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ABSTRACT

The state-of-the-art of heat transfer from boiling liquids having
internal heat generation is reviewed. Considerable scatter is found in the
existing data., Attempts to correlate these data have relied on both natural
and forced convection concepts. This report dascribes a new series of
experiments wherein the data scacter appears to have been improved by a
factor of four to six from previous experiments ..hnen compared on the basis
of standard deviation in correlation coefficients.,

Local heat transfer data to both vertical and inclined surfaces {(up to
30° from vertical) are reported having maximum to minimum heat transfer
ratios of up to 5:1., It is shown that with surface vapor fluxes up to twice
the free bubble rise velacities given by Harmathyzz there are two distinct
flow regimes: bubbly and churn-turbulent.

In bubbly flews, the pool is generally quiescent and surface tempera-

ture fluctuaticns negligible, Two heat transfer regimes were identified:

_— o R o () 28 * 11
laminar-where Nu = 1.54 Ra (L,a,9) for Ra < 1.865 x 107", and turbu-
. ) * = 0,40 . * 11
lent-where Nu = 0.0314 Ra (L,a,8) for Ra > 1.865 x 107", Standard

deviations in the correlation coefficients were 0.08 and 0.0016 respec=~
tively.

In churn-turbulent flows, the pool is generally chaotic and three di-
mensional. The surface temperatuces showed large fluctuations up tc e
maximum pool-to-wall difference indicating intermittent destructicn and
renewal of boundary layer, Heat transfer coefficients were more uniform,

and the maximum was observed to be in the range .25-,30 cal/’cm2 s °c.
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The data reported herein are in general agreement with the data reported by

Gabor, et al.11

, but with significantly less scatter. On the other hand,
the more recent data of Gustavson, et al.lz are lower than those reported

herein by zpproximately a factor of two.
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Gravitational acceleration
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Average heat transfer coefficient

Height

Heat of vaporization
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Thermal conductivity

Correlation coefficient
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Fractional uncertainty
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1. INTRODUCTION

The heat transfer characteristics of volume-heated boiling pools are of
importance in the safety analysis of hypothetical core disruptive accidents
(HCDA) in liquid metal fast breeder reactors (LMFBR). In general, these
pools would be composed of molten fuel and steel and would generate heat as
a result of fission product decay. The fluid dynamic characteristics, as
well as the containability of such boiling systems, would depend intimately
on the heat loads applied to the surrounding boundaries. In addition, the
thermodynamic and hydrodynamic states cf the boiling mixture might determine
the initial or boundary conditions for separate but related phenomena, such
as nuclear recriticality, structural integrity, flow and freezing of multi-
phase fluids, etc, Confidence in the conceptualization, as well as compu-
tation of such hypothetical events depends to a great deal upon the abiiity
to predict the vapor generation vate, void fraction, and local boundary heat
flux from such volume-boiling pools. It is the purpose of this report to
present new experimental data for local boundary heat transfer coefficients
and average void fraction in volume-boiling pools and compare these results

to previous experimental data, as well as to existing empirical models.

2. HISTORICAL REVIEW

Numerous studies exist in the literature concerning heat transfer from

liquid pools with an internal heat source, A brief review of this liter-

1-7,13

ature is indicated in Table 1. However, investigations into the heat

;o 494 047



REVIEW OF NATURAL CONVECTION HEAT

TABLE 1

TRANSFER

GEOMETRY CORRELATION REFERENCE
Vertical Cylinder
|q (\I Volume Heating Numerical Finite Difference :g,m:':"w‘ Watson

Natural Convection

Horizontal Plaves

(3) Kulacki, et al

Natural Convection

' ' ' ' Volume Heating Nu=KRa" (4) Nagle, et al
e————— Natural Convection (5) Suo-Antilla, Catton
Vertical Plates
Volume Heating T, owlt) (6) Novotny, Eckert

Lenticular Pool
Volume Heating
Natural Convection

Nu(@)=K[Gr Da Pr]"

(7) Jahn, Reinske

Inclined Plate
Natural Convection

Nu (x)=K Ro(x.e)"

(13) Fujii, Imura

‘ of o Volume Boiling Pool
- -
0 ‘o o|| Mixed Convection

Nu
Nu (x)

(8-9) Hesson, Gunther, Stein

(10-11) Gabor, et al

(i2) Gustafson, Kazimi. Chen




transfer and hydrodynamic behavior of volume-heated boiling pools have been
few and none are known to exist prior to this decade.s'lz’ls’l8

The earliest known attempt to consider the heat transfer from volume-
heated boiling pools is the work performed at Argonne National Laboratory by
Stein, et a1.9 In this work, a solution of NaCl and water was boiled in an
open container by joule beating. The average downward and horizontal heat
fluxes were measured by thermocouples soldered in small dead-end holes in
the plates making up the electrodes and base, and in the coolant system.

