 (1723) 240 (1.77) 320 (1) 0.967 —0.135 1.025
U 11.69 (1694.4) 241 (1.78) 320 (1) 0.940 —0.127 1,013
v 12.04 (1744.6) 249 (1.84) 320 (1) 0.957 -0.151 0.986
v 12,55 (1819.5) 256 (1.89) 380 (1.2) 0,882 —0.177 1.170
X 6.01 (871.5) 344 (2.54) 590 (1.9) 0.856 —0.026 1.126

Chapter 2 contains a description of the THTF and the experimental
procedure. The data reduction scheme is presented in Chap. 3, and correla-
tion comparisons are presented in Chap. 4. The conclusions are discussed
in Chap. 5. A summary of the transient film boiling experiments conducted
in the THTF is given in Appendixes A (test 3.03.6AR), B (test 3.06.6B),
and C (test 3.08.6C). Appendix D contains experimental data and correla-
tion comparisons for all the tests in the steady state test series.



2. FACILITY DESCRIPTION AND EXPERIMENTAL PROCEDURE

The steady state upflow film boiling experiments (test series 3.07.9)
were conducted with the THTF slightly altered from its standard configura-
tion to that shown in Fig. 1 and diagramed in Fig. 2. Notice that the al-
teration involves locating the pressurizer connection in the pump bypass
line rather than just beyond the horizontal outlet spool piece (Fig. 2).
The THTF is a heavily instrumented nonnuclear pressurized-water loop con—
taining 64 full-length [3.66-m (12-ft)] rods arranged in an 8 x 8 bundle
[De = 0,0106 m (0.0348 ft)l; 60 of the rods are electrically heated, The
instrumentation located in the outlet nozzle, vertical outlet, and ex-
ternal downcomer spool pieces is listed in Table 2.

Rods 19, 22, 36, and 46 are the four unheated rods in the 8 x 8 bun-
dle, as shown in Fig. 3. Rod 32, normally a heated rod, failed during the
testing. Rods 19 and 22 contain thermocouples that extend a short dis—
tance from the rod surface into the fluid and thus measure in-bundle fluid

ORNL—DWG 81-1964 ETD
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Fig. 1. THTF configuration.
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Fig. 2. Diagram of THTF.
Table 2. Instrumentation located in selected spool pieces
Outlet nozzle Vertical outlet External downcomer
Instrument

spool piece

spool piece

spool pieces

Turbine meter

Drag target
Pressure tap
Thermocouple

Densitometer

FE-202

FMFE-206
PE-209
TE-208
DE-204

FE-216

FMFE-220
PE-224
TE-222
DE-218

FE-250
FE-260

FMFE-264
PE-258
TE-256
DE-20
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@ INACTIVE RODS

Fig. 3. Identification of THTF heater rods, subchannel locations,
and inactive rods in THTF heater bundle 3.

temperature. In-bundle fluid temperature is also measured using thermo-
couples mounted on the spacer grids (Fig. 4). Rods 36 and 46 contain
gamma densitometer instrumentation for measuring in-bundle fluid density.
The axial locations of the fuel rod simulator (FRS) thermocouples are
shown schematically in Fig. 4. The heated pin diameter is 0.0095 m (0.374
in.) and rod pitch is 0.0127 m (0.501 in.) on a square lattice, typical of
later generation pressurized—-water reactors (PWRs) with 17 x 17 fuel as-
semblies, The axial and radial power profile is flat. Figure 5 shows a
simplified cross section of a typical FRS.

During steady state operation of the THTF, fluid flows from the pump
(Fig. 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. Fluid then passes
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Fig. 4. Axial location of spacer grids and FRS thermocouples.
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Fig. 5. Cross section of a typical FRS.

through two spool pieces in the downcomer before it enters the test sec—
tion, 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
rieces, passes through the heat exchangers, and returns to the pump.

Inlet flow for each steady state test was established, and the loop
was adjusted to provide the desired inlet fluid temperature and inlet
pressure. The bundle power was then increased until the dryout point was
at the desired position in the bundle. The steady state operating point
was assumed to have been reached when operating pressure and rod surface
temperatures stabilized. Instruments were scanned for 20 s during each
experiment. Standard deviations of the rod voltage and current during the
scans were on the order of 0.1 V and 0.2 A, respectively. Of the tests
presented in this report, rod 32 did not function properly during tests B,
C, D, E, and J.




3. DATA REDUCTION

Characterization of bundle heat transfer requires knowledge of both
rod surface conditions and local fluid conditions. Two heat transfer
coefficients can be defined, depending on the intended use of these equa-—
tions:

h =0, (1)

hB=7r—__—,1:". (2)

where T, is the bulk vapor temperature. These equations will be equiva-—
lent when the equilibrium quality is <1.

Accurate surface conditions are ensured by careful measurement of rod
parameters, such as heater cross-sectional areas, rod dimensions, and rod
liner resistance. Rod resistance (a function of temperature) along with
measured rod current are used to calculate local heat flux:

i? R(T)
2 nr
w

Q' = . (3)

Rods are calibrated in situ, and values for local boron nitride ther—
mal conductivity, thermocouple contact resistance, and thermocouple bead
position are determined.21,22 These values and the linear heat flow rate
are used in a numerical one—dimensional conduction equation to calculate
the rod surface temperature when the measured inside sheath temperature is
known., The analytical form of the equation follows:

ris rw
In ;“— In ;-—
! TC 1 is
T =T, - + + : (4)
v IC 2n kBN rishcon kss

Local fluid conditions are calculated from a steady state energy bal-
ance using measured inlet conditions T and V and assuming negligible
pressure drop through the bundle. Theobundleoinlet fluid is always sub-
cooled to ensure accurate measurement of inlet volumetric flow. Measured
bundle pressure and inlet temperature are used to calculate the inlet
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enthalpy. The total heat absorbed by the fluid up to the point of inter—
est is calculated by adding the contribution from each individual rod on
a level-to—-level basis.

An energy balance at any axial location then yields an equation for
equilibrium quality in terms of known parameters:

Q Ah
X = - . (5)
povohfg hfg

The equilibrium quality defined by Eq. (5) may yield qualities >1
because it is a thermodynamic rather than a mass-based quality. Once
equilibrium quality and pressure at any location are known, equilibrium
fluid properties at that location are also known.

Experimental heat transfer coefficients [Egs. (1) and (2)] are
calculated only when rod surface temperatures are 222°C (400°F) above
the saturation temperature to ensure that film boiling exists on the rod
surface.

Seven heat transfer coefficient correlations were evaluated for com-—
parison with the experimental heat transfer coefficient. A compilation
of these correlations follows. Also included is the appropriate experi-—
mental heat transfer coefficient (included in parentheses) used for com—
parison with correlation—predicted values. The Groeneveld-Delorme cor—
relation—-predicted heat flux is compared with the experimental heat flux.
Dougall-Rohsenow (hs) is calculated by:

k p 0.8
h = 0.023 £ pro.+ JRe |Xx+—-£ (1-1X) ) (6)
c De g g Pe

Dougall-Rohsenow (wall Pr) (hs) is calculated by:

k p 0.8
h =0.023 L pro.¢lRe |X+-L (1-X ) (1)
c De w g pf

Groeneveld 5.7 (hs) is calculated by:

k p 0,688
3 .36 8 (4 -
0.052 D Pr; Res [X + P (1 - X)

e f
h =

c Pe 0.4]1.06
%»0 - 0.1 (1 —X)o.4 <—’ - 1> }
pS

(8)
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Groeneveld 5.9 (hs) is calculated by:

k p 0,901
0.00327 =& pri.32 |ge [x +-£ - xﬂ
D w 8 p
B = e f
c p 0.471.5 . (9)
[1.0 ~— 0.1 (1= x)0-4 <——f- - 1) ]
p
-4
Condie—Bengston IV (SI units) (hs) is calculated by:
K0.4593 Pr3.2598 Rel0:6349+0.2043 In (X+1)]
8 w
hc = 0,05345 . (10)

DO-8095 (X + 1)3.0514
e

Groeneveld-Delorme (Q’'') is calculated by:

k GD p °0.8774
Q' =0.008348 —£L { —€ |x . ¥ (3 _x)
¢ e (Mf1 | 2 Pg a

00,6112 -—
x Prf1 (Tw Tv) » (11)

where Xa and Tv are determined from a correlation dependent on flow and

saturated fluid conditions,
One single-phase vapor correlation is also evaluated when equilibrium
quality is >1, Dittus—Boelter (hB) is calculated by:

hc = 0.023 ;E Re%"Pr%" . (12)
e

Uncertainties in the fluid and surface conditions were used to calcu—
late uncertainties in both the experimental and correlation heat transfer
coefficients. Uncertainty analysis was carried out for the Dougall-
Rohsenow, Groeneveld 5.7, and Groeneveld 5.9 correlations.

3.1 Uncertainty Analysis

Uncertainties in rod surface conditions (Tw’ Q’’) are calculated

using Eqs. (3) and (4). The method of propagation of errors3?? is used
along with uncertainties for the various independent parameters to arrive
at uncertainties in local heat flux and surface temperature. Typical
values of independent variable uncertainties are shown in Table 3.
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Table 3. Typical uncertainties for
independent variables

Variable Uncertainty, lo
, % 100
con
i, % 0.425
kBN’ % 15
, % 5
ss
R, ® 5.5
T m (ft) 5.6 x 10~¢ (1,8 x 10~5%)
T , m (ft) 1.3 x 10~3% (4 x 10—%)
surf
Tre s @ (ft) 4.5 x 10~5 (1.5 x 1074)
T, °C (°F) 4 (7)

To determine the uncertainties of the calculated heat transfer coef-
ficients (both experimental and correlation), the method presented in
Ref. 24 is employed. The application of this method for a test case of
the experimental heat transfer coefficient [Eqs. (1) or (2)] is outlined.

For purposes of this analysis, the input parameters have uncorrelated
errors. The parameters themselves may be related. Suppose the input
parameters included T and T , the bundle inlet temperatures. Obviously,
Tw has some dependencg on To' The uncertainties of Tw and To are not

correlated because they are measured by separate instrumentation. Inde-
pendence of input uncertainties is a requirement for application of the
uncertainty analysis outlined here.

Consider the second-order Taylor expansion of the equation for the
experimental heat transfer coefficient. If the values of P, T , and Q''
are perturbed by amounts AP, ATw’ and AQ’'', then the resultingwh: is ap—
proximated by:

an_ on_ an_

. > —=£ —E '

he=h + 3p APY aT AT, * 3q'7 AQ

a3h_ a3h_ a3h_
——— e A ————— e
* aPaT_ APAT. + Jpaqr+ APAQ'' + oT_aq’’ AT AQ
a2h a3h a3h
1 e e e .
+ 3 15p (AP)2 + (AT )2 + a2 . (13)
aT_* Q' '3

The partial derivative terms are the sensitivity coefficients of h with
respect to the input parameters. To approximate these derivatives? mul-
tiple calculations of h are performed.

First, the nominal®value of h is calculated at the set of input
parameters (P, Tw’ and Q'’'). Eacheinput parameter is varied, one at a
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time, by plus or minus one standard deviation, and h is calculated. This
. X . .€ e s

requires a total of seven calculations and yields six sensitivity coef-

ficients. For example, let hP be the value of he at (P + oP, Tw’ and

Q’''), and let h_P be the value of he at (P — oP, Tw’ and Q’''). Solution

of the Taylor expansions of hP and h__P yield:
ahe hP - h_P
3P = 20P (14)
and
2 + -
d he ) hP h__P 2he (15)
ap2 (oP)2 '

The coefficients for Tw and Q'' are obtained in a similar manner.
The mixed derivative coefficients require three more calculations of
he' Two input parameters are now varied by plus one standard deviation.
If hP is the value of h at (P + oP, T + oT , and Q'’), then the corre—
» Tw e w w
sponding sensitivity coefficient is found:

2 — -
0 he hP,T hP hT + he
—~ w w

aPaT_ oP oT . (16)
w w

The relationship of the input uncertainties and sensitivity coeffi-
cients to the uncertainty of he is given by:

2 ahe 2 ahe 2 ahe 2 ahe 2
p— —— — e
(che) = \zp ©°P) * oT_ ol | + Q" cQ + <8P3Tw oPeT

ahe 2 ahe 2 1 a’he azhe
—— " ————— e — 2
+ I oPoQ + aTwaQ" cTch + > |ap2 aTwz (cPcTw)

azhe 9%h 32h 93h

€ L re
oP2 9Q'’? (aPoQ’’)2 + aTw’ 9Q’''2 (GTWGQ )’}

31 /9% \? 9%h \? 32h  \2
T a <apz ) (aP)* + <6T z> (oT )4 + <aQ.f,> (o0’ *)s| . (17)

w

+
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The first three terms contain over 99% of the contribution to (ch )Z2.
The expression for he is a smoothly varying function of the input parame-—
ters; thus, all second-order sensitivity coefficients are small, and the
use of a second—order Taylor expansion for he is valid.

The method of propagation of errors mentioned previously also uti-
lizes a Taylor series expansion to determine the uncertainty in the depen—
dent variable. However, it includes only first—order derivatives [i.e.,
terms like the first three terms in Eq. (17)], which are obtained by
direct differentiation.

