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A sozies of 22 steady-state, rod bundle, dis~
persed flow film boiling cxperiments has been per—
formed at the Oak Ridge National Lsborstory (ORNL) ia

thes Thermal-Eydraulic Test Facility (THTIF), a pres— COHF-820604~-5
surized-water loop containing §4 full-length elec-
trically heated rods. Test parameters in the upflow DEG2 017479

experiments cover a wide range of conditions typical
of those which might be encounterod during s nuciear
reaotor loss-of-coolant accident.

Local equilibrium fluid conditiona were calcu—
lated using mass and energy conservation coasidera-
tions. Experimentally determined heat transfer coef-
ficients were compared to several available film boil-
ing heat. transfer correlstions: Dougall-Rohsepow,
Grosneveld 5.7, Groeneveld-Delorme, Chen, Jones~
Zubez, and Yoder-Rohsenow,

The Groeneveld 5.7 correlation tended to predict
the dats better thaco any other correlation tested.
The Dougall-Rohsenow correlation tends to overpredict
the data wlile the Yoder-Rohsenow correlation pre-
dicted the .ata better thsn the cther non-equilibrium
correlations exwmined. However, all of the non—
squilibrium correlations gemerally underpredict the
heat transfer.
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‘Film bofling is a two-phase hest transfer regime
which occurs when heated surface temperatuces are
high enough to prevent intimate liquid surface con-
tact. Film boiling is present in steam generators,
some refrigoration equipment, and nay occur during s
Auciear reactor losa—of-coolant accident (LOTA). It
is characterized by surface temperatures which may be
kigh enough to cause material damage. It is there-
fore important to distinguish thia regime both theo—-
zoetically and experimentally,

Previous experimental efforts resulted in large
smounts of tube acd annuli film boiling data [1-3].

- However, the amount of rod bundle dats available re-

mains 1imited [4). Results of this experimental in-
vestigation should improve the rod bundle datia baae
and prove useful in film boiling correlation develop~
seat an. mssessment., A complete listing of all film
voiling data acquired in the steady—state tests can
be found in Ref, 5,

The methods of predicting film boiling heat
transfer generally follow one of three pathz. One
metbod i3 to simply correlate film boiling data. Anm
example of this method is the series of Groemeveld
5,? correlatioas {6], which were developed from tube
and snanll data. The Groenmeveld 5.7 correlation is
ovaluated in this paper. A good review of such cor—
relations is given in Ref, 7., The primary advantage
of this approech is the simplicity of the solutions
obtained. However, extrapulatiod of the correlation
bayond the datas base wus: be dore with caution.

The second method integrates the energy, momen—
tum, and mass transport equations alcng the flow
path, A two- cr three-step heat transfer process is
s0rmally assumed with heat transfer interactions be~
twéen the wall, the vepor, and the liquid present in
the flow, By separating the flow into separate li-
guld and vapor components, thermal non—equilidbrinm
can be included in the analysis. Several inveatiga—
tors have used this approach for different fluids
with varying degrees of success [8-10].

The third method attempts to combine the above
two approaches by explicitly accounting for nmon—
equilibrium within the flow. Typically this approach
assumes that film boiling heat transfer can be ckar-
actorized by a single-phase vapor heat transfer coef-
ficient. Both Chen [11] and Groemeveld [12] have
sorrelated non—-equilidbrium within the flow (amd
therefore actual quality) using film boiling data amd
assuning the heat trausfer is primarily through the
vspor. Jones [13] and Yoder [14] have each used the
goveraning tramsport equations to develop methods of
predicting non-equilibrium within the flow. These
foar aon—equilibrium correlations are all evaluated
1a thie paper.

The Dougall-Rohsenow correlation [15], which is
used in many reactor codes, does not fit neatly into
asy of the above metiiods., It was developed from the
single-phase Dittus-Boelter equation assuming that
the wvapor velocity could be evalnated fraom the local
¢goilibriom quslity. Thus, analysis using the
Dosgall-Rohsenow correlation does mot include uon—
oquilibrium effecia.

PACILITY DESCRIPTION AND EXPERIMENTAL PROCEDURE

A sexies of 22 steady~states film boiling experi-
ments was performed at the Osk Ridge National Labora—
tory in the Tiermal-Hydraulic Test Facility, s high-
temperature, pressurized-wster loop cootaining sn 8 x
8 slectrically heated rod bundle. The 3.66-am (12~ft)
gods are arranged in a configuration typical of later
gomaxration pressarized-water reactors with 17 x 17
fuel sssemblies. A schematic of the THIF loop is
showa ia Fig. 1. Flcw messuremont sites are posi-
tioned at eack end of the test section containing the



rod bundle. Ths bundle is heavily instrumented with
thermocouples positioned at various axial levels as
ehowa in Fig. 2. Spacor grids arn locrted at 0.6-a
(2-ft) intervals along the hested length. Four un—
heated rods are locatad st positions corresponding to.
eoatrol rod locations within an actual fuel assembly
(Fig. 3). Both axial snd radial power profiles are
flat, Rods have a 0.95-cm (0,374-in.) diam with
pitck of 1.27 cm (C.501 in.) and the bundle hydraulic
dismeter is 1.06 cm (0.4178 in.). During some of the
teste (~23%), rod 32, normally a heated rod, was un-
heated,