A model was presented which separated the boundary heat transfer into a

natural convection and forced convection regime., The natural convection

regime was shown to agree with the correlation below,

Wy = .677 [Pr/(.952 + pr) )t/ 4gal/% (0

where ﬁ:ﬁ - QNL/(kAT), Ra = PrGr, and Gr = gBATL3/v2. The forced convection

regime was shown to be correlated by the relation,

1/3 , 1/2 (2)

Nu_. = .644 Pr

C Re

where EEE = Q.L/(kiT) and Re = V,L/v. Both relations were valid only for laminar

flow conditions. For convenience, a thermal convection reference velocity,

vTC’ was defined as

Voo = (@881 = (g6 - 0 )L/0 11 &)

and an eguivalent free stream velocity, V_, was defined as below;

B

“0.72
Vg = 40 Q (4)

494 049



it was reported that for vB/vTC < 0.2, forced convection heat transfer was
negligible and Eq. 1 was applied. For VB/VTC > 3,0, therma’ convection was

negligible and Eq. 2 applied. For values of VB/vTC intermediate to these
values, mixed convection existed. The results of this investigation indi-
cated that downward heat fluxes were found to be significantly larger than
predictions from conduction theory would indicate; in addition, at the

higher boiling beat fluxes, horizontal heat transfer was found to be signifi-
cantly larger than values calculated by thermel convection alone, and could
be correlated empirically by the laminar forced convection model.

The next attempt to experimentally characterize boundary heat transfer
from volume~boiling pools was the work of Gabor, et al.11 from Argonne
National Laboratory. In their work, they used simulant solutions of ZnSOa
in water. Base plates of two lengths (191 and 381 mm) and three electrode
heights (64, 114, 230 mm) were used. The volumetric boiling power was
supplied by joule heating as in the previous work. The electrodes and base
plate were used as the heat transfer surfaces; thermocouples were buried
halfway into the copper plates for temperature measurements, seven into the
base plate, and two in each of the electrodes. Boundary heat losses were
measured by calculating the enthalpy increase of the water coclant flowing
in coils of copper tubing brazed to the backs of the electrodes. In these
tests, the heat transfer rate to the vertical electrode was measured in two
segments; for the 114 mm pool depth, the electrode was split into separately
cooled segments of 25 mm at the top and 89 mm at the bottom. For the 230 mm

pool depth, the electrode was split into a 25 mm upper segment and a 205 mm

&94 033



lower segment. The opposite electrode was unsegmented and of the same
overall length.

The ratios of the boundary heat fluxes, Q , were investigated

uppethlower
as a function of the boiling heat flux, QB. It was found that for low
boiling heat flux (QB less than 3.5 cal/cm2 s for the 230 mm pool; QB

less than 6 cal/cmz s for the 114 mm pool), the ratio Q was

upper/Qlower
in the range of 1.5 to 2, in agreement with the prediction from thermal
convection theory. For high boiling heat flux (éB greater than 4.5 cal/cm2 s
for the 230 mm pool; 63 greater than 9 cal/cm2 s for the 114 mm pool), the
heat flux ratio was more nearly equal unity and equal to the heat flux to

the unsplit electrode. The data was correlated in terms of a Nusselt number
and Reynolds number based on the superficial vapor velocity. The Prandtl
number was assigned separate exponential weight of 0, 1/3, and 1/2 powers.

As a result, a new model was presented for horizontal heat flux based on

bubble-induced laainar forced convection of the form

Wi = C Rel/? (5)

where the constant C included the effect of the Prandtl number and the
superficial vapor velocity was defined as in Eq. 4.

While the studies reported so far have contributed to the understanding
of some hydrodynamic and heat transfer processes occurring in internally
heated boiling pools, they do not provide a mechanistic model for predicting
local boundary heat transfer or void fraction in such pools. Recognizing
this shortcoming, Gustavson, et al.12 undertook an investigation into the

local distribution of boundary heat transfer and void fraction in internally

e
™
S ?
——

=
O
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heated boiling pools. In their work, they also considered a rectangular