Evaluations of the uncertainties for the Dougall-Rohsenow and Groene-
veld heat transfer coefficients are performed similarly. However, the
correlations are slightly reformulated. Typically, heat transfer correla-
tions are expressed as functions of mass flux G and equilibrium quality X.
For the steady state tests, G and X are calculated from values of inlet
temperature T , volumetric flow rate Vo' pressure P, and bundle power Q.
Thus, G and X are strongly correlated. To overcome this, the equations
for G and X are substituted into the correlations for the sensitivity
analysis. The expression used for G is

G = . (18)

Equation (5) is used for evaluation of X.

Because the correlative heat transfer coefficients have more input
parameters, the application of this uncertainty analysis requires more
calculations of h . For N input parameters, 1/2 N (N + 3) + 1 calcula-
tions of hc are rgquired to yield all first— and second-order sensitivity

coefficients. Thus, 15 calculations of the Dougall-Rohsenow hc and 21
calculations of the Groemeveld hc were necessary at a given set of steady

state test conditions. Also, additional coolant properties were used for
the correlative hc. For example, six values of the wall Prandtl number

Prw at these combinations of pressure and temperature are used: (P, T');
(P + oP, Tw); (P — oP, Tw); (p, T+ cTw); (P, Tw - GTW); and (P + oP,
Tw + cTw).

Note that uncertainties in coolant properties, such as cPrw. need not
be considered explicitly in this analysis. Uncertainties in the input
steady state test conditions are directly propagated through the property
values to contribute to ahc. Because Prw (and similar quantities) would
be calculated from measured data, propagation of measurement uncertainties
through the calculation includes propagation through the Prw calculation.

A particular modification to the uncertainty analysis was necessary
for the Groeneveld correlations. Consider the quality-dependent term

f(X) in the Groeneveld 5.7 equation:

p 0.688
[x + ;ﬁ (1- x)]

f
£(X) = (19)

p 0.471.06 °
[1 — 0.1 (1 — X)0-4 (;—ﬁ - 1> ]

g
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In the range X = 0.93 to 1.0, f(X) is strongly nonlinear. All orders of
derivatives of f with respect to X approach negative infinity as X ap-

proaches 1.0. Use of a second-order Taylor series expansion in this in-
terval causes ah to become increasingly large as X increases, until ah

becomes 1nf1n1te at X =1, However, oh is bounded by using an alternate

procedure in this range of qualities. F1rst, the uncertainty is calcu-
lated using the Taylor series expansion. Then, the two sets of input
parameters that yield the maximum and minimum values of h are found.
These parameters are the test conditions, perturbed by plﬁs or minus one
standard deviation. With a high probability, the difference in the maxi-
mum and minimum values of h is >2 ah . Therefore, crhc from the Taylor

expansion is compared with the upper 11m1t on ah ; the value of oh then
is set to the lower of the two values. ¢

A set of computer routines was created to implement this uncertainty
analysis for the steady state tests. These routines accepted as basic
input the values of P, V, T, Q'’, T, and the bundle power distribution.
The bundle power distribution was expressed as average nodal powers with
the bundle detailed in seven nodes. The individual nodal powers and their
uncertainties were combined to yield the total power delivered to the
fluid Q and its uncertainty at the axzial level of interest. The routines
also calculated G, X, T,, and their uncertainties. As before, the uncer-—
tainties oG and oX need not be included explicitly in the calculation of
ah because the uncertainties in the measured quantities are propagated
through the calculation. Coolant properties were evaluated using WATERS,

a computer package for water and steam physical properties. Within the
range of test conditions, the percentage error of WATERS properties com-—
pared with American Society for Mechanical Engineers (ASME) Steam Table
values was (1%, The uncertainty in the coolant properties yielded a neg-
ligible contribution to the evaluated oh.

A set of input parameters typical of the steady state test series is
given in Table 4. The uncertainties are given in terms of one standard
deviation and fractional standard deviation (fsd) values. Included in
these are uncertainties in T and Q'’, which have fsd values that are rep-
resentative of the entire teSt series. The heat transfer coefficients and
their associated uncertainties for this set of sample input are given in
Table 5.

To verify the routines used to calculate the heat transfer coeffi-
cient uncertainties, an entirely different method was used to analyze the
set of test conditions in Table 1. The method used was the Factorial
Stratified Sampling (FSS) method.2® The FSS technique can be considered
an analog method.

To implement the FSS method, a larger set of input parameters is gen—
erated for each uncorrelated input parameter. The number of values for
each input parameter is called the number of levels I. For instance, if
I = 10 and the input parameters P and oP are given, then a new set of ten
input pressures Pi is generated. The Pi are distributed about P so that

the frequency distribution of the Pi follows the normal distribution
curve, If the normal distribution curve is integrated between two ad-
jacent P, values, 10% of the total area under the curve is obtained.
Thus, thére is a 10% chance that the true value of P lies in the interval
between two adjacent P, values, The set of P, may be considered to be an
ideal simulated set of'I measurements of P, made at the steady state test
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Table 4. Typical steady state test

parameter uncertainties

Parameter Value Uncertainty?®
P, MPa 8.9 0.0414 (0.005)
psi 1205.5 6.0
V., m3/s 0.0043 9 x 10-5 (0.022)
° ft3/s 0.15083 0.00332
Q''’', kW/m? 788.15 43 .35 (0.055)
Btu/h.ft2 2.5 x 105 1.375 x 104
To' °C 275.7 2.22 (0.008)
oF 528.4 4.0
Tw' °C 687.4 11.0 (0.016)
°F 1269.4 19.8
Q, kW 2647.9 76.0 (0.029)
Btu/s 2511.3 72.1

a . .

Uncertainty values are given as one
standard deviation; values in parentheses re-
fer to the fractional standard deviation,

Table 5. Sample heat transfer coefficient
and uncertainties

Coefficient Value Uncertainty®
Dougall-Rohsenow, kW/m2? °C 2.507 0.067 (0.0265)
Btu/h ft2 °F 441.72 11.720
Groeneveld 5.7, kW/m2 ©¢C 1.397 0.026 (0.0183)
Bth/h ft2 °F 246 .12 4,515
Groeneveld 5.9, kW/m? °C 1.232 0.029 (0.0237)
Bth/h ft2 °F 217.04 5.153
Experimental, kW/m2 °C 2.021 0.125 (0.0619)
Bth/h ft2 °F 356.15 22.032

aUncertainty values are given as one standard de—
viation; values in parentheses refer to the fractional

standard deviation,
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conditions. For each of the N input parameters and uncertainties, I
levels are generated. All possible combinations of the new inputs are
used to calculate heat transfer coefficients, giving I values of h,.
Each input parameter occurs with equal probability, each set of inp%t
parameters occurs with equal probability, and the set of h, models the
true normal distribution of the expected value of h. The %et of h, is
evaluated to provide oh, using basic statistical analysis. 1

The FSS method was applied to the test case using I = 10 levels. The
resulting oh were in good agreement with the results of Table 5, differing
by about —7% for all heat transfer coefficients. For the experimental
heat transfer coefficient, the FSS method was repeatedly applied as I in-
creased from I = 10 to I = 100. As I increased, the value of ch uniformly
converged to the value given in Table 5. Therefore, the results of the
FSS calculations verify the computer routines used to analyze the steady
state test heat transfer coefficient uncertainties.
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4., RESULTS

4.1 Correlation Comparisons

Results for each of the steady state tests are presented in tabular
form in both SI and English units in Appendix D. Each test is divided
into five separate sections. Surface conditions along with their cross—
sectional standard deviations are presented in the first section, Surface
conditions presented are the average conditions for each level. Standard
deviations of the surface conditions are the cross—sectional standard
deviations (as opposed to measurement uncertainty) that are determined by
calculating the mean surface temperature or heat flux for a level and de-
termining the standard deviation of these quantities across the bundle
about that mean. Thus, cross—-sectional standard deviations are an indica-
tion of the variation across the bundle at one axial location, Surface
conditions were averaged only when rod superheat was 222°C (400°F) or
greater. If only omne rod was in film boiling at a given axial level, the
cross—sectional uncertainty will therefore be zero for that level. If no
rods were in film boiling [i.e., (T_ — T ) < 400°F] at a level, that level
is omitted from the table. v s

Also shown in Sect. 1 are the local equilibrium fluid conditions
(fluid temperature and quality) and their uncertainties (one standard de-
viation)., Uncertainties in these quantities reflect errors in measurement
of bundle pressure, flow rate, heat input, and inlet conditions [propa-
gated through Eq. (5) and the steam property tables].

The second and third sections for each test show only the primary-
level thermocouple information (levels A, B, C, D, E, F, and G). Primary-
level thermocouples should show little or no influence of the spacer
grids.

The second section presented for each test shows heat transfer cor-
relation comparisons when the equilibrium qualities are (1. Uncertain-
ties for three of these correlations are also presented (Dougall-Rohsenow,
Groeneveld 5.7, and Groeneveld 5.9). The fractional standard deviation
for the Dougall—-Rohsenow correlation with Pr evaluated at the wall tem-
perature is expected to be similar to the fsd for the standard Dougall-
Rohsenow equation because the Pr is insensitive to variations in both
pressure and temperature at high temperatures (i.e., the wall tempera-
ture). Surface conditions in this section and the remainder of the sec-
tions for each test are local surface conditions. Both the experimental
heat transfer coefficient and its uncertainty are also presented. Corre-
lation uncertainty and experimental heat transfer coefficient uncertainty
in this section and in the remainder of the sections for each test re-—
flect measurement uncertainties and represent one standard deviation.
Correlations presented in this section are

Dougall-Rohsenow heat transfer coefficient,
Dougall-Rohsenow (wall Pr) heat transfer coefficient,
Groeneveld 5.7 heat transfer coefficient,

Groeneveld 5.9 heat transfer coefficient,
Condie-Bengston IV heat transfer coefficient, and
Groeneveld-Delorme heat flux.

AN b W =
*
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The Dougall-Rohsenow correlation was developed from the single—phase
Dittus—Boelter equation using the actual vapor velocity based on the
equilibrium quality. Therefore, it assumes perfect vapor—-to—liquid heat
transfer and does not account for drop—wall interactions.

The Groeneveld 5.7 and 5.9 equations, along with the Condie-Bengston
IV correlation, were correlated using dispersed flow heat transfer data.
Therefore, they would partially account for the nomequilibrium in the flow
and the presence of droplets,

The Groeneveld-Delorme correlation was also developed from dispersed
flow data. It explicitly accounts for nonequilibrium within the flow and
contains a correlation for actual quality as a function of flow condi-
tions.

The third section presented shows heat transfer correlation compari-
sons and uncertainties when equilibrium qualities are >1. Both experi-
mental heat transfer coefficients based on (T — T ) and experimental co-
efficients based on (T — T,) are tabulated. 'Corrélations in this table
are (1) Dittus-Boelter heat transfer coefficient, (2) Condie-Bengston IV
heat transfer coefficient, and (3) Groemeveld-Delorme heat flux.

The Dittus—Boelter correlation is a single-phase heat transfer coef-
ficient developed from several types of single-phase data, The Condie-
Bengston IV and Groemeveld-Delorme equations were described previously.

The fourth and fifth sections for each test present information for
the intermediate—level thermocouples (E1, E2, E3, E6, E7, E8, F1, F2,

F3, F4, F5, F6, F7, and F8). The values for > h , and r used in
Eq. (4) are calculated from data taken while exposing the rods to kmown
conditions, The calculation procedure assumes that a single—phase heat
transfer coefficient is applicable when water alone is flowing through the
heated bundle. This heat transfer coefficient includes no grid spacer
effects; thus, the calculation of rod properties would tend to wash out
some of the grid effects present during testing. The error in surface
temperature caused by this effect is estimated to be on the order of 6°C
(10°F); however, because it is only approximate, uncertainties listed in
the tabulation do not reflect this error.

The fourth section presents intermediate—~level information for equi-
librium qualities that are <1. The same correlation comparisons are pre-
sented as in the second section.

The fifth section presents intermediate—level information for equi-—
librium qualities that are >1. The same correlation comparisons are pre-—
sented as in the third section.

Please note that values from rod 54 were not presented for any tests.
Centerline thermocouples that are used in the rod property calculation
procedure were not functioning properly in rod 54. This led to high un-
certainty values in surface conditions, although the absolute values of
the surface conditions were reasonable. Rod 54 is used in the grid spacer
section presented later in this report because the calculational technique
used when analyzing grid spacer effects differs from the normal calcula-
tion techmnique,

Axial conduction within the rods near the dryout point is not con-—
sidered in the data reduction procedure. Calculations were performed to
investigate this phenomena by treating the rod as a semi~infinite fin with
the base temperature at the saturation temperature and a constant heat
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transfer coefficient on the surface. For typical surface heat transfer
coefficients, axial conduction effects are present for distances (2.5 c¢m
(1 in.) from dryout. Rod thermocouples in the THIF are spaced at a mini-
mum of 5 cm (2 in.) apart. Because the exact point of dryout can only be
identified to within +2.5 cm, some thermocouples near dryout can include
this effect. Appendix D contains information that identifies (1) the
highest level where all thermocouples are wet, (2) the lowest level where
all thermocouples are dry, and (3) the ratio of the number of wet thcrmo-—
couples to the total number of thermocouples monitored for levels between
the all-wet and all-dry levels.

Several rods are constructed with thermocouples positioned at differ—
ing azimuthal locations (Fig. 5) and the same axial level. Thus, rods may
have multiple entries in the tables at one level.