During steady—stste operation of the THIF, flaid
flowe from the pump (Fig. 2) through two flow control
valvee and several measurement spool pieces before it
enters the test section., Fluid is heated as it flows
past the rods in the test section and leaves thoe up-
por plenva passing through three outlet spool pieces
and eeveral hect axchangers before returning to the

pump.

Each stesdy—state tost was performed by ini-
tislly estadlishing inlet flow to the test section
sad adjusting the loop to provide the desired inlet
fluid temperature and pressure., Bundle power was
then increased until the dryout point was at the de~
sired location within the bundle. The steady—state
operating point wvas assumed to hsve been resched when
operating pressure and rod surface temperature
otebilized. Instzuments were scanned for 20 s during
each experiment. Data were avermged over this 290-s
interval to arrive at local rod surface conditions,

DATA AND CORRELATIONS

All 22 steady—state experiments were apflow ex—
periments designed to facilitate cslculation of local
bandle equilibrium fluid conditions. In all tests
inlet fluid was asubcoocled to insure accurate flow
seasurement. Local equilibrium fluid conditions
could then be calculated using simple mass and energy
conservation considerations. Test parameters covered
8 wide range of fl.id and sucface conditions typical
of a postulated nuclear reactor loss~of-coolant acci-

dent:

Mass flux, kg/m3/s (lbnlft’lh) 814-225 (6-1.7 x 10¢)
Heat flux, XW/m3/s (Btu/ft3/h) 945-315 (3-1 z 10¢)

Equilibrium quality, % 130-40
Pressure, MPa (psi) 13~4.4 (1900-635)

The eteady—state data have been compared to sev—
eral film boiliug correlations includiug:

1. Dougall-Rohsenow [15]
3. Groeneveld 5.7 {6]

3. Chen [11]

4., Grosneveld-Delorme [12]
5. Jonas-Zunber [13]

€. Yodex-Rohsenow [14]

As stated previously, the Dongall-Rohsenow cor—
relation is basically a single-phase Dittus—Boelter
Rheat transfer coefficient with the velocity evalusted
st the local equilibriuam vapor velocity
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The Grosneveld 5.7 correlation is an equation

developed from film boiling data in amnuli
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The non-equilibrium correlation developed by
Chon oan be divided into two separate parts. The
1.'zst is 2 correlated relationship which sllows cal-
culation of actual qnality (including non~eqnilidb-

zian) from local squilibriom fluwid conditions.
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The second is & vapor heat transfor coefficient based
on actval quality and actnal vapor temperature
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The Groeneveld-Dolorme correlation is similar to
Chen’a in that it is s correlation whick predicts
actual vapor enthalpy (and therefore qmality) from
local equilibrium conditions,

i ~ 14
“I—F o o1p (~tan ¥) exp [1-(3 ah“)"‘l .

i‘.

Jand %y om 2TC fanctions of equilibriom fluid condi-
tions, It also utilizes the Hadaller steam hest
transfer coefficient using actual vapor quality and
temperature

2 = 0.0083 ;—‘ {%‘: [xA + ‘_;! - ’AJ]}..._" Prgees .

The Jones—Zuber squation was developed from the gov—
sraing transport equstions and trests the vapor-to-
droplet heat transfer &s & relazation process. The
relationship between actusl quality and squilibrium
quality is & differential equation and requires atep—
wise integration slong the flow path beginning at the
dryout point (the point where liquid can no longer
eome ia iIntimate contact with the heated surface).
Nowever, this integration is much simpler than those
meeded vhen integrating the entire set of transport
oquations

4ax - 1)
——hl - -
o tNpX-IX)=-1.

N, x is a correlated parameter haszed on actual local
t!t!d conditions and system pressure. Once actual
fluid conditions are kvown (imoluding pon-equilib-
ziwm) the Dittus~Boelter single—phase vapor heat
traasfer cocfficient is used to calculate surface
tempezatores given surface hest fluxes
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The Yoder~Rohsenow equations are similar to the
Jones—Zuber solution in that they use the governing
traasport eqnations to develop a method for calculat—~
isg actuoal quality given eqnilibrium flouid oondi-~
tions, However, po correlated parameters are used in
their approach. The result of their analysis is also
s differential eqnation which requires step-wise im—

tegration

nHrx A
A -
Fa-ue a x-x).