pool of ZnSO, and water, joule heated by passing a-c current through the

4
pool between two electrodes. Iustead of usir; the electrode as the heat
transfer surface, an instrumented test plate was installed, designed to
allow measurement of local heat transfer to thermally isolated segments.
Each segment was cooled by flowing water througl. separate cooling channels,
and e:ch flow rate was separately controlled to insure an isothermal pool-
side surface temperature. The heat flux to each segment was measured by
measuring the temperature rise and the flow rate cof the coolant for each
segrent, The surface cemperature of each segment was determined by extrap-
olacing the interior thermocouple reading at the segment centerline ro the
rest wall esurface across 0.38 mm of aluminum and 0.76 mm Teflon st : %, which
was cemented to the aluminum test wall surface for electrical insulation
from the pool. A constant level weir was connected to an inlet at the pool
bottom, which fed a steady flow of fluid to the pool to identically replace
the losses due to vaporization. In this fashion, the net power for vapori-
zation could be determined. The accuracy of the measured heat transfer
coefficient in these tests was reported to be + 40 percent.

The authors proposed that boundary heat transfer from volume-heated
boiling pools was a mixed convection~-type heat transfer phenomenon in which

the effects were superimposable. Thay proposed, for laminar flow, that the

thermal convective component be modeled as

Nug(x) = 0.42[Gr(x) - pr]O.ZS (6)

K
In Ref., 12, the coefficient in Eq. 6 appeared as 0.41 instead of 0.42

-~

suggested by Sparrow, et al.23 for Pr = 1.86, average Pr for all the present

e 494 052



where Gr(x) was the local Grashof number based on the average pool film
density difference, and NuN(x) now represented the local natural heat
transfer correlation where x was measured along the heat transfer surface
downward from the free surface. The forced convective component was repre=-

sented by

/2,

Nuc(x) = 0.332 Re(x)1 Pr (7)

where Re(x) was the local Reynolds number based on the superficial vapor
velocity at the pool surface. The method of modeling the combined natural/

forced convection from a volume~boiling pool consisted of correlating the

ratio
Nu
b e 8)
N“N
to the group
Nu
>
Z° W (9)

where Nu was the effective Nusselt number, either local or average, for the
combined heat transfer process, Following a general correlation proce-

14

dure, it was suggested that the functional form of the correlation should

be

Y = (14 2%/ (10)

where n was determined by a best fit evaluation of the data (see Fig. 1).

Alternate forms of Eqs. & and 7 were proposed for the case of turbulent heat

'L
In Ref., 12, the exponent of the Prandtl number appeared as 1/2

instead of 1/3 as suggested by Kaysza

-7-
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Figure 1 Proposed Correlation Scheme for Matching Forced and Free
Convection Components of Boundary 'leat Transfer Relation,
(BNL Neg. No. 9-591-76).



transfer. The correlation was tested against the measured average heat
transfer data from their tests. The best agreemeni. was obtained using 'he

laminar relations and a value of n = 1.12

3. ANALYTICAL MODELING
3.1 Hest Transfer

The data of Gustavson, et al, represent the first data available for
local convective heat transfer coefficient from volume~heated boiling pools.
The pres’ nt authors conceived froa the available data that the mode of heat
transt .r, i stead of resembling mixed convection in which the effects were
approximately superimposed, more closely approximated an enhanced mode of
natural convection boundary layer flow and heat transfer. The phenomenon of
boundary layer flow and heat transfer is depictud in Fig. 2. It is assumed
that the vaper rising through the pool causes a net liquid drift upward,
which encounters the free surface and is forced <0 rotura downwacd along the
cold boundary. In this case, the net bouvancy eifect is due to the liquid-
to~two=-phase density difference. The hest transfer distribution from the
voluzetrically boiling pool to the bou-dary exibits behavior not unlike a
single-phase natural convection boindary layer, enhanced by the flow of net
liquid recirculation due to upward vapor drag through the central liqui{d and
downward along the walls. With this joint of view in mind, single-phase
natural convection boundary layer theory coupled with the b. ancy effect of

the two-nhase flow in the bulk liquid was used to attempt to corrazlate the

Nusselt number to a modified Rayleigh number.