Results of tests typical of the series are also shown as plots of the
correlation—predicted heat transfer coefficient (heat flux) vs the experi-
mental heat transfer coefficient (heat flux) in Figs. 6—53.

Any data point lying above and to the left of the diagonal line in
the figures indicates that predicted heat transfer coefficients (heat
fluxes) are lower than the experimentally measured heat transfer coeffi-
cients, Data lying below and to the right indicate an overprediction of
the heat transfer coefficient (heat flux).

Bach vertical data string represents one axial level., The scatter in
the data is primarily caused by radial variations in the fluid conditions
and their effect on surface temperatures, because uncertainties in experi-
mental heat transfer coefficients (shown as one standard deviation error
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bars) are significantly smaller than the data scatter. The slope in the
vertical data strings for the Groeneveld 5.7 and Condie-Bengston IV plots
reflect the surface temperature variation and its effect on the wall Pr.
Scatter in the Groeneveld-Delorme correlation is horizontal. Wall tem—
perature variations are now incorporated in the correlation predicted heat

flux because QG = hGD (Tw - Tv)'

Plots that show data for all tests are presented in Figs. 54-60.

In general, results of these tests show that both Dougall-Rohsenow cor-—
relations tend to overpredict heat transfer coefficents, while the
Groeneveld 5.7, Groeneveld 5.9, and Condie-Bengston IV correlations pre-—
dict the data better. The Groeneveld-Delorme correlation predicts heat
fluxes that are low at points near dryout. However, predictions improve
as the distance from dryout increases. The Dittus—Boelter correlation
also tends to overpredict the observed experimental heat transfer coef-
ficients. These conclusions agree with results obtained in the three
transient tests (3.03.6AR, 3.06.6B, and 3.08.6C) conducted in the THIF
(Appendixes A, B, and C).

The Dougall-Rohsenow correlation was not developed from two—phase
data and does not account for nonequilibrium effects. Nomequilibrium
within the flow would tend to decrease experimental heat transfer coeffi-
cients and could explain the discrepancy between the Dougall-Rohsenow cor-
relations and the data.

All other film boiling correlations presented were developed from two-—
phase data and would partially account for nonequilibrium within the flow.
At the dryout point (the point beyond which liquid no longer comes in con-—
tact with the heated surface), conditions should be close to equilibrium.
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As distance from dryout increases, the amount of nonequilibrium in the
flow increases. None of these correlations explicitly accounts for this
phenomenon. In particular, the Groeneveld-Delorme correlation predicts
the existence of some nonequilibrium at dryout, causing the predicted heat
transfer coefficients to be low. As distance from dryout increases, non-—
equilibrium effects are more prominent, and the predictions tend to be
better. Because nonequilibrium is present in all heated dispersed flows
to some extent, liquid is present in the flow even after the equilibrium
quality reaches one. Thus, the Dittus-Boelter correlation that uses sin-—
gle-phase equilibrium conditions beyond qualities of ome tends to overpre—
dict heat transfer coefficients for reasons similar to those discussed for
the Dougall-Rohsenow correlation.

4.2 Nonequilibrium

No instrumentation presently available for use in the THIF can mea-—
sure the degree of nonequilibrium in the flow. However, the degree of
nonequilibrium in the steady state tests can be estimated by using tech-
niques developed for predicting nonequilibrium in dispersed flows. Three
techniques were used on representative steady state tests:

1. Groeneveld-Delorme, 14
2. Chen,13 and
3. Yoder.2¢
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Both the Groemeveld-Delorme and Chen techniques are correlational
techniques developed from two-phase heat transfer data assuming the wall
heat transfer could properly be described by a suitable single—phase heat
transfer coefficient. The Yoder technique develops a method of calculat-
ing actual quality from the governing transport equations in two-phase
flows. This technique has been slightly modified in this report to ac-
count for differences between bundle geometry and tube geometry (the
geometry for which it was developed).

Results of these calculations are presented as plots of actual qual-
ity vs equilibrium quality (Figs. 61-70). Also shown in the figures is
the predicted vapor superheat for level G. Predicted superheats range as
high as 2359C (423°F)., A considerable amount of nonequilibrium is prob-
ably present in most of the tests and would tend to cause the Dougall-
Rohsenow correlations to overpredict heat transfer coefficients.

The Dittus—Boelter correlation would also tend to overpredict heat
transfer coefficients when nonequilibrium is present in the flow. Liquid
can be present even when equilibrium qualities are )1, lowering the vapor
Reynolds number and raising the vapor temperature.
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4.3 Grid Spacer Effects

Low-pressure drop and egg-crate—type spacer grids without swirl in-
ducers are spaced at 0.61-m (2-ft) intervals along the THTIF bundle.
Closely spaced intermediate thermocouples are located axially above and
below the two topmost grids to investigate grid effects during film boil-
ing., To eliminate the grid spacer effect on intermediate—level rod prop-
erty calculation, an averaging technique was used. Values for boron ni-
tride thermal conductivity and sheath thermocouple contact resistance were
averaged for all major—level thermocouples (A, B, C, D, E, F, and G).
These values were then used to calculate rod surface conditions at the
intermediate levels using a numerical form of Eq. (4), assuming the ther-
mocouple bead was at the center of the thermocouple sheath.

Results are presented as plots of surface temperature vs axial dis-
tance along the bundle., Surface temperatures are level average tempera-
tures. Only thermocouples with (T — T ) > 222°C (400°F) are used in

the averaging. Omne exception is lzvel F4. All thermocouples are averaged
at level F4 because this level is wet in many of the tests and thus empha-
sizes the degree of grid heat transfer augmentation.

Figures 71—75 show level average rod surface temperatures for thermo-
couples near the grid. Surface temperatures downstream of the grid are up
to 110°C (200°F) lower than temperatures upstream of the grid. These re—
sults are consistent with results obtained by other investigators, 37,328
These effects last ~20 to 30 hydraulic diameters downstream of the grid.
This length is consistent with entrance length studies2??,3° and suggests
a boundary layer breakup-rebuild process at the grid.
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5. CONCLUSIONS

An analysis of 22 steady state film boiling tests (series 3.07.9) has
been performed. Mass and energy conservation relationships were used to
calculate equilibrium fluid conditions within the rod bundle. These fluid
conditions, along with calculated rod surface temperatures, were used to
evaluate six film boiling correlations and one single-phase vapor correla—
tion:

. Dougall-Rohsenow,

. Dougall-Rohsenow (wall Pr),
. Groeneveld 5.7,

. Groeneveld 5.9,

. Condie—Bengston IV,

. Groeneveld-Delorme, and

. Dittus—Boelter.

NN EWN R

The correlations were then compared with experimentally determined heat
transfer coefficients.

The Groeneveld 5.7, Groeneveld 5.9, and Condie—Bengston IV correla-
tions perform better than either Dougall-Rohsenow correlation. The
Dougall-Rohsenow and Dittus-Boelter correlations predict heat transfer
coefficients that are often 150% higher than the experimentally deter—
mined heat transfer coefficients discussed in this report. This could be
partly caused by thermodynamic nonequilibrium that can exist in the flow.
The Groeneveld-Delorme correlation, which explicitly accounts for non-
equilibrium in the flow, predicts low heat fluxes near burnout that im-—
prove as distance from burnout increases.

The conclusions reached concerning the accuracy of the film boiling
correlations concur with those reached in reports describing the three
transient film boiling experiments, tests 3.03.6AR, 3.06.6B, and 3.08.6C.
Appendixes A, B, and C show comparisons of the Dougall-Rohsenow, Groene-—
veld 5.7, Condie-Bengston IV, and Groeneveld-Delorme correlations for
tests 3.03.6AR, 3.06.6B, and 3.08.6C.
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Appendix A

THTIF TEST 3.03.6AR RESULTS

Transient tests 3.03.6AR, 3.06.6B, and 3.08.6C were all tests in
which the test section pressure and fluid conditions varied with time.

As a result, flow conditions do not vary independently; that is, X and P
both generally decrease with time.

The first upflow film boiling experiment (THTF test 3.03.6AR) was
conducted on May 21, 1980. Morris et al.* have documented the results of
the experiment in an ORNL report. This appendix summarizes those results,
The experiment was a controlled transient test executed from high-pressure
and high-temperature conditions. The flow, pressure, and power transient
were initiated with an outlet—only break. The experiment was planned and
conducted to maintain unidirectional upflow (no flow reversals) and pro-
long film boiling. Dispersed flow film boiling data were collected over
the following parameter ranges in THIF test 3.03.6AR:

. Mass flux: 136—502 kg/m2*s (1 x 105-3.7 x 105 1b /h-ft2)
. Quality: ~23-100% n

. Pressure: 5-10 MPa (700-1500 psi)

. Heat flux: 158-1000 kW/m2? (5 x 104-3.2 x 105 Btu/h-ft3)

W N =

The data are in the high-flow film boiling data ranges requested by the
NRR,

Local bundle fluid conditions were calculated with the homogeneous
two—phase flow and thermodynamic equilibrium thermal-hydraulics code
RLPSFLUX.? The calculation of local fluid conditions permitted the as-
sessment of the Dougall-Rohsenow, Groeneveld 5.7, Condie-Bengston IV, and
Groeneveld-Delorme heat transfer correlations. Correlation comparisons
with the data are presented in Figs. A.1—A.4 for these correlations. Fig-
ure A.1 indicates that the Dougall-Rohsenow correlation generally over-
predicts the heat transfer coefficient. It also shows that the Dougall-
Rohsenow correlation produces ratios of h ~to~h that tend to be greater
at high quality. The Groeneveld 5.7 corrSlatio§ comparisons are shown in
Fig. A.2. The correlation is seen to predict heat transfer coefficients
both above and below the data. The Condie—Bengston IV correlation com—
parisons, shown in Fig. A.3, indicate that the correlation predicts heat
transfer slightly below the data. The Groeneveld-Delorme correlation
tends to predict heat transfer coefficients lower than experimental values
(Fig. A.4).

In general, the results obtained in THIF test 3.03.6AR concur with
those obtained in THIF test series 3.07.9.
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Appendix B

THTF TEST 3.06.6B RESULTS

The second upflow film boiling experiment (THTF test 3.06.6B) was
conducted on August 29, 1980. The experiment was conducted and analyzed
in a very similar fashion to THTF test 3.03.6AR. Morris et al.! have
documented the results of the experiment in an ORNL report. This appendix
summarizes those results.

Correlation comparisons were performed with data collected over the
following parameter ranges:

Mass fluox: 136-610 kg/m2-s (1 x 105—4.5 x 105 1b /h-ft3)
Quality: 5-100% m
Pressure: 6—13 MPa (875~1900 psi)

. Heat flux: 158—630 kW/m2 (5 x 104—2 x 105 Btu/h-ft2)

o WN
L]

The film boiling correlations examined here include:

. Dougall-Rohsenow,

. Groeneveld 5.7,

. Condie—Bengston IV, and
. Groeneveld-Delorme.

o WN

Figure B.1 indicates that the Dougall-Rohsenow correlation overpredicts
the heat transfer coefficient except at low quality. The correlation
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overpredicts the data most at high quality.

68

The Groeneveld 5.7 correla—

tion comparison (Fig. B.2) indicates that the correlation predicts heat

transfer above and below the data.

The Groeneveld 5.7 correlation pro—

duces ratios of hc—to—he that tend to be greater at high quality and pres-—

sure. The Condie—Bengston IV correlation shown in Fig. B.3 predicts data
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better than the Dougall—-Rohsenow correlation. The Groeneveld-Delorme cor—
relation (Fig. B.4) tends to underpredict heat transfer coefficients.

In general, the results obtained in THTF test 3.06.6B concur with
those obtained in THTF test 3.03.6AR and test series 3.07.9.
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Reference

1. D. G. Morris, C. B, Mullins, and G. L. Yoder, An Analysis of Transient
Film-Botiling of High Pressure Water in a Rod Bundle, ORNL/NUREG-85 (to
be published).
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Appendix C

THTF TEST 3.08.6C RESULTS

The third upflow film boiling experiment (THTF test 3.08.6C) was con—

ducted on October 1, 1980. The experimental procedure and data analysis
were similar to the two previous transient tests (3.06.6A and 3.06.6B) and
are discussed in Ref. 1.

W R
¢ »

Test conditions were as follows:

Mass flux: 330-1090 kg/s°m? (2.4 x 105—8 x 105 lbm/h-ft’)
Quality: ~35-100%

Pressure: 6.6—11.7 MPa (950—1700 psia)

Heat flux: 160—1100 kW/m3? (5 x 104—3.5 x 105 Btu/h-ft3)

Four correlations are examined in this appendix:

oW
o s .

in

Dougall-Rohsenow,
Groeneveld 5.7,
Condie—Bengston IV, and
Groeneveld-Delorme.