The equation for the constant K is a fuanction of
saturated fluid and dryout conditions alone. Inte-
gration of this equation therefore results in a
series of curves relating actual quality to squilib-
rium quality as o function of the parameter K and
burnont quality. Similar to the methods described
sbove, actual quality and actual vapor properties are
used to evaluate a single—phase vapor heat tranafer
coefficient (Heinemsn) to calculate heated wall tem—
peratnres given snrface heat fluxes. For the THIF
data, the Heineman equation [16] was evaluated at L/D
= 29, the point midway between grids.

GDXA .84

e

x
a = 0.0137 Pei/t .

RESTLIS

Data presented in this paper are only from loca-
tiona midway between the spacer grids in order to
oliminate the sffects of the grid on the local heat
transfer. The steady state tests were all dispersed
flow tests, and film boiling was assomed to exist
only when the xall superheat was 222°C (400°F) or
higher. Resnlts of all of the steady—state tests are
preaented as plots of experimeutai values on the or—
dinate versus predicted values on the abscissa. The
quantity plotted depends on the correlation being
ovaluated,

The Dougall~Rohsenow comparison is showa plotted
ia Fig. 4. Tke experimental heat transfer coeffi-
cient is defined as he! = 0"/!; - T‘. Any point
sbove and to the left og the diagonal line indicates
that the correlation underpredicts the data, while
axy point below and to the right of the diagonal 1line
indicates that the correlation overpredicts the heat
tranafer., Each vertical string is data taken at one
axial location, Vertical scatter indicates a varia-
tion in the heat transfer coefficient at one axial
location, Since measurement error in the experimen—
tal bheat transfer coefficient is estimated to be ~10%
(1 @), the vertical scatter seems to be dne to radial
variations in the fluid conditions,

Ia genoral, the Dougall-Rohsenow correlation
tends to overpredict the data, sometimes as much as
230%. The correlation does not include non-equilib-
rium effects. These effects would be expected to
be present under most film boiling conditions. Non-
oquilibriun in the flow would tend to decrease the
sxperimental heat transfer coefficient over that
which vonld be expected under equilibrium conditions
by reducing the local vapor Reynolds number and in-
egeasing the local vapor temperature. Thus, the
Dougall-Rohsenow correlation would tend to overpre—
dict the data as it does in Fig. 4.

The Groeneveld 5.7 comparison is presented im
Fig. S. The experimental heat transfer coefficieat
is defined as hcx - 0"/!; - T’. Again, each data
strimg represents one axial level withinm the bundle.
The slight slant in each string reflects the effect



of & surface temperature variation on the wall
Prazdtl nommber evaluated in the Groeneveld 5.7 corre—
lation, This correlation generally predicts keat
transfer coefficients better than any of the other
correlations presented in this paper.

A comparison of data with the Chen correlation
is preseated in Fig., 6. As input, the Chen correls—
tiom requires tho suxrface temperature ind calculates
the surface heat flox, FExperimental heat flux is
therefare plotted on the ordinate while predicted
heat flux is plotted on the abscissa. In general,
the Chen correlation tends to underpredict the heat
teaasfer in these tests., The form of the Chen corre-
lation is such that non-equilibrium is predicted to
exist even at the dryout point where equilibriom con—
ditions would be expected. Thus heat fluxes pre—
dicted by the Chen correlation near dryout would tend
to be lower than those actually experienced.

Figure 7 is a plot of the Groeneveld-Delorme
comparison. This correlation requires surface heat
flox a3 input and calculates surface temperature,
Exzperimental wal: superheats are plotted on the or—
dinate with correlation predicted suoperheats plotted
on the abscisss. In this type of piot, any poiat
1lying above and to the left of the diagonal line in-
dicates an overprediction of the heat transfer by the
earrelation while any point lying below and to the
zight of the diagonsl line indicates an underpre-
diction of the heat transfer by the correlation,
Figure 7 shows that the Groeneveld-Delorme equation
teads to underpredict the heat trunsfer. Although
difficult to detect from the figure, this correlation
tends to do better as the distance from dryout in-
creases. Similar to the Chen correlation, the
Groeneveld-Delorme correlation predicts non—eguilib-
zium even at dryout, causing the correlation to
underpredict the heat transfer.

The Jones-Znber comparison is plotted in Fig. 8.
Again, wall superheats are plottcd due te the fora of
the correlation., The Jones-Zuber correlation tends
to overpredict the heat transfer near dryout, and
underpredict as distance from dryoot increascs. The
form of the correlation dictates that equilibrium
exists at dryout. As distance from dryout increases,
the non—-eguilibrium also increases.