N 494 05



Figure 2 Schematic of Boundary Layer Flow and Heat Tr. .sfer From Volume
Boiling Pool, (BNL Neg. No. 9-369-76),
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it has been shown that a modified Grashof

number based on the void fraction may be defined as,l5

Assuming that ap << (1 = a)o,_,
*
G (x,0) = g glp, = (1 = o, loox fus (11)

Furthermore, if the boundary is inclined from the vertical by an angle § in
such a manner that the boundary layer remains attached to the wall, the
angle of inclination may be used to define the effective gravitational

component in the direction of flow and Eq. 11 becomes

Gr*(x,2,8) = g cosdlo, = (1 = a)o, lo % /u’ (12a)

If ap >> p = © this may be reduced to the simple form below

A w
* coseax3
Gr (x,a,8) = 3—-5-—-—- (12b)
v
f

The experimental data of Gustavson, et al. were correlated on the bases of
modified single-phase natural convection theory of the forms below;

a: Using average pool void fraction,

5

- PR 0.2 -
Nu(x,a) = Kl[Gr (x,a)+ Pr] (12a)
and
b: Using locally measured void fraction,
*
Nu(x,a) = K,[Gr"(x,a) + Pr]%*? (13b)

in which the properties used were the measured properties for the zinc
sulfate solution at the appropriate film temperature. The value Ki was

determined from a log-log-linear least-squares fit to the data, and the

294 057



forms of the correlations are

0.25

- * _
a - Nu(x,a) = 0.78[Gr (x,a) * Pr] (1l4a)
with a standard deviation in the correlation coefficient of + .35,
and
*
b~ Nu(x,a) = 0.76[6r (x,a) + Pr]?"% (14b)

with a standard deviation in the correlation coefficient of + .56.
The data was visually interpreted to be in the laminar regime and for the
most part, fell in the range Ra(x) < 1011. Tre experimental data, as well
as the log-log-linear lieast squares fit to the data for Eq. l4a are shown in
Fig. 3. The scatter in the correlation is basically the experimental
scatter, and no finer structure was observed. The form of the correlation
was insensitive to whether the average or local void fraction was used
probably because the effects of the 1/4 root of the void fraction over the
measured range of a was lost in the scatter of the data. The use of the
average void fraction is attractive since then the computation of local heat
flux will not require knowledge of the local void distribution which is more
difficult to measure and compute.

In order to use either correlation method to predict the effects of

boundary heat transfer from volume-heated boiling pools, knowledge of the

local or pool-average void fraction, as seen in Egqs. 13a,b is required.
3.2 Void Dynamics
The void distribution may be calculated based on a one-dimensional

-12-
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two-phase drif* flux model. Consider a volume-~heated boiling pool in

which the volumetric vapor souice may be written as

Q (1 - a)
A Y Q%
fg

where the term (1 - a) signifies that the local heat generation occurs only
in the liquid and rv is the vapor source (gm/cm3 s). For most low power
boiiing pools in which the evaporated liquid is "made-up,'" the liquid volume
flux will be negligible in comparison to the vapor volume flux. The steady

state vapor mass conservation equation may be written as

4j, Q (1-a)

—£ (16)
dx Dvhfg
The relation between the superficial vapor velocity, jg’ and the drift
velocity, ng, may be written as,16
<j >
Tt s g (17)

where the notation < > indicates a cross-sectional area average quantity., If
we assume <j> Vv <j8> and the distribution parameter C0 = 1,2, this reduces

to

<a>V
Vg "T-Ccw (18)
o
Assuming that the drift velocity, VBJ’ can be represented as
V. =U(1-a) (19)

2]

)
”
=
-
ot
Cs

-l4=- »
14 4
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where n = 0 for churn-turbulent flow, and n = 2 for bubbly flow and dropping

the bracket notation, Eq. 16 becomes :

4d [ al - )"

-, l_coa]-l((l-a) (20)

subject to the initial condition

a =0 at £E=0 (21)
LAl Lk
Q H
where £ = x/H and K = 2 = j_ /U . Equation 20 has been numerically
o vhfguw ge =

integrated by two algorithms, an Euler predictor=-corrector method and a

fourth order Runge-Kutta method, with good agreement. The ayerage void

fraction, ;, is defined as

ot gma.x -1
e (22)
max

The results of the local void fraction calculation were compared to the
local void fraction data of Gustavson, et al.,12 for four selected experi-
mental runs for a value of K = 1.75. Although agreement between calculation
and experiment was poor on a local basis, the average void fraction for the

four runs, @

T .40, agreed quite well with the calculated average void

fraction, a v .41,

calc

The data of Gustavson, et al.l2

tend to support the concepts of bound=-
ary layer heat transfer and one-dimensional two-phase drift flux vapor
distribution modeling for pools in the bubbly flow regime. However, the
uncertainty in the measurements performed make it difficult to differentiate

the degree of agreement with the various models proposed, as well as to
«]5<
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identify the various flow regime transition criteria for hydrodynamic and
heat transfer behavior. In particular, the conditions for transition from
bubbly flow to churn-tu~bulent flow are not clear, nor are the changes in
the associated hydrodynamic and heat transfer behavior. As a result, it is
difficult to extrapolate these results to other heat transfer systems of
interest, in particular the behavior of internally~heated boiling pools of
nuclear fuel in an HCDA, which may exist at power levels beyond the range of
the previous work, For these reasons, the experiment described herein was