Each correlation displays characteristics similar to those discussed

Appendixes A and B. The Dougall-Rohsenow correlation (Fig. C.1) tends

to overpredict heat transfer coefficients while the Groeneveld 5.7 (Fig.
C.2) and the Condie-Bengston IV (Fig. C.3) correlations predict the data
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better, The Groeneveld-Delorme correlation underpredicts heat fluxes

(Fig. C.4).
Results of transient test 3.08.6C are in agreement with results of

the steady state test series 3.07.9 and both previous transient tests
3.03.6AR and 3.06.6B.
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be published).
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Appendix D

STEADY STATE DATA AND CORRELATION COMPARISONS

Appendix D contains tables listing fluid conditions, surface condi-
tions, and correlation—predicted and experimentally determined heat trans-
fer coefficients (heat fluxes). Also included are one standard deviation
uncertainties for several of these quantities. The tables are arranged in
two divisions. The first division contains these quantities in SI units.
The second division is a duplicate of the first; however, quantities are
given in English units, Tests are identified on each page of the tables,
and the units in use (SI or English) along with the nomenclature are given
on the header page preceding each test tabulation,
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Appendix D.1

STEADY STATE TESTS IN SI UNITS
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STEADY STATE TEST 8
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CORRELATICON COMPARISGNS
ST UNITS
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NOMENCLATURE
HCB - CONOIE-BENGSTON HEAT TRANSFER COEFFIC IENT TSAT
HDB - DITTUS-BOELTER HEAT TRANSFER COEFFICIENT TSRF{TSUR
HDR ~ DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT TF
HDRPW - DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT, UHDR
WALL PRANDTL NUMBER
HEXP ~ EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXP
Q/(TSURF-TRULK)
HEXPS - EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXPS
Q/ (TSURF-TSAT)
HG57 - GROENEVELD 5.7 HEAT TRANSFER COEFFICIENT UHGS57
HG5S - GROENEVELD 5.9 HEAT TRANSFER COEFFICIENT
Q - HEAY FLUX UHG59
QGD - GROENEVELD-DELORME HEAT FLUX
SDTSRF — CROSS—-SECTICNAL STANDARD DEVIATION OF THE UNC
SURFACE TEMPERATURE UTF
SDQ — CROSS—-SECTIONAL STANDARD DEVIATION OF THE
HEAT FLUX Ux
TBULK — BULK VAPOR TEMPERATURE X
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sokkkakkkkk  STEADY STATE TEST B  sordmdkkikkx

LEVEL AVERAGE FLUILC AND SURFACE CONDITIGNS

MASS FLUX 5.253E¢05 LBM/SQFT H UNC. MASS FLUX 1,205E404 LBM/SQFT H PRESSURE  1849.4 PSI
712.89 KG/SQM S 16.3578 KG/SQM $ 12.76 MPA
LEVEL Q sDQ TSRF SDTSRF TF uTF
ENG SI ENG S1 ENG S1 ENG SI ENG ST ENG
D 2.893 911.2 0.063 19.99 1322.6 T717.3 58.12  32.292 624.7 329.6  0.443
13 2.900 913.5 0.041 13,07 1353.5  134.5 21.53 11.959 62447 329.6 0.443
£ 2.893 911.2 0.052 16.26 1262.3  683.8 38.30 21.280 624,17 329.6  0.443
€ 2.874 905.2 0.061 19.20 1199.2 648.8 35.86 19.924 638.4 337.2 14.423
H 2.880 907.2 0.000 0.00 1373.9  745.8 0.00 0.000 62447 329.6 04443
Y 2.881 907.6 0.000 0.00 1223.2 662.1 0.00 0.000 62447 329.6  0.443
El  2.868 903.4 0.027 8.48 13€4.3  740.5 41,04  22.800 624.7 329.6  0.443
E2  2.823 889.3 0.089 27.88  1329.1  720.9 7.77 4,316 62447 329.6  0.443
E2  2.872 904.8 0.026 8.28 1364,7 T40.7 16.00 8. 890 624.7 329.6 0.443
Ee  2.797 88l.l 0.107 33.77  1199.1  648.7 34,93 19.406 624,17 329.6  0.443
E7 2.887 909.3  0.032 10.09 1222.0 66l.4 34.21  19.005 62447 329.6 0.443
EE 2.888 909.8 0.027 8.56 1256.3  680.5 19.83 11.014 624.7 329.6 0.443
F1  2.853 898.6 0.068 21.52 1249.8  676.9 15.00 8.332 62447 329.6  0.443
F2  2.884 908.4  0.031 9.63  1272.1  689.2 19.33 10.738 624,17 329.6 0.443
F3  2.850 897.7 0.068 21.31 1260.0 682.6 18.16  10.090 624.7 329.6  0.443
F4 2,797 881.1 0.107 33,77  1039.0 559.8 3.89 2.161 624,17 329.6  0.443
£5 2.823 889.3 0.089 27.88 1096.3 591.6 32.77 18.204 62447 329.6  0.443
Fe  2.851 898.2 0.060 18.91 1152.2 622.7 20.45  11.3¢4 624.7 329.6  0.443
F71  2.850 897.5 0.054 16.94 1160.0 627.0 23.54 13.079 624.7 329.6  0.443
Fe  2.862 901.7 0.061 19.10  1191.7  644.6 32.61  18.119 632.5 334.0 12.213
NCMENCLATURE Test B
ENG SI T/C Level (# wet T/C)/(Total # T/C)
¢ BIU/H FT*%2 X 1ES K /M 2 ¢ ALL wet
S0¢ BTU/H FT#*Z X 1E5 KW/ M*x 2 U 4/5
JSRF _ DEG F DEG C S 5/5
FETSRF BEE £ BEE € H 5/6
"TF DEG F DEG € Y 5/6
D 3/50
E All dry

UNC.

SI

0.2
0.2
0.2
8.0
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

PRESSURE 6.00 PSI
G.041 MPA

X UX

. 4663 . 0246
«6524 « 0294
« 8465 . 0343
1.0387 « €351
<3849 .0228
4004 . 0231
. 6834 . 6302
<7057 . 0309
+ 73189 . 0317
. 7872 . €330
8057 .0333
.8300 . 0339
. 8776 . 0351
.9019 .0358
«9262 . 0365
.548¢% . G372
«9650 . 0375
9825 . 0378
«9990 . 0381
1.0222 .0387

6.8

08
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NOMENC LATURE

HCSB — CONDIE-BENGSTON HEAT_TRANSFER COEFFIC IENT TSAT - SATURATION TEMPERATURE

HDB ~ DITTUS-BOELTER HEAT TRANSFER COEFFICIENT TSRF(TSURF) - SURFACE TEMPERATURE

HDR - DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT TF - EQUILIBRIUM FLUID TEMPERATURE

HORPW - DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT, UHDR - UNCERTAINTY, DCUGALL-ROHSENOW HEAT
WALL PRANDTL NUMBER TRANSFER COEFFICIENT

HEXP —~ EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXP — UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/ITSURF-TBULK) COEFFICIENT

HEXPS — EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXPS — UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/{TSURF-TSAT) COEFFICIENT

HGS57 - GROENEVELD 5.7 HEAT TRANSFER COEFFICIENT UHG57 — UNCERTAINTY, GROENEVELD 5.7 HEAT TRANCSFER

HG59 - GROENEVELD 5.9 HEAT TRANSFER COEFFICIENT COEFFICIENT

Q = HEAT FLUX UHG59 — UNCERTAINTY, GROENEVELD 5.9 HEAT TRANSFER

QGD ~ GROENEVELD-DELORME HEAT FLUX COEFFICIENT

SDTSRF - CROSS—SECTICNAL STANDARD DEVIATION OF THE UNC = UNCERTAINTY
SURFACE TEMPERATURE UTF = UNCERTAINTY, EQUILIBRIUM FLUID

sDQ ~ CROSS—SECTIONAL STANDARD DEVIATION OF THE TEMPERATURE
HEAT FLUX ux = UNCERTAINTY, QUALITY

TBULK — BULK VAPOR TEMPERATURE X - QUALITY

*****************#**t*****************************#*****************************************************************#************
*1*******#**********************#*****************#*********#****************************************i**t*t**********************
**#**t*****#*******#****#****#******************************************************************************************#********
*******************##*#***************************#**************************************************************************#***
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STEADY STATE TEST C
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LEVEL AVERAGE FLUID AND SURFACE CONDITIONS

NASS FLUX 2.463E+05 ULBM/SQFT H UNC. MASS FLUX 5.561E¢03 LBM/SQFT H PRESSURE 1805.3 PSI UNC. PRESSURE
334,24 KG/SQM S 7.5465 KG/SQM S 12.46 MPA
LEVEL Q SbQ TSRF SDTSRF TF UTF X
ENG SI ENG SI ENG S1 ENG SI ENG St ENG St

E 1.817 572.2 0.029 9. 05 1240.5 671.7 58.07 32.259 62l.4 327.8 0.445 0.2 .8116
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FLUID CONDITIONS
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NOMENCLATURE

HCB — CONDIE-BENGSTON HEAT TRANSFER COEFFICIENT JSATY - SATURATION TEMPERATURE
HDB - DITTUS-BOELTER HEAT TRANSFER COEFFICIENT TSRF{TSURF) — SURFACE TEMPERATURE
HOR - DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT TF - EQUILIBRIUM FLUID TEMPERATURE
HDRPW - DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT, UHDR - UNCERTAINTY, DOUGALL—ROHSENOW HEAT
WALL PRANDTL NUMBER TRANSFER COEFFICIENT
HEXP — EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXP - UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/(TSURF-TBULK) COEFFICIENT
HEXPS = EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXPS — UNCERTAINTY, EXPFRIMENTAL HEAT TRANSFER
Q/(TSURF-TSAT) COEFFICIENT
HG57 ~— GRDENEVELD 5.7 HEAT TRANSFER COEFFICIENT UHGS57 ~ UNCERTAINTY, GROENEVELD 5.7 HEAT TRANSFER
HG5S — GROENEVELD 5.9 HEAT TRANSFER COEFFICIENT COEFFICIENT
Q - HEAT FLUX UHG59 ~ UNCERTAINTY, GROENEVELD 5.9 HEAT TRANSFER
QGD - GROENEVELD-DELORME HEAT FLUX COEFFIC IENT
SDYSRF — CROSS—SECTIONAL STANDARD DEVIATION OF THE UNC - UNCERTAINTY
SURFACE TEMPERATURE UTF - UNCERTAINTY, EQUILIBRIUM FLUID
SO - CROSS—SECTICNAL STANDARD DEVIATION OF THE TEMPERATURE
HEAT FLUX Ux - UNCERTAINTY, QUALITY
TBULK - BULK VAPCR TEMPERATURE X - QUALITY
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LEVEL AVERAGE FLUIC AND SURFACE CONDITIONS

MASS FLUX 3.813E+05 (BM/SQFT H UNC. MASS FLUX B8.,660E¢03 LBM/SOFT H PRESSURE 1847.3 PS1
517.47 KG/SQM S 11.7514 KG/SQM S 12.75 MPA
LEVEL Q SDQ TSRF SOTSRF TF UTF
ENG S ENG SI ENG S1 ENG S1 ENG S1 ENG
E 2422€ 700.9 0.030 9.58 1253.8 679.1 50.83 284240 624.5 329.5 0.443
F 2.219 698.6 0.037 11.60 1255.2 679.9 40665 220583 624.5 329.5 0.443
G 2.212 696.8 0.051 16.15 1205.5 652.3 33.96 18. 864 642.9 339.7 15.689
E1l 24208 695.8 0.026 8.28 1287.3 697.7 62.40 34.669 624.5 329.5 0443
E2 24175 685.1 0,065 20.58 1275.4 691.1 35.172 19. 846 62445 329.5 06443
E2 2215 697.7 0.022 7.08 1301.4 705.6 24 .87 13.819 624.5 329.5 0.443
133 2159 680.1 0.082 25.89 1197.C 647 .6 42.00 23.335 624.5 329.5 04443
ET 2.218 698.5 0.026 8,11 1215.0 6575 37.20 204 665 62445 329.5 0e442
E8 2225 700.9 0.015 4.65 1235.4 668.9 33.18 18.431 624.5 329.5 0.443
Fl 2.193 690.S 0.050 15.70 1246.3 674 .9 14.18 7.876 624.5 329.5 0.443
F2 2213 697.2 0.022 7.05 1269.1 687.6 26483 14, 906 624.5 329.5 0443
F3 2.193 690.9 0.048 15.17 1259.1 682.1 21.43 11.908 624.5 329.5 0.443
Fé4 2.158 67S9.7 0.082 25.88 1057.9 570.2 4,88 2.711 624.5 329.5 0443
F5 2.175 685.1 0.065 20.58 1109.5 598.9 25.04 13.910 62445 329.5 0.443
F¢ 24195 691.4 0.046 14,40 1161,.8 628.0 12 .46 6.920 624.5 329.5 0.443
F? 24195 691.4 0042 13.25 1170.3 632.7 16.78 9.324 627.5 331.1 13,230
Fe 2199 692.7 0.044 13.79 1197.9 648 .0 25.87 14.373 636.6 336.2 13.876
ANCMENCLATURE
ENG SI
< BTU/F FT%%2 X 1ES KW /Mt 2 fest D
So¢ BTU/H FT*%2 X 1E5 KW /M 2 T/C Level (# wet T/C)/(Total # T/C)
TSRF DEG F DEG C
FESRF DEC £ DEC € ) TR
uTF DEC F DEG C Y

UNC.

PRESSURE

6.00 PSI
C.041 MPA

SI

0.2
0.2
8.7

[=]
.
N

* s . @
NN NN

* v DR
~ HF NN NN NN

~ ~N O 0O 0O 0O 0o 0 0 o o o o
.