The Yoder—Rohsenow comparison is presented in
Fig. 9. It also tonds to underpredict the heat
transfer, however it predicts best of the non-equi-
libirum correlations examined. As in the Jones-Zuber
correlation, equilibrium conditions are predicted at
dryout with non—equilibrium increasing as distance
from dryout increases., Unlike the Chon and Groene-
veld-Delorme correlations, this scheme predicts best
aesar dryout. The underprediction of heat transfer at
distances far from dryout could indicate an overpre—
diction of the non-squilibrium present.

In general, with the possible exception of the
Jones-Zubor correlation where the prediction is scat-
tered, all of the non~squilibrium correlations tend
to underpredict the heat transfer for these 22 steady—
atate rod bundle tests, All of these methods were
either developed from tube data or were compared to
tube data when first formolated. One would expect
that the bundle geometry and the presence of spacers
withia the bondle would iend to increase the heat
transfer and perhsps decrease the non-equilibriom
over that which would be expected in tube experi-
mente. This could explain the discrepancy between
the mom-equilibriom correlations and the bundle data.
The Erxoeneveld 5.7 correlation, on the other hand,

- was developed from annuli data. It temds to predict
the bundle data better than any of the other correla-
tions tested.

Two geaeral reasons can be identified which
wonld csuse the ron—eguilibrium correlationsa 20 un—
degpredict the bundle heat trensfer. I the heat
transfer coefficients used in these methods were too
lew, the surface temperatures predicted would be too




kigh, (In the case of the Chen corrslation, pre-
dicted heat fluxes would be too low,) Rod bundles
gonerally have slightly higher heat transfer coeffi-
elents than do tubes of similar hydraslic diameters.
Witk the rod pitch-to~dismeter ratio in the THIF bum—
dle, thic effect is estimated to be between 5 and 10%
{17]. This incresze is pot enough to explain the
discrepancy between the THIF data and the non—squi-
1ivzrinm correlations’ predictions, The second factor
which affects the non-equilibriuvm correlations is the
degree of non-equilibrivm present in the flow. If
the dogrse of non-equilibrium predicted is higher
thaa that which actually exists, hoat transfer pre—
dietions wonld tend to be low. Unfortunstely, no
{astrumentation is available in the THIF to measure
vapor supoerheat and therefore, non-equilibrium in the
flow. Therefore, it is impossible to experimentally
sepazate the effect of non-equilibrium and heat
tzaasfer coefficient. Methods have been developed
{18) to measnre vapor superhest in tube geometry.
This should sllov better characterization of the nonm—
eQuilibrium snd therefore the heat tranafer ina future
tube corraiations,

CONCLUSIONS

Stesdy—-state, rod bundle, film boiling data have
baex obtained over a wide range of flow snd surface
sonditiona. These data should prove useful in both
sorrelation development and assessment, and should
provide insight into rod bundle heat transfer charac—
teziatica,

Ivo conventional film boiling heat transfer oo~
officients were compared with the steady—state data.
The Dosgall-Rohsenow equation tended to overpredict
the data, somotimes by as muoch as 250%, On the other
Rhand, the Groeneveld 5.7 correlation which was devel-
oped from anaull dets predicted the bundle data bet—
ter than any other correlation examined. Four non-
equilibrium correlations wers slso evaluated., In
goneral, all of the non~equilibrius equstions teaded
¢0 snderpredict the heat transfer. Both the Chea and
the Grosneveld-Delorme equations predict heat trans—
for batter ss distance from dryout increases. The
Joaes=Znbar method underpredicts in some instances
aad overpredicts in others, while the Yoder—~Rohsenow

wethod, which predicts the THTF data better than the

other mon-squilibrium correlations examined, predicte

beat Tear dryout.
A closer etudy of rod bundle heat tzansfer ie
aeeded to chsracterize the differemcea in rod snd

te geometry.

NOTATION
I& Specific heat at coastaat pressure

» Rydranlic dismeter [4 x flow area/wetted
perimeter]

t Friction fastor

L] Buadle moss flux

Heat tranafer coefficieat

Heat of vaporizatioa

i Eathalpy

k iloxlnl esonductivity

L | Axisl distaace from the ciosest wpatresa prid

»

Presaure

.




. Prandtl aumbsr (C’ulk)

Q°".  Surface Leat flux

Re_  Reynolds number (DGIp.)
Tempersture
Bquilibriua quslity

l‘ Actusl gnality

[ 3 VYoid fraction

[ ] Denuity

r Viscosity

SUBSCRIPTS

4 Actnal fiwid conditions

[ Critical

exp Experimontal

4 Film

Sztucrsted vapor

hom  Bomogensous fluid conditions
£ Saturated liquid
v dctual vapor
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Fig. 1. Diagram of THTF.
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Fig. 2. Axial location of spacer grids and fuel rud simulator
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