undertaken,

4, EXPERIMENTAL

4.1 Pool Description

A schematic view of the overall pool construction is seean in Fig. 4.
The pool was rectangular in cross-section, 18 cm wide x 33.5 cm long. The
electrodes were recessed into lexan walls and polished to eliminate surface
nucleation. The electrodes, as well as the walls and base, could be sup-
plied with cooling water flow to eliminate preferential surface nucleation
if necessary. Evaporative and boiling vapor losses were recovered through a
make-up water flow port connected to a constant level weir adjusted to Ho.
The net make-up water flow rate was measured and converted to gross vapori-
zation power, The make~up flow was introduced from the pool bottom into a

baffled space to pre~heat the water to Tsa and prevent inlet subcooling

t

effects, No boiling occurred in this space. The entire pool was
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Figure 4  Schematic View of Inclined-Wall Volumetric Boiling Pool Apparatus.,
(BNL Neg. No, 1-1385-79).
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constructed of lexan with the exception of the copper electrodes and boron
nitride test plate.

The beiling and nonboiling depths of the pool were measured with a
voltage probe connected to a precision traversing mechanism., The conductor
was lowered by the traversing mechanism until continuity was achieved and
the voltmeter indicated the pool voltage. The pool was powered to the
operating power and the probe was once again lowered until the operating
voltage was again indicated. In this fashion, visual observations of pool
depth were eliminated and more objective measurement of Ho and HB was
possible., The uncertainty in this measurement technique was essentially the

fluctuations in pool height while boiling.

4,2 Test Plate

The test wall was constructed of lexan and was machined in such @
fashion that the base of the test wall was continuously inclinable from the
vertical position to any inclined position. A schematic of the test wall is
shown in Fig. 5. The test surface was composed of boron nitride sheet (1.27
em x 30.5 cm x 12,7 cm), machined and recessed into the lexan wall with the
pool-side surface flush with the lexan and in direct contact with the
boiling pool, The material has heat transfer characteristics of an
excellent thermal conductor, but is electrically insulating at the same
time, These properties, along with low water absorption and thermal expan-
sion and ease of machining, made BN an ideal material for these tests. In
addition, no electrically-insulating covering was necessary, eliminating

contact heat transfer resistance and temperature extrapolation. The PFack
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Figure 5 Schematic View of Inclined Wall Test Plate. (BNL Neg. No. 1-1384-79),
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surface of the BN test plate was cooleu by flowing water. A separate flow
loop was designed to supply a continuous flcw of water, 15-20 2pm, to remove
the heat transferad to the wall. The flow rate was designed to be high
enough that the convective resistance to heat transfer in the coolant loop
was negligible. The entire back surface of the BN was exposed to the
coolant flow. This eliminated channel coolant effects, as well as hot and
cold spots from coil cooling techniques previously employed (see Fig. 5.).

A picture of the assembled test pool may be seen in Fig. 6.
4.3 Test Plate Instrumentation

The BN was instrumented with chromel-alumel thermocouples for local
heat transfer measurements. The thermocouples were 0.025 cm diameter
stainless steel-clad microthermocouples, which were machined flat at the
junction and electro-gold=-plated with ~ 0,003 cm of gold forming the hot
junction across the isolated chromel and alumel leads. A schematic of the
cross-sectionally polished and gold-plated microthermocouples is shown in
Fig. 7. A photograph of the polished but unplated thermocouple tip may be
seen in Fig. 8. The thermocouples were individually calibrated at the 'ce
point and steam point taking local barometric pressure into account, and the
average calibration data for each was compared to NBS type K data., It was
found that all the gold-plated thermocouples calibrated to within + .07 °c
from the steam to the ice point. The gold-plated microthermocouples were
then cemented into 26 locations in the BN wall, 19 on the front at 1.27 cm
intervals, and 7 on the back at 3,81 cm intervals at locations listed in

Table 2., They were installed in such a manner that the measuring junction

«20=
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TABLE 2

THERMOCOUPLE LOCATIONS IN TEST PLATE

Pool Side Coolant Side

Thermocouple No.

Elevation Above Base(cm) || Thermocouple No.