« 6436
« 8486
1.0516
<6764
<6999
.7275
. 7860
. 8055
8312
. 8814
«9071
«9328
. 9564
<9728
«9922
1.0096
1.0342

. 0301
«0352
402
. €309
<0316
.« 0325
. 0338
« 0342
«C348
« 0361
.0368
«C376
. 0382
. 0386
. 0389
« 0363
.« 0398
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NOMENCLATURE
HCB —~ CONDIE-BENGSTON HEAT_TRANSFER COEFFICIENY TSAT - SATURATION TEMPERATURE
HOB ~ BITTUS-BOGELTER HEAT TRANSFER COEFFICIENT TSRF{TSURF) - SURFACE TEMPERATURE
HOR ~ DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT TF - EQUILIBRIUM FLUID TEMPERATURE
HORPW — DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT, UHDR - UNCERTAINTY, DOUGALL-ROHSENOW HEAT
WALL PRANDTL NUMBER TRANSFER COEFFICIENT
HEXP - EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXP — UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/{ TSURF=TBULK] COEFFIC IENT
HEXPS — EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXPS - UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/{TSURF-TSAT) COEFFICIENT
HG57 - GROENEVELD 5.7 HEAT TRANSFER COEFFICIENT UHG57 - UNCERTAINTY, GROENEVELD 5.7 HEAT TRANSFER
HG59 -~ GROENEVELD 5.9 HEAT TRANSFER COEFFICIENT COEFFICIENT
Q - HEAY FLUX UHG59 — UNCERTAINTY, GROENEVELD 5.9 HEAT TR ANSFER
QG0 ~ GROENEVELD-DELORME HEAT FLUX COEFFIC IENT
SOTSRF — CROSS—-SECTICNAL _STANDARD DEVIATION OF THE UNC - UNCERTAINTY
SURFACE TEMPERATURE UTF - UNCERTAINTY, EQUILIBRIUM FLUID
SD¢ -~ CROSS—SECTIONAL STANDARD DEVIATICN OF THE TEMPERATURE
HEAY FLUX ux - UNCERTAINTY, QUALITY
TBULK - BULK VAPOR TEMPERATURE X - QUALITY
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*kkkpkkkk  STEADY STATE TEST E  stokssoksdork

LEVEL AVERAGE FLUIC AND SURFACE CONDITIONS

MASS FLUX 4.370E+05 LBM/SQFT H UNC, MASS FLUX 9.951E+03 LBM/SQFT H PRESSURE 1908.0 PSI UNC. PRESSURE
593.04 KG/SQM S 13.5033 KG/SQM § 13.16 MPA
LEVEL Q SDQ TSRF SOTSRF TF X
ENG St ENG St ENG S1 ENG S1 ENG ST ENG SI

E 2. 287 720.4 0.034 10.75 1234.7 668.5 46,72 25.956 629.0 332.0 0.443 0.2 + 5757
F 2.275 716.8 0. 040 12.68 1220.4 660.5 39.99 22.218 629.0 332.0 0.443 0.2 <7637
G 2,260 712.0 0.052 16.34 1155,5 624.5 29.19 16.215 629.0 332.0 0.443 0.2 « 9495
El 24 260 712.0 0.022 7.04 1260.0 682.6 61.40 34.114 629.0 332.0 0.443 0.2 <6058
E2 2.221 699.6 0.069 21.84 1251.2 677.6 30.09 16. 719 629,0 332.0 0.443 0.2 6274
E2 2.264 713.0 0.021 6.54 1270.7 688.5 22.75 12. 639 629.0 332.0 0.443 0.2 «.6528
E€ 2.201 693.2 0.085 26,67 1160, ¢ 627.3 35.50 19.720 629.0 332.0 0.443 0.2 « 7063
E7 24269 714.7 0. 025 8.01 1181.3 638.8 37.09 204603 629.,0 332.0 0.443 0.2 « 7242
EE 227178 717.5 0.012 3.78 1211.5 655.6 22.90 12. 724 629.0 332.0 0.443 0.2 7477
F1l 2. 241 706.0 0.054 16.89 1210.1 654.8 16.16 8.977 629.0 332.0 0.443 0.2 . 7937
F2 2264 713.1 0.022 6.80 1228.4 665 .0 28.10 15.610 629.0 332.0 O0.443 0.2 +8172
F3 24 243 T06.4 0.053 16,67 1218.6 659.6 18.96 10. 535 629.0 332.0 0.443 0.2 «8407
F& 2220 699,2 0.069 21.82 1054.1 568.1 18.46 10.258 629.0 332.0 0.443 0.2 . 8783
Fé 24242 706.2 0.047 14.88 1111.1 599.8 14.€0 8.110 629.0 332.0 0.443 0.2 «8951
F17 24 242 706.2 0.043 13.51 1118.1 603.8 14.17 7.872 629.0 332.0 0.443 0.2 #9111
FE 2241 707.6 0.047 14.83 1144,1 618.1 24 .09 13,385 629.0 332.0 0.443 0.2 «9336

NCMENCLATURE

ENG SI Test E

Soo BTN ETIIZ X MEZ KW/wrs T/C Level (# wet T/C)/(Total # T/C)

TSRF  DEG F DEG C

SOTSRF DEG F DEG € D All wet

TF DEG F DEG € E All dry

LYF DEG F DEG C

6.00 PSI

. 0282
« 0329
.« 0375
« 0290
«0297
. 0305
. 0317
. 0320
. 0325
. 0337
« 0344
« 0351
. 0360
« 0363
« 0366
. C371

€01
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NOMENCLATURE
HCB — CONDIE-BENGSTON HEAT_TRANSFER COEFFICIENT TSAT ~ SATURAT ION TEMPERATURE
HOB Z DITTUS-BOELTER HEAT TRANSFER COEFFICIENT TSRF(TSURF) — SURFACE TEMPERATURE
HOR ~ DOUGALL—ROHSENOW HEAT TRANSFER COEFFICIENT TF - EQUILIBRIUM FLUID TEMPERATURE
HORPW - DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT, UHDR Z UNCERTAINTY, OOUGALL-ROHSENOW HEAT
WALL PRANDTL NUMBER TRANSFER COEFFIC IENT
HEXP ~— EXPER IMENTAL HEAT TRANSFER COEFFICIENT UHEXP - UNCERTAINTY, EXPERIMENTAL HEAT TRAN SFER
Q/(TSURF-TBULKI COEFFICIENT
HEXPS — EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXPS — UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/ (TSURF-TSAT) COEFFICIENT
HG57 - GROENEVELD 5.7 HEAT TRANSFER COEFFICIENT UHGS5T — UNCERTAINTY, GROENEVELD 5.7 HEAT TRANSFER
HG59 - GROENEVELD 5.9 HEAT TRANSFER COEFFICIENT COEFFICIENT
Q - HEAT FLUX UHG59 - UNCERTAINTY, GROENEVELD 5.9 HEAT TR AN SFER
QGO0 — GROENEVELD-DELORME HEAT FLUX COEFFICIENT
SDTSRF - CROSS—SECTIONAL STANDARD DEVIATION OF THE UNC ~ UNCERTAINTY
SURFACE _TEMPERATURE UTF — UNCERTAINTY, EQUILIBRIUM FLUID
S0Q - CROSS—SECTIONAL STANDARD DEVIATION OF THE TEMPERATURE
HEAT FLUX ux - UNCERTAINTY, QUALITY
TBULK -~ BULK VAPOR TEMPERATURE X - QUALITY
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Rdokdokkkkk  STEADY STATE TEST F  soksksxsokssks
LEVEL AVERAGE FLUID AND SURFACE CONDITIONS
MASS FLUX 1.88lE+05 LBM/SQFT H UNC. MASS FLUX 4,250E+03 LBM/SQFT H PRESSURE 1829.6 PSI UNC. PRESSURE 6,00 PSI
255.26 KG/SQM S 5.7674 KG/SQM S 12.62 MPA 0.041 MPa

LEVEL [ SoQ TSRF SDTSRF TF UTF X ux

ENG S ENG S1 ENG S1 ENG SI ENG ST ENG SI

l.223 385.2 0.02¢ 8.17 1099.3 593.3 50.81 28.227 623.2 328.8 0.443 0.2 « 9454 .0388

l. 224 385.7 0.020 6. 40 1172.8 634.1 41.10 22.836 697, 7 370.2 21.885 12.2 1.1750 « 0445
E6 l.218 383.7 0.000 0.00 1068. 2 57640 0.00 0.000 623.2 328.8 0.4432 0.2 8746 .0372
E7 1.228 38649 04000 0.00 1146.5 619.5 0.00 0.000 623.2 328.8 0.443 0.2 8967 . 0377
E8 1.237 389.7 0.012 3.77 1109.5 598.9 76.51 424505 62342 328.8 04443 0.2 «9257 . 0383
F1l 1.212 381.7 0. 031 9.86 1087.1 586.5 22.50 12.502 623.2 328.8 0.443 0.2 »9824 . 0368
F2 l.223 385.2 0.014 4.30 1125.¢ 607.9 48.78 27.102 627.2 331.0 13.237 T.4 1.0114 » 0406
F3 1. 211 38l.6 0.031 9.82 1129.9 610.3 37.58 20.879 637.5 33647 15.754 8.8 1.0404 « 0415
F4 1.220 384.4 0. 000 0.00 1055.0 568.7 0.00 0.000 648.0 342.6 17.781 G.9 1.0671 « 0423
F5 1l.199 377.6 0.040 12.54 1059.4 571.1 36.36 204199 65646 347.3 19.060 10.6 1.0868 « 0426
F¢ l.211 381.3 0.026 8.21 1119.8 60446 30.40 16.891 66643 352.7 19.579 10.9 1.1077 « 0430
F7 l1.210 381.1 0.024 T7.43 1123.9 606.9 25.00 13.890 676.0 358.1 20.181 11.2 1.1274 0434 . i
F8 1l.215 382.7 0.027 8.57 116245 628 .4 26.23 20.128 688.3 364.9 20.990 11.7 1.1553 « 0440 8
NCMENCLATURE Test E

ENG S1 T/C Level (# wet T/C)/(Total # T/C)
¢ BTU/H FT%%2 X 1ES KW/ Mk 2 E3 ALl wet
sSDQ BTU/H FT%%2 X ]E5 KW /M3 2 E6 1/2
{£%8re DEC DEC ¢ E7 1/
TF DEC F DEG C E8 1/5
UTF DEG F DEG C F All dry
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STEADY STATE TEST

PITT T3

INTERMEDIATE LEVELS
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LEVEL €6

576.0 383.7 1.552 0. 091 3.009 0.066 2.189 1.420 0.018 1.102 0.018 1.162 222.3

0.87

60
LEVEL ET

619.5 386.9 1.331 0.078 3.062 0.066 2.206 1.390 0.017 1.079 0.018 1.110 269.3

0.90

LEVEL ES8

LEVEL F1

112
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NOMENCLATURE
HCB - CONDIE-BENGSTON HEAT _TRANSFER COEFFIC IENT TSAT - SATURATIQN TEMPERATURE
HDB Z BITTUS-BOELTER HEAT TRANSFER COEFFICIENT TSRF(TSURF) — SURFACE TEMPERATURE
HDR - DOUGALL—ROHSENOW HEAT TRANSFER COEFFICIENT TF - EQUILIBRIUM FLUID TEMPERATURE
HDRPW - DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT, UHDR ~ UNCERTAINTY, DOUGALL-ROHSENOW HEAT
WALL PRANDTL NUMBER TRANSFER COEFFICIENT
HEXP - EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXP — UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/{TSURE-TBULK) COEFFICIENT
HEXPS — EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXPS — UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/ (TSURF-TSAT) COEFFICIENT
HG57 - GROENEVELD 5.7 HEAT TRANSFER COEFFICIENT UHGS7 - UNCERTAINTY, GROENEVELD 5.7 HEAT TRANSFER
HG59 - GROENEVELD 5.9 HEAT TRANSFER COEFFICIENT COEFFICIENT
Q - HEAT FLUX UHG59 - UNCERTAINTY, GROENEVELD 5.9 HEAT TR AN SFER
0GD — GROENEVELD-DELORME HEAT FLUX COEFFICIENT
SDTSRF — CROSS—SECTIONAL STANDARD DEVIATION OF THE UNC - UNCERTAINTY
SURFACE TEMPERATURE UTF - UNCERTAINTY, EQUILIBRIUM FLUID
s0Q - CROSS=SECTIONAL STANDARD DEVIATION OF THE TEMPERATURE
HEAT FLUX uXx - UNCERTAINTY, QUALITY
TBULK - BULK VAPOR TEMPERATURE X - QUALITY
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Jokkkkiokkkk  STEADY STATE TEST G kksokskksksdkokk