Elevation Above Base(cm)

Lo~NOUnSs WM

31.40 20
30.13 21
28.86 22
27.59 23
26.32 24
25.05 25
23.78 26
22.51

21.24

19.97

18.70

17.43

16.16

14.89

13.62

12.35

11.08

9.81

8.54

8.54
12.35
16.16
19.97
23.78
27.59
31.40
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was flush with the wall surface within an estimated + .003 cm tolerance and
cemented in place under a microscope. The gold-plated junction thus com=-
prised part of the test wall surface. Heat losses along the thermocouple
sheath were neglipgible since the leads were immersed in the plate at least

50 diameters.
4,4 Data Acquisitien

The thermocouples were connected to a 150 °F + .2 °F oven-type
reference junction along with a thermocouple in the bulk pool, and the data
was then routed to the automated data acquisition system. The centralized
data acquisition and analysis system was constr:; fed around an HP 9640
system, consisting of a 21 MX minicomputer with 112 kilowords of central
memory, /.5 megaword cartridge disk, and 9 track magnetic tape transport.
Control of the system was accomplished by interactive software, which
received transfer parameters from the experimenter and proceeded to scan the
data channels upon command. The thermocouples were scanned by a 300 channel
guarded crossbar scanner, which transferred data toc an integrating digital
voltmeter with microvolt resolution. Each thermocouple was sequentially
sampled until the standard deviation of the output converged to a preset
criterion or the maximum sample limit was exceeded. At this point, the
scanner proceeded to the next thermocouple and repeated the same procedure
until all 27 thermocouples had been integrated. The raw data was trans-
ferred to magnetic tape and preliminary engineering calculations were
performed to convert the thermoccuple output and system propertiss in%o

local convective heat transfer coefficient and average pool void fraction.

)8
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A photograph of the entire inclined wall boiling pool test apparatus may be

seen in Fig. 9.

All the measuring devices and their uncertainties are listed in Table

3.

5. EXPERIMENTAL RESULTS
5.1 Range of Experiments

The experiments described have been performed over a range or dimension=-
less vaporization power, jg./Ua, up to 1l.8. Local heat fluxes along the
inclined boundary were measured as indicated in Eq. 23.

kenTerone ) = Thack X))
a - (T (x))

h(x) = (23)

pool Tfronc

Accuracy of these measurements was estimated to be within + 5 percent. The
tests reported herein doc not have local void fraction measurements included,
but rather have been correlated only on an overall average basis. The
pool-average void fraction was measured as indicated in Eq. 24 with an

estimated accuracy of + 3 percent.

¢ = (H, - H ) /Hy (24)
A complete error analysis is presented in Appendix A. Sample calculation of
the heat transfer data is presented in Appendix B. For the boiling experiments
presented here, the wall angles investigated were 900, 750, and 50° from
horizontal with an accuracy of + 3%, The flow regimes that were investigated

are listed below and will be discussed in this order:
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TABLE 3

LIST OF MEASURING DEVICES USED
AND THEIR UNCERTAINTY

INSTRUMENT UNCERTAINTY
Thermocouple, Gold-Plated, Type K + .07 %
Digital Voltmeter, HP 3455A + 1 uv
Reference Junction, REF-CEL 200 . + .10 °c
Traversing Mechanism + .001 m
Make-Up Flow Meter System + .2 mi/s
Power Stats + 1 percent

Cross~Bar Scanner, HP 2911A,B,

Hewlett-Packard Minicomputer, 21MX Series

Printer-Plotter, Statos 42
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1. Nonboiling, single-phase
2. Boiling
a. Incipient boiling
b. Bubbly flow regime
¢. Transition

d. Churn-turbulent flow regime

Tests were performed to determine if there were any measurable effects
of the test wall coolant flow rate and make-up water temperature upon the
boundary heat transfer distribution., The coolant flow rate was varied from
15-20 2pm with no measurable effect upon the magnitude of the measured heat
transfer coefficients. The make-up water temperature was observed to have
no effect as long as it entered the pool from the baffled preheating space

at or close to T
sa

t

5.2 Nonboiling Regime

Initial experiments were performed in nonboiling pools in order to
perform operational checkout of the equipment and instrumentation. In
addition, the nonboiling heat transfer to vertical and inclined boundaries
was of interest in order to examine the nature of the boundary layer heat
transfer., For these experiments, the total power applied to the pool was in
the range of 1.0 to 2.5 kw, Boiling was not allowed to occur and heat
transfer was single phase only. The profile of local boundary heat transfer
behaved similar to single-phase laminar natural convection., The greatest
magnitude of the local heat transfer coefficient was measured at or near the
top of the test plate (i.e., the leading edge of boundary layer) and was in
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g
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-
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the behavior agreed very well with established single phase laminar natural
convection as expected and verified the ability of the equipment to measure
local boundary heat flux from volume-heated pools accurately. Alsc the use

\
\
the range 0.015-0,020 cal/cnze %c. Correlation of this data indicated that
of the effective gravitational component,

Bogr = 8 cosf (25)

was verified for natural convection, and the effect of the internal heat
source on the boundary layer thickness was found to be negligible as

calculated by the correction method of Randall and Sesonske.17

5.3 Incipient Boiling Regime

As the power that was applied to the pool was increased, the regime
changed as volumetric bubble nucleation in the bulk liquid began to appear.
The onset of nucleation was determined solely by visual observation of the
pool, This regime was called the incipient boiling regime. The behavior
was characterized by bubble formation and rise with little measurable
increase in average pool height. The pool average void fraction was in the
approximate range 0.00 to 0,03, The behavior of the boundary heat transfer
was once again observed to resemble laminar natural convection as in the
nonboiling tests. However, it was observad as in Fig. 10 that the maximum
local heat transfer coefficient increased to approximately 0.08 cal/cm2 s
°C. This was an increase over the nonboiling case of approximately a factor
of 4=5, This indicated that although boundary layer-type heat transfer

behavior was persisting, the superficial vapor velocity of the rising steam

was causing a net recirculation of liquid which was rising through the
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VOLUMETRIC BOILING POOL DATA
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Figure 10 Profile of Local Boundary Heat Transfer Coefficient From Volume
Boiling Pool - Run No, 9001 - Incipient Boiling. (BNL Neg. No.
4=844-79),
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saturated pool., This liquid drift weculd encounter the free surface and turn
towards the cold houndaries and flow downwards along the wall, enhancing the
boundary layer heat transfer as evidenced in the magnitude of the convective
coefficient, Boiling inception appeared to begin at a threshold value of
js_/U~ approximately equal to 0.2, Below this value, the pool was
volume-heated single phase and above this value, two-phase effects and
volumetric boiling became evident. This value of dimensionless superficial
vapor velocity indicated the magnitude of the evaporative power losses from
the pool. Peducing the total vaporization power, jsm/Uw, by the evaporative
losses, (ng/Uo)o, yields the net boiling power presented in dimension-

less form below:

*
/U = 300, = (/0 (26)

It is recognized that this evaporative lcss term, (jgw/UQ)o, will be
system dependent and will diminish as the pool free surface area to volume

ratio decreases. Analysis of the void distribution was performed on the

*
basis of (jga/U_) as will be seen.
5.4 Bubbly Flow Regime

A further increase in power applied to the pcol resulted in net produc-
tion of vapor and a finite void fraction. This flow regime was charac-
terized by a stable array of densely packed bubbles which formed initially
in the upper region of the pool above an essentially quiescent single-phase
region below. As boiling power was increased further, the thickness of the
bubbly boiling region increased, penetrating downward through the nonboiling
region. The bubbly flow regime is a liquid-continuous flow regime in which

194 078
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VOLUMETRIC BOILING POOL DATA
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Figure 11 Profile of Local Boundary Heat Transfer Coefficient From Volume
Beiling Pool - Run No, 9013 - Bubbly Flow, (BNL Neg. No.
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the dispersed phase is the vapor. As verification of this assumption, the
time trace of power vs time was examined to determine the effect of bubbly
moticn upon electrical coupling of the liquid. Any decoupling of the liquid
from the applied electric field would be recognized by a transient fluctu-
ation of the power trace. None was evidenced, indicating that the pool
power was evenly applied and distributed through the continuous liquid phase
creating a constant volumetric power density. The pool average void frac=-
tion was observed to be very sensitive to the vaporization power in the
bubbly flow regime. A small increase in jgw/Uw resulted in a rather large
increase in ;; as shown later in Fig. 14,

The maximum average veid fraction achieved in thes: tests occurred for
the bubbly flow regime just prior to flow regime transition and was approxi-
mately 0.55-0.60. While in the bubbly flow regime, the pool was observed to
swell periodically. This is believed to be caused by local subcooling
effects due to reentry into the pool of cold liquid from recirculating
boundary layer flow which would cool the pool temporarily below the satu-
ration temperature and induce partial void collapse.