LEVEL AVERAGE FLUID AND SURFACE CONDITIONS

MASS FLUX 1.835E+05 LBM/SOFT M UNC. MASS FLUX 4.149E+03 LBM/SQFT H PRESSURE  1817.6 PSI UNC. PRESSURE  6.00 ©SI
248.97 KG/SQM S 5.6307 KG/SQM S 12.54 MPA C.041 MPA
LEVEL Q soe TSRF SOTSRF TF uTE X Ux
ENG SI ENG st ENG s1 ENG SI ENG s1 ENG ST
G 1.038 326.9 0.016 5.18 1077.5 581.2 27.47  15.262 622.3 328.3  0.443 0.2 . 9953 . 0387
F&  1.038 327.0  0.000 0.00 1047.2 564.3 0.00 0. 000 622.3 32803  0.443 0.2 «9371 L0374
F8  1.037 326.6  0.005 1.66 1067.9 575.8 39.74  22.077 622.3 328.3  0.443 0.2 .9782 . 0383
NCMENCLATURE
Test G
ENG St T/C Level (# wet T/C)/(Total # T/C)
9 BTU/H FT*%2 X 1E5 KW /M ek 2 ‘ ,
{0o BTU/H FT#%2 X 1E5 KW /M % 2 Fl ALl wet
TSRE _ DEG F DEG C £2 5/6
SOTSRF DEG € DEG € F3 2/6
e BECE BEe € F4 1/2
¢ Fs5 2/3
F6 2/7
F7 2/8
F8 All dry

STI



2k v ol o o e ek

G

STEADY STATE TEST

e de ok ok koo ok

PRIMARY LEVELS

HORPW

HEXP UHEXP HDR c UHDR

T s KW/MER2

Q
KW/ M¥*x2

we

o0
will
| ol =]

LEVEL G

NODONMAMO
4 o e 0 8 0 0 s
OV OGO
~ O N
[ INININIIN N

~MNONNOLWn
NG OO
el et et ot
RN
e e

ON—H =N
NelNoRto N el e Rl pITy)
[olelololelelela]
Tee s 0 e

[olelolelelolela)]

OO OO
WO WU PPy
[olelelolalalola)]
EEE R B
et el et

EE R Rk
ninn N
[alslalelelelale]
RN

[elelolelololele]

F O
M~ OO
MannaoOeoO oo
s e e 0 oo
ot ol e et et - 4

COOCNNN—
ANy
aMmaOmOmm
veeoe e
NN

el e =
[elololololelele]
e e
¢ 0800
QO000000

nunnnnnun
[elelelololelola]
[N FNTaVIaVIa S ToNT N [a\)
“se st

[alululuhalalaly)

NPT OMNOT
RO M O
00000000
« s et oe e

[eleTolelelolele)

NOP- O N~
~MONO DO
M Mo
o 0 0 9 s 8 s
et et e

WDDVMO=NOC
s s e e e e
P et et CO COLONLN
NN NI
Dalala Ut T Tl

[=To TR elTalay [ded
"0 e 0 ea e
VPN FNNDON
@OV OOTO
nnnnnunino

[o]lelolelelolala]
[o]elalelelolala)
e o @ 0 00
et o et gt b ot

—OONDOO T
-t AN OO0

116



*kkkkkkext  STEADY STATE TEST G skmkkggkds
INTERMEDIATE LEVELS

RCD X TSURFE Q HEXP UHEXP HDR UHDR HORPH HGST UHGS7 HG59 UHG59 HCB QGD
NO DEG C  KW/M¥k2  —oZoe D (i /MER2 ( —memm KW/M%%2 ( ==—mdll 27 KW/M% %2
LEVEL Fe

1 0.9% 5¢4.3 327.0  1.38% 0.083 3.072  0.061 2,247 1. 421 0.023  1.100 0.024 1.170 228. 5
LEVEL *8

1 0.98 591.4 327.8  1.246 0.073 3.166  0.069 2.299 1.388 0.052  1.069 0,064 l.136 2704 4
60  0.98 560.2 325.4  1.403 0,082 3.166  0.069 2317 1.422 0.052 1.097 0-066 1.18¢ 240. 8

LTI



ko oo ok ok o o ok ok o ol o ok stk okl ool ol kRO ok ok ok
ko oo ke ok ok e A kol ok ok s otk ok ot ook ok sk o ol ok kool K
o oo sk Rk ok o ol sk ok o ko ks ol o ok ok s kR ol ok sk otk ok ook ek
2 e s oo sk ok ook o sk ko sk skl ook sk ool ook ook ol ok koo ek e ok ok
o ook ook ook o ook sl ol ok ok ok o ok Sk ool ok okt koo ROk Sk ok ok
ok e ok ko ol o sk ekt K kol ok ol ok Aokl ok ook o Aotk ok ok ok

s s ol e oo skl ok e e el o ok ok ol ok R R ol oloR R R Aok ookl ok ok

S e ok ek e ok ok ok ol ook ol st skl ok o ek ook ol o R ot ol el o o ok kol Aok ok
ot ot e oo ok e koo ool e e o e ook sk e ke ok R OKR sl oK ok ok ook R ok Rk
ok st s e e o e ok o ok e ke e ok o ok kel RROK oo e ok ek R ok ek ok ok dokokk
ok ok ook ko s e e s ool ok ok ot ok R ROk o ok ool kol ok ok
ok e oo o e ek ok e o e K R st ol oo o Rk o R solol e ook ROk ok ok

ttt*######**##*t#**##*#*###*###**##***#**##*#*#**###*#*##*#*###*####*#*##*#*##**####***##***#**#**#*###*#**#***#*****#***#***#***
*##*****#***###**#*##***###*******#*#*****#***###*######*##*#*##******#*#**###*####****#****##*****#**#*#*#**************##******

*‘t*****##**##**#****#**#*#*****#*******#****#**#**#***********

*#***#****#**#**************#**************#********************#*

*#‘#*t#**#*#*##*****#**##***#***********#*#*********#**##***#***#******##***********#**#**#***#**#****#******#*******t*********#*
*##*#*#****#*##****#*#******##**#********#***************#*******#*************#******************#*#*#*******##*********#*******
**###***##*#*******##***************##***###**#*******##*********#*##******###**#****#*****#**********#****************#**#******

*#*##*#****###**************#*#**#*******#******#******##****#*

#*****#**#*#***#*#***##*********#**#*****##**#*******ﬁ************

*t#*#****###*******#******#*#*t***#*********#*##**#*#*#************#******#********##**#**#*****#****************#******##*******

#t*##**#*#***#*****#******##***#*****#*****#****#*******#****##
*####*##****##*******#*#*#******#***#********#**#*#*##******#**
#‘t##**##**#********#************##*********#**********#*****#*
#tt*#****t**###********#*********##***#********#*************#*
*##***####**####*#*********#**#*******##***#****#**##**#*******
*t#*t***#*#****#********##****#************#****#
*t###****#***#*****ﬁ#****#*#****#*#***#********##
*###**#*##**********#***#*#*****#****#********#**
sk e o ek sk 3k ook ol ok ok ook o o ke ok ke ool B sl i ok ol e e ek e s e ok
s 1 e o sk ook skl ok o st ol aleak ok ok ok ok ok oo ok sk okokolok Aok ok ok

s s ok ke ek o ofeak ek s o o ol o e o ofe e s o ek oo e ok ok o ol ek ok ok ok STEADY S

******#*##*********##************#********************************
#**#*##************#**#***#**#*#********ﬁ#**********#******#******
#***##*****#***##****************#**#****#****#**##***#***#*******
*#*#**#**#***#*******#*#*******t****#***##****#*******************
**#*#*#******#*#********#**********************##**##*#**#**#****#
#******#***#****##*****#******#*************#*****
**#*#***#*******#*#**#****#****##********#**#*****
#**#*****#****##***#***#****#**#***#*#t********#**
***#********#***********************#****##***#***
********#***#******#**#****#****#********##*#*##**

TATE TEST H e e s o s o o oo e o o ke ok s o o ks el e o ook ok s oleoke oK Aok kK

*t#*****#**#*************#*******#*#***********#*
t##*t*#****#*#***********************#**###*#****
s sk sk ot ook o ol ok ok o e o o e afeal sk ok o o ook o ek o ke s ok ke ol ok o ek ok sk

###*#******####***#**##*****#*#**********#***#*** FLUID C
*t#*#‘***#*#*#********#********#****#**#*******#*
e ke sk ok sk okl o ool ol ok oo sl sl ok sl ok ke ke el ok e sl o ol oot o sk kol ok ok CORRELATIO

*####*#***#**#****#**********#*##**#*****#*#*#**#
t*t#*****t**t******#*#******#*#**#**##**#*#****** S1
#**tt******#*************#*******#***#*#****#*##*
s o o o e ok kool i o ook o oo sk ol ok sk s ol kel o kool ok kol ke ek
*##***#*#****#****#********#**####***************
sk sk ik ok ok ek ol ok o s o sk sl ool ok o ol kol sk ok s ok sk ook ook ok
s o o o oo o ok ok o o ok ok oot s skl o ke ke s e s o sl ol e sl ok o e oo s ok ek

***#*******************#i#************t*****#*****
*************#*#****#*************#*#*#**#**#*****
***#***#***********#***#**********#**##********#**

ONDITIONS ok ok sk ook ok ek ok ok ot koo e ol e ke ol ol o o ok ok ok ek
otk e o ok s kol el e ok ok ok ok e el ok e kol ook ko kK
N COMPARTSONS sk okl ok ok dk o ol oot ol ook e koo o ok bk

******************#*#*****#**********#*#***#***##*
************#**#***************#***#*****##*###***
******##**#*********#**********#******t#***t#*#**#
**##***********************************#*#****#*#*
**#***#***************************#****#*##***##**
**#****#**#***##***!*#**********##********#****#**
**#***#*****##****#*********#****#*******#***#****

UNTTS

*#‘*#******#*t***#*******************************#**#*****#********#**************##***************#**#*****#*#***********#******

#####**##***##******#*##*********#*********#*#*#*##*#*#******#*
*t**i**##*******#*************##*#**##***##**********##**#***#*
*#**#****#****#*********##******#t*##*#**#*****#***#***********

*********#***#*****##*#***#*******#*****##**#******##****##*#***#*
#****************#*******#*****#******#****##*###*****#**##*#***#*
*#***#*********#****#********#***********#*****#******ti***ﬁ#*****

*.*t#**##******************#*****ﬁ*********************#**#**#***********#*##***********#*****#**#*#******##************#*******#

NOMEN

HCB - CONDIE-BENGSTON HEAT_TRANSFER COEFFIC IENT

HDB - DITTUS-BOELTER HEAT TRANSFER COEFFICIENT

HDR — DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT

HDRPW - DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT,
WALL PRANDTL NUMBER

HEXP - EXPERIMENTAL HEAT TRANSFER COEFFICIENT
Q/{TSURF-TBULK)

HEXPS - EXPERIMENTAL HEAT TRANSFER COEFFICIENT
Q/{TSURF-TSAT)

HG5T1 - GROENEVELD 5.7 HEAT TRANSFER COEFFICIENT

HGE9 - GROENEVELD 5.9 HEAT TRANSFER COEFFICIENT

Q - HEAT FLUX

QGD - GROENEVELD-DELORME HEAT FLUX

SDTSRF — CROSS-SECTIONAL STANDARD DEVIATION OF THE
SURFACE TEMPERATURE

S0Q - g%g%S;EECTICNAL STANDARC DEVIATION OF THE

Ux
TBULK - BULK VAPOR TEMPERATURE
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CLATURE

TSAT - SATURATION TEMPERATURE

TSRF{TSURF) — SURFACE TEMPERATURE

TF - EQUILIBRIUM FLUID TEMPERATURE

UHDR — UNCERTAINTY, DOUGALL-ROHSENOW HEAT
TRANSFER COEFFICIENT

UHEXP - UNCERTAINTY, EXPERTMENTAL HEAT TRANSFER
COEFFICIENT

UHEXPS - UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
COEFFICIENT

UHGST -~ UNCERTAINTY, GROENEVELD 5.7 HEAT TRANSFER
COEFFIC IENT

UHGS59 - UNCERTAINTY, GROENEVELD 5.9 HEAT TRANSFER
COEFFICIENT

UNC - UNCERTAINTY

UTF - UNCERTAINTY, EQUILIBRIUM FLUID
TEMPERATURE

Ux - UNCERTAINTY, QUALITY

X - QUALITY
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kkdokdkkookkk  STEADY STATE TEST H  skkkkskdkdkns

LEVEL AVERAGE FLUID AND SURFACE CONDITIONS

MASS FLUX 1.887E+05 ULBM/SQFT K UNC. MASS FLUX 4.,216E¢03 LBM/SQFT H PRESSURE 1288.9 PS1 UNC. PRESSURE 6,00 PS1
256.06 KG/SQM S 57217 KG/SQOM S 8.89 MPA 0.041 MP A
LEVEL Q SDQ TSRF SDTSRF TF UTF X ux
ENG S1 ENG SI ENG S1 ENG S1 ENG St ENG S1
F 1.342 422.6 0.027 8.56 1150.3 621.6 73.03 40,570 576.0 302.6 0.597 0.3 .B8787 « 0345
G 1.338 421 .4 0.026 8.29 1300.7 705.1 48,67 27.038 629. 8 332.4 25.473 14.2 1.088¢4 «» C396
Eé6 1. 312 413.3 0.000 0,00 1121.7 605.7 0,00 0.000 576.0 302.6 0.597 0.3 «.8142 . 0330
E7 1.353 426.1 0.019 6.05 1089.1 587.6 132.49 73.607 576.0 302.6 0.597 0.3 «8343 « 0334
EB 1.362 429.1 0.013 4.20 1185.2 641.0 88.25 49,026 576.0 302.6 0.597 0.3 «.8608 « 0340
F1 1. 323 416.7 0.040 12.55 1148.7 620.7 33.58 18.655 576.0 302.6 0.597 0.3 9126 + 0353
F2 1. 340 422.1 0.020 6.44 1204 .9 652.0 €6.57 36.985 576.0 302.6 0.597 0.3 «939] . 0361
F3 1. 322 416.5 0.043 13.66 1209.0 654.2 51.76 28. 154 57640 302.6 0.597 0.3 « 9655 « 0369
F4 1. 278 402.6 0.049 15.37 1095.0 590.9 69.30 38.498 576.0 302.6 0.597 0.3 .9898 .0376
Fe 1.298 408.9 0.049 15.40 1149.3 621.1 49.06 27.257 578.3 303.8 24.412 13.6 1.007¢9 .0379
Fé 1.317 414,7 0.036 11.24 1225.0 663,1 46,61 25. 895 590. 6 310.7 21.888 12.2 1.0269 « 0383
F7 1.315% 414.1 0.031 9.90 1234.5 668.4 38.80 21.557 603.2 317.7 24.788 13.8 1.0450 .038¢
F8 1l.327 418.0 0.03s 12.21 1285.1 696.5 46454 254 853 618.8 326.3 25.132 14.0 1.0704 .0392
NCMENCLATURE Test H
ENG S1 T/C Level (¥ wet T/C)/(Total # T/C)
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NOMENCL ATURE
HCB — CONDIE-BENGSTON HEAT_TRANSFER COEFFICIENT TSAT - SATURATION TEMPERATURE
HOB  DITTUS-BOELTER HEAT TRANSFER COEFFICIENT TSRF({TSURFY) — SURFACE TEMPERATURE
HOR — DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT TF ~ EQUILIBRIUM FLUID TEMPERATURE
HDRPW — DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT, UHDR — UNCERTAINTY, DOUGALL-ROHSENOW HEAT
WALL PRANDTL NUMBER TRANSFER COEFFICIENT
HEXP - EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXP — UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/(TSURF-TBULK) COEFFICIENT
HEXPS — EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXPS —~ UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/ (TSURF-TSAT) COEFFICIENT
HG57 - GROENEVELD 5.7 HEAT TRANSFER COEFFICIENT UHGS57 — UNCERTAINTY, GROENEVELD 5.7 HEAT TRANCSFER
HG59 - GROENEVELD 5.9 HEAT TRANSFER COEFFICIENT COEFFICIENT
Q - HEAT FLUX UHG59 — UNMCERTAINTY, GROENEVELD 5.9 HEAT TRANCSFER
QGD — GROENEVELD-DELORME HEAT FLUX COEFFICIENT
SOTSRF — CROSS—SECTICNAL STANDARD DEVIATION OF THE UNC - UNCERTAINTY
SURFACE TEMPERATURE UTE - UNCERTAINTY, EQUILIBRIUM FLUID
soQ —~ CROSS—SECTIGNAL STANDARD DEVIATION OF THE TEMPERATURE
HEAT FLUX UXx —~ UNCERTAINTY, QUALITY
TRULK - BULK VAPOR TEMPERATURE X — QUALITY
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STEADY STATE TEST

1

T T Tty

LEVEL AVERAGE FLUIC AND SURFACE CONDITIONS

MASS FLUX 2.6T4E+05 LBM/SQFT H UNC. MASS FLUX 6.019E+03 LBM/SQFT H PRESSURE  1331.5 PSI UNC. PRESSURE
362.83 KG/SQM S 8.1678 KG/SQM § 9.19 MPA
LEVEL Q sDQ TSRF SDTSRF TF UTF X
ENG s1 ENG s1 ENG st ENG ST ENG S1 ENG ST
F 1.785 562.2 0.037 11.78 1153.5 623.4 75.73 42.070 580.3 304.9  0.597 0.3 .8885
G 1.772 558.1  0.045 14.31  1272.2 689.3 47447 26437z 633.4 334.4 24,747 13.7  1.0874
E6 1.743 549.1  0.000 0.00 1136.8 6l4.1 0.00 0.000 580.3 304.9  0.597 0.3 .8272
E7  1.791 564.2  0.037 11.52  1099.6 593.4 8.63 4.793 580.3 304.9  0.597 0.3 +8463
EE  1.784 561.9 0.047 14.72 1078.2 581.5 97.65 54,251 580.3 304.9  0.597 0.3 .8714
F1  1.756 553.3  0.051 15.92  1152.2 622.6 37.24  20.687 580.3 304.9 0.597 0.3 .9206
F2  1.775 559.1 0,024 7.47  1196.0  647.0 38.23  21.238 580.3 304.9  0.597 0.3 .9458
3 1.755 552.9  0.055 17.42 1209.6  654.6 49.83  27.682 580.3 304.9  0.597 0.3 +9709
F4  1.699 535.2 0.063 19.74 1082.6 584.0 66.82  37.123 580.3 304.9  0.597 0.3 . 9940
F5  1.72¢ 543.4  0.063 19.97 1128.3  609.4 49.51  21.505 584.3 307.1 20.798 11.6  1.0111
F6  1.750 551.2  0.047 14.86 1195.2  646.6 28.82  21.565 594.9 313.1 21.457 11.9  1.0291
F1  1.748 550.5 0.040 12,62  1209.3  654.4 39.90 22.166 605.8 319.1 24.173 13.4  1.0462
F8  1.762 555.1  0.050 15.83  1254.5 679.5 45,22  25.125 622.6 328.4 24.543 13.6 1.0703
NCMENCLATURE Test 1
ENG SI T/C Level (# wet T/C)/(Total # T/C)
Q BTU/H FT#%2 X 1ES KW /M 2 E2 All wet
£CQ BTU/H FT#%2 X 1€5 KW /M2 E3 6/7
FTSRF  DEG F DEG C
SDTSRF DEG F DEG C E6 172
€ DEG F DEG ¢ E7 2/4
LTF DEG F DEG € E8 3/5

F

All dry

6.00 PSI
C.041 MPA

. 0333
. 0382
« 0320
<0324
«0329
0342
« 0349
« 0357
. 0363
« 0366
+»0370
«0373
« 0378

A
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LEVEL E6

0.8

o
[at}

614.1 549.1 1.776 0.105 2.911 0.060 2.270 l.443 0,017 1.236 0.019 1.327

0.83
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STEADY STATE TEST J
FLUID CONDITIONS
CORRELATION COMPARISONS
ST UNITS
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NOMENCL ATURE
HCB - CONDIE-BENGSTON HEAT TRANSFER COEFFIC IENT TSAT - SATURATION TEMPERATURE
HOB — BITTUS—-BOELTER HEAT TRANSFER COEFFICIENT TSRF{TSURF) —~ SURFACE TEMPERATURE
HOR - DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT TF - EQUILIBRIUM FLUID TEMPERATURE
HORPW - DOUGALL{-ROHSENOW HEAT TRANSFER COEFFICIENT, UHDR — UNCERTAINTY, DOUGALL-ROHSENOW HEAT
WALL PRANDTL NUMBER TRANSFER COEFFIC IENT
HEXP - EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXP - UNCERTAINTY, EXPERIMENTAL HEAT TRAMSFER
Q/(TSURF-TBULK) COEFFICIENT
HEXPS - EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXPS —~ UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/{TSURF-TSAT) COEFFICIENT
MG57 - GROENEVELD 5.7 HEAT TRANSFER COEFFICIENT UHGST — ONCERTAINTY, GROENEVELD 5.7 HEAT TRANSFER
HG59 — GROENEVELD 5.9 HEAT TRANSFER COEFFICIENT COEFFICIENT
- HEAT FLUX UHG59 — UNCERTAINTY, GROENEVELD 5.9 HEAT TRANSFER
QGD - GROENEVELC~DELORME HEAT FLUX COEFFICIENT
SODTSRF — CROSS—SECTICNAL STANDARD DEVIATION OF THE UNC — UNCERTAINTY
SURFACE TEMPERATURE UTF - UNCERTAINTY, EQUILIBRIUM FLUID
SDQ - CROSS—SECTIONAL STANDARD DEVIATION DF THE TEMPERATURE
HEAT FLUX UXx - UNCERTAINTY, QUALITY
TBULK - BULK VAPOR TEMPERATURE X - QUALITY
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Rkdkokkdkkkx  STEADY STATE TEST  J  kokskskdkokdkss

LEVEL AVERAGE FLUID AND SURFACE CONDITIONS

MASS FLUX 5.393E+05 LBM/SOFT H UNC. MASS FLUX 1.22SE¢04 LBM/SOFT H PRESSURE  1937.3 PSI UNC. PRESSURE 6,00 PSI
731.82 KG/SQM S 16.6829 KG/SQM S 13.37 MPA 0.041 Mpa
LEVEL a SDQ TSRF SDTSRF TF UTF X ux
ENG SI ENG S1 ENG SI ENG St ENG SI ENG S1

E 2.457 774.0  0.03¢ 11.22  1200.0  649.2 49.80 27.667 631.2 333.2  0.443 0.2 .4889 . 0256
F 2. 451 77L.9  0.046 l4.44  1191.7 64446 40473  22.625 631.2 33342 0.443 0.2 .6547 . C297
G 2. 43¢ T66.9  0.054 17.13  1117.0 603.1 29.78 16.542 631.2 333.2  0.443 0.2 .8188 . 0337
El  2.43% 76843  0.023 733 1230.6 66642 52.74  29.303 631.2 333.2  0.443 Q.2 .5154 L0263
Ez  2.361 753.2  0.075 23.65 1230.9  666.4 29.15 16.193 631.2 333.2 0.443 0.2 +5344 . 0268
E3 2.429 768.4  0.024 7.50 1246.€ 675.1 28.70  15.944 631.2 333.2  0.443 0.2 .5568 . 0275
E€  2.367 745.7  0.089 28.05 1137.3  6l4.4 35.21 19.563 631.2 333.2  0.443 0.2 .6041 .0286
E7T  2.44¢8 771.1  0.028 8.67 1138.2 614.9 45.59  25.326 631.2 333.2 0.443 0.2 .6198 .0289
E8  2.457 774.0 0.015 4.73 1175.2  635.5 28.47 15.817 631.2 333.2  0.443 0.2 6406 . 0254
F1  2.41¢ 761.2  0.060 18,75 1173.6 634.5 27.23  15.129 631.2 333.2  0.443 0.2 L6812 . 0304
F2  2.442 769.2 0.025 7.88 1197.5 647.8 26428 14,603 631.2 33342  0.443 0.2 . 7019 . 0310
F3 2,417 761.2  0.059 18.48 1189.1  643.2 16.97 9.425 631.2 333.2  0.443 0.2 L7227 . 0316
F5  2.430 765.6 0,000 0.00 1035.9 558,.1 0.00 0.000 631.2 333.2  0.443 0.2 L7558 .0324
Fé  2.412 759.8  0.055 17.39  1068.3 576.0 29.63  16.459 631.2 333.2 0.443 0.2 L7707 . 0326
F7  2.41¢ 761.0  0.047 14,71 1071.9 578.1 18.75 10.417 631.2 333.2  0.443 0.2 L7848 . 0329
F8  2.423 763.3  0.052 16.46 1103.7 595.7 27.94 15.520 631.2 333.2  0.443 0.2 . 8047 . 0334

NCMENCLATURE

ENG SI Test J

S BIUM T XIE K U Level (f wex 1/C)/(Total 1 1/C)

TSRF  DEG F DEG C D All wet

%ETSRF ggg E BES E L All dry

UTF DEG F DEG C

TET
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NOMENCL ATURE
HCB ~ CONDIE-BENGSTON HEAT_TRANSFER C IC IENT TSAT - SATURATION TEMPERATURE
HoB - DITTUS-BOELTER HEAT TRANSFER CO CIENT TSRF(TSURF) — SURFACE TEMPERATURE
HOR - DOUGALL—ROHSENOW HEAT TRANSFER FICIENT TF - EQUILIBRIUM FLUID TEMPERATURE
HORPW - DOUGALL-ROHSENOW HEAT TRANSFER FICIENT, UHDR ~ UNCERTAINTY, DOUGALL-ROHSENOW HEAT
WALL PRANDTL NUMBER TRANSFER COEFFICIENT
HEXP - EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXP — UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/(TSURF-TBULK) COEFFICIENT
HEXPS — EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXPS ~ UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/{TSURF-TSAT) COEFFICIENT
HGS57 - GROENEVELD 5.7 HEAT TRANSFER COEFFICIENT UHGST - UNCERTAINTY, GROENEVELD 5.7 HEAT TRANSFER
HG59 — GROENEVELO 5.9 HEAT TRANSFER COEFFICIENT COEFFICIENT
Q - HEAT FLUX UHG59 - UNCERTAINTY, GROENEVELD 5.9 HEAT TPANSFER
QGRPF - GROENEVELD-DELORME HEAT FLUX COEFFICIENT
SDTS - CROSS—SECTICNAL STANDARD DEVIATION OF THE UNC - UNCERTAINTY
SURFACE TEMPERATURE UTF ~ UNCERTAINTY, EQUILIBRIUM FLUID
SDQ — CROSS—-SECTICNAL STANDARD DEVIATION OF THE TEMPERATURE
HEAT FLUX ux ~ UNCERTAINTY, QUALITY
TRULK - BULK VAPOR TEMPERATURE X - QUALITY
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LEVEL AVERAGE FLUILC AND SURFACE CONDITIONS