The spatial profile of local boundary heat transfer coefficient main-
tained its boundary layer nature as before. An example of this is shown in
Fig. 11, The maximum local heat transfer coefficient was observed, in all
cases, to be at or near the pool surface, and its magnitude was measured at
approximately 0,20 cal/cm2 s °C. The coefficient was observed to decreise
as vepth along the heat transfer surface increased and it was observed to
vary in magnitude along the test plate surface by approximately a factor of

3-5. Th¢ average heat transfer coefficient for all the runs in the bubbly
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flow regime was calculated to be approximately 0.10; this was greater than
the single~phase tests by about a factor of 5. The local heat transfer
coefficient data was compared to the predictions of the models previously

described in Egs. 1012 15

and l4a™", and the comparison is shown graphi-
cally, for Run 9013, in Fig. 1ll; the comparison on a local basis is
available for all the runs in Appendix C and will be presented later on an
average basis in Table 6, It is clear in Fig. 11 that the local convective
heat transfer coefficients for these experiments exceedad the calculations

of buch local heat transfer models availablelz’15

(derived from the local
boundary heat transfer data from volume boiling pools reported in Ref. 12)
by as much as a factor of 2 or more. This will be supported by Table 6
which will present a comparison of the average convective coefficients for
all the experiments reported to the models referencedlz’l5 on an average

basis.
5.5 Bubbly=Churn Turbulent Transition

As the pool power was increased further, a flow regime transition was
observed to begin in the vicinity of jsw/Ua ~ 0,8-1.0. This flow regime was
characterized by an increasing instability in bubble array order and the
onset of bubble agglomeration; densely packed bubbles in a liquid continuous
flow began to break down into large regions of liquid and large regions of
vapor, The onset of this transition region appeared for the most part to
coincide with full penetration of the boiling region to the pool bnttom.

The runs that characterize this region are runs 6009-6011 and 6014-6015

(hydrodynamic only). These runs demonstrated a partial pool collarcc due to
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the bubble agglomeration mechanism previously mentioned. Such behavior is

19,20,21 The

observed in adiabatic bubble columns as previously shown.
previously observed good agreement between measured and calculated average
void fraction based on (jsolU.)* for the bubbly flow regime was no
longer observed; instead the measured void fracticn fell between the calcu-
lated values based on both the bubbly and the churn turbulent drift flux
This will be seen in Table 6 where the calculated average void fraction is
that based on the bubbly flow drift flux model, and the number in paren-
theses is that for the churn-turbulent drift flux model., In addition, the
previously observed periodic pool swelling behavior diminished.

The spatial profile of local boundary heat transfer coefficient con-
tinued to maintain a strong boundary layer behavior as before, However, as
seen in .ig. 12, a great deal of scatter appeared, and the variation along

the test wall became less. As has been noted previouslyll, the magnitude of

the heat flux became more nearly constant, and for this case, the ratio

h /h

hupper lover Va8 approximately 4/3. The average boundary heat transfer

coefficient was measured for transition runs 6009-6011 only, and was found
to be approximately 0.125., This was greater by 25 percent over the average
heat transfer coefficient in the buubly flow regime and indicated that the
hydrodynamic instability causing bubble agz'omeration and flow regime
transition was responsible for a corresponding increase in the boundary heat
transfer coefficient, In spite of thias apr-rent increase in the average
boundary heat transfer, t e measured heat transfer coefficients were in the
range of those for the hijhest power bubbly flow regime runs, Correlation

of the transition region data was close to the bubbly flow data, as we will
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see in the next section, however, the scatter in the measurements was

greater, indicative of the instability in void dynamics observed.
5.6 Churn-Turbulent Flow Regime

The churn=turbulent flow regime appeared to dominate fcr Jg./u,‘l 3.0,
This flow regime was characterized by a total breakdown in the well-ordered
close packed bubble array observed for the bubbly flow regime. Instead, the
hydrodynamic bebavior appeared chaotic and highly "turbulent." Well-ordered
flow patterns caused by upward vapor drift and downward boundary layer flow
were no longer evident. In addition, the liquid-coatinucus flow hydro-
dynamics was destroyed by massive bubble agglomeration. This phenomenon
appeared to be responsible for the creation of large regions locally which
were entirely liquid or vapor., Large vapor flow paths appeared in the flow,
allowing the escape of greater vapor mass flux than in the bubbly flow
regime with considerably less liquid hold up. The result was a considerably
lower average void fraction, as defined previously.

The flow regime transition from bubbi .o churn turbulent flow occurred
suddenly and completely at a value of jg./U“ approximately equal to one,
At this point, the average void fraction suddenly collapsed from a value of
0,55-0.60 to approximately 0.4., Simultaneously, the apparently reasonable
assumption (born out at this time by visual observations only) of one-
dimensional flow for the bubbly flow regime and corresponding good agreement
in average void fraction between experiments and one-dimansional drift flux
void calculations