M2SS FLUX 1.663E+05 LBM/SOFT H UNC. MASS FLUX 3.686E+¢03 LBM/SOFT H PRESSURE 634.8 PSI UNC. PRESSURE
225.73 KG/SQM S 5.0023 KG/SQM S 4438 MPA
LEVEL Q 500 TSRF SDTSRF TF UTF X
ENG SI ENG S1 ENG St ENG SI ENG St ENG S1
F l.432 451.0 0.029 9.07 1198.3 64843 108.90 60.500 492.3 25640 1.042 0.6 .8918
G 1l.422 447.9 0.037 11.73 1402.2 761.6 37.65 20.918 597.6 314.6 43.002 23.9 1.1010
E? la 441 453.9 0.029 9.20 1132.1 611.5 28.57 15.871 492.3 256.0 1.042 0.6 +8475
EE l.462 460.4 0.000 0.00 1230.1 665.9 0.00 0.000 492.3 25640 1.042 0.6 «8739
F1 le 411 444.4 0.042 13.36 1227.9 664.7 64425 354693 492.3 256.0 1.042 0.6 9256
F2 1.415 447.0 0.020 6.38 1273.1 689.8 46,28 25.710 492.3 256.,0 1.042 0.6 «9520
£3 1.411 444.3 0.046 14.55 1307.9 709.2 46.85 264029 492.3 25640 1.042 0.6 «S784
F4 l.364 429.8 0.054 17.11 1157.1 625.4 6T7.46 37.477 494.2 257.1 36.769 20.4 1.0027
FS 1.385 436.3 0.053 16.55 1236.9 669.7 43.41 244,119 512.5 267.3 33.027 18.3 1.0207
Fé 1. 409 443.7 0.042 13.09 1320.1 716.0 40446 22.4179 532.2 278.2 39.110 21.7 1.0397
F? l. 404 442,2 0.034 10.66 1347.3 731.1 42.91 23. 839 550.7 28845 39,933 22.2 1.0577
F8 1.420 447 .4 0.0432 13.44 1397.5 759.0 49 .47 27.485 579.0 304.2 41.339 23.0 1.0831
NCMENCLATURE Test K
ENG S1 T/C Level (# wet T/C)/(Total # T/C)
(9 BTU/H FT*%2 X 1E5 KW /M*k 2 E3 All wet
£0Q BTU/H FT#*%2 X 1£5 KW /Mzk 2 E6 1/2
{E5ee BEC E BEC € £7 2/4
TF DEG F DEG € ES 4/5
UTF DEG F DEG C F

All dry

6.00 PSI
0.041 MPA

« 0335
« 0386
. 0325
. 0331
« 0344
. 0351
. €360
« 0366
« 0369
. €373
.0376
. 0382

LET
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HCE - CONDIE-BENGSTON HEAT_TRANSFER COEFFIC IENT TSAT - SATURATION TEMPERATURE
HDB - DITTUS-BOELTER HEAT TRANSFER COEFFICIENT TSRF{TSURF)I — SURFACE TEMPERATURE
HDR — DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT TF -~ EQUILIBRIUM FLUID TEMPERATURE
HDRPW - DOUGALL-ROHSENOW HEAT TRANSFER COEFFICIENT, UHDR - UNCERTAINTY, DOUGALL-ROHSENOW HEAT
WALL PRANDTL NUMBER TRANSFER COEFFICIENT
HEXP - EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXP — UNCERTAINTY, EXPERIMENTAL HEAT TRAMSFER
Q/(TSURF-TRULK) COEFFICIENT
HEXPS - EXPERIMENTAL HEAT TRANSFER COEFFICIENT UHEXPS — UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
Q/{TSURF-TSAT) COEFFICIENT
HG57 - GROENEVELD 5.7 HEAY TRANSFER COEFFICYIENT UHGS7 - UNCERTAINTY, GROENEVELD 5.7 HEAT TFANSFER
HG56 — GROENEVELD 5.9 HEAT TRANSFER COEFFICIENT COEFFICIENT
Q - HEAT FLUX UHG 59 - UNCERTAINTY, GROENEVELD 5.9 HEAT TFRANCSFER
QGD ~ GROENEVELD-DELORME HEAT FLUX COEFFICTIENT
SDTSRF — CROSS—SECTICNAL STANDARD DEVIATIQN OF THE UNC — UNCERTAINTY
SURFACE TEMPERATURE UTF - UNCERTAINTY, EQUILIBRIUM FLUID
stqQ — CROSS—SECTIONAL STANDARD DEVIATION OF THE TEMPERATURE
HEAT FLUX uUx — UNCERTAINTY, QUALITY
TBULK ~ BULK VAPOR TEMPERATURE X — QUALITY
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LEVEL AVERAGE FLUILC AND SURFACE CONDITIONS

MASS FLUX 3.882E+05 LBM/SOFT H  UNC. MASS FLUX 8.711E+03 LBM/SOFT H  PRESSURE  1202.5 PSI UNC. PRESSURE
526.73  KG/SQM S 11.8214 KG/SQM S 8.30 MPA
LEVEL 0 $DQ TSRF SOTSRF TF uTF X
ENG st ENG s1 ENG s1 ENG s1 ENG st ENG st
F o 2.487 783.3  0.047 14.95  1229.7  665.7  92.74 51.523  567.4 297.8  0.621 0.3 .8214
€ 2.473 779.1  0.061 19.11  1313.1  712.1  44.80 24.889  570.5 299.5 19.280 10.7  1.0054
3 2.464 T76.1  0.049 15.38  1132.4  611.7  30.17 le.761  567.4 297.8  0.621 0.3 .mi22
E6  2.42¢ 767.0  0.000 0.00  1213.0 656.4 0.00  0.000  567.4 297.8  0.621 0.3 .7647
E1 2492 785.0  0.051 16.15  1202.6 650.7  13.93  7.739  S567.4 297.8  0.621 0.3 .7824
8 2.476 779.8  0.046 14.44  1180.4  638.4  67.45 37.472  567.4 297.8  0.621 0.3 .8056
F1 z.451 172.2  0.068 21,49 1251.2  677.7  36.51 20.284  S67.4 297.8  0.621 0.3 .8512
F2  2.473 778.9  0.025 9.24  1270.6  688.5  47.08 26.155  567.4 297.8  0.621 0.3 8744
F3  2.449  T71.6  0.075 23.62  1292.3  700.5  53.83 29.904  567.4 297.8  0.621 0.3 .8977
Fo  2.373 747.4 0,088 27,73 1115.4  602.2  67.03 37.241  567.4 291.8  0.621 0.3 .9191
F5  2.409 758.8  0.088 27.84  1164.9  629.7  49.20 27.334  567.4 297.8  0.621 0.3 .9348
F6  2.446 770.5  0.067 20.98  1234.4  668.3  38.19  21.219  S567T.4 297.8  0.621 0.3 .9516
F1 2,442 769.1  0.055 17.45 1251.1 677.6  37.52 20.846  567.4  297.8 0.621 0.3 .9674
F8  2.462 775.5  0.068 21.55  1294.4  T01.7  44.50 24.725  567.4 297.8  0.621 0.3 .9896
NCVENCL ATURE Test L
ENG ST T/C Level (# wet T/C)/(Total # T/C)

¢ BTU/H FT*%2 X 1ES KW /Mbk 2 o Mg

$08,  BIU/H FTe*Z X 1E3 Kidfe 2 i ys

SCTSRF DEG F DEG € E6 1/2

Ute BEG F BEC ¢ £7 2/

75

E8
F

All dry

6.00 PSI
C.041 MPA

. 0308
. 0353
. 0284
« 0296
. 0299
. C304
«C316
.0323
. 0330
. 0336
. 0338
« 0341
« 0345
. 0350

1340
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INTERMEDIATE LEVELS
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Q
KW/ M%x#k2

LEVEL E3
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LEVEL E6

656.4 767.0 2.139 0.129 3.455 0.072 24727 1.713 0.021 1.592 0.025 l.648 48646

0.76
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NOMENCL ATURE
HCB - CONDIE-BENGSTON HEAT TRANSFER COEFFICIENT
HDB ~ DITTUS-BOELTER HEAT TRANSFER COEFFICIENT
HOR - DOUGALL~ROHSENQW HEAT TRANSFER COEFFICIENT
HDRPW - DOUGALL-ROHSENQW HEAT TRANSFER COEFFICIENT,
WALL PRANDTL NUMBER
HEXP - EXPER IMENTAL HEAT TRANSFER COEFFICIENT
Q/({TSURFE-TBULKY
HEXPS — EXPERIMENTAL HEAT TRANSFER COEFFICIENT
Q/ (YSURF~TSAT)
HG57 - GROENEVELD 5.7 HEAT TRANSFER COEFFICIENT
HG59 - GROENEVELD 5.9 HEAT TRANSFER COEFFICIENT
Q - HEAT FLUX
QGD - GROENEVELD-DELORME HEAT FLUX
SDTSRF — CROSS—SECTICNAL STANDARD DEVIATION OF THE
SURFACE TEMPERATURE
S0Q - CROSS—-SECTICNAL STANDARD DEVIATION OF THE
HEAT FLUX
TBULK - BULK VAPOR TEMPERATURE
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TSAT - SATURATIQON TEMPERATURE

TSRF{TSURF) — SURFACE TEMPERATURE

TF — EQUILIBRIUM FLUID TEMPERATURE

UHDR - UNCERTAINTY, DOUGALL-ROHSENGCW HEAT
TRANSFER COEFEICTIENT

UHE XP - UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
COEFFICIENT

UHEXPS — UNCERTAINTY, EXPERIMENTAL HEAT TRANSFER
COEFFICIENT

UHGS7 - UNCERTAINTY, GROENEVELD 5.7 HEAT TRANSFER
COEFFICIENT

UHGS59 ~ UNCERTAINTY, GROENEVELD 5.9 HEAT TRANCSFER
COEFFICIENT

UNC - UNCERTAINTY

UTF - UNCERTAINTY, EQUILIBRIUM FLUID
TEMPERATURE

Ux - UNCERTAINTY, QUALITY

X - QUALITY
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RAkkAkAEkE  STEADY STATE TEST M shckssskass

LEVEL AVERAGE FLUIT AND SURFACE CONDITIONS

MBSS FLUX 4.838E+0S LBM/SQFT H UNC. MASS FLUX 1.090E+04 LBM/SOFT H PRESSURE 1242.1 pS1 UNC. PRESSURE 6.00 PSI
656.51 KG/SQM S 14.7924 KG/SQM S 8.57 MPA 0.041 MPA
LEVEL Q SDQ TSRF SOTSRF TF UTF X Ux
ENG S1 ENG SI ENG S1 ENG S1 ENG SI ENG SI
F 2.811 885.3 0.053 l6.84 1272.0 689.2 66.76 37.087 571.4 300.0 0.597 0.3 JT677 . 0287
c 2.791 879.1 0.068 21.48 1282.3 695.0 404,26 22.367 571.4 300.0 0.597 0.3 «9364 «0328
€2 24130 860.0 0.000 0.00 1143,.8 618.0 0.00 0.000 57.4 300.0 0.597 0.3 «6449 + 0258
E3 2.788 878.2 0.055 17.40 1203.5 651.2 6.33 3.518 57Tl.4 300.0 0.597 0.3 « 6673 « 0265
E6 24677 843,.3 0.098 30.96 1181.7 639.1 33.23 18,463 571.4 300.0 0.597 0.3 . T156 «0275
E7 2.794 880.1 0.051 15.94 1179.0 637.6 58.56 32.532 571.4 300.0 0.597 0.3 .7318 . 279
EE 2.79¢ 880.7 0.050 15,79 1230.2 666.0 26 .29 14.6¢€1 5STl. 4 300.0 0.597 0.3 «7531 . 0283
Fl 24768 872.0 0.077 24,13 1283. 4 695.6 36.78 20.433 571.4 300.0 0.597 0.3 «7950 . 0264
FzZ 2+ 7166 880.9 0.031 9.71 1295.4 702.2 48.29 26.829 57l.4 300.0 0.597 0.3 «8163 « 0300
F3 2.764 €70.8 0.084 26455 1301.1 705.4 49.01 27.229 571l.4 300.0 0.597 0.3 «8376 « £307
F4 24677 843.3 0.098 30.96 1092.1 589.3 46. 14 25.967 5T1.4 300.0 0.597 0.3 «8572 .0312
F5 2.718 856.1 0.09¢ 31.07 1137.8 614,.7 44,28 24.599 571.4 300.0 0.597 0.3 «8717 . 0315
Fe& 24760 869.5 0.075 23.52 1205.4 652.2 37.20 20. 667 571.4 300. 0 0.597 0.3 .8870 . 0318
F? 24759 869.2 0.062 19,65 1221.0 660.,9 30.78 17.099 571l.4 300.0 0.597 0.3 «9015 . 0320
F8 24777 874 .9 0.077 24.15 1264.3 684,9 39.69 22.049 57l.4 300.0 0.597 0.3 «9219 « 0325
NCMENCLATURE Test M
T/C Level # wet T/C Total # T/C
ENG St ! D ( /Ai{(wet =
< BTU/H FT*%*2 X 1E5 KW /M2 E 53/60
8 BLL/E FTMe2 X 15 Kwjwesl El 174
SCTSRF DEG £ DEG C E2 2/3
TF - DEG £ DEG C E3 3/7
UTF  DEG F DEG C e 0.2
E7 1/4
E8 2/5

F All dry

6vT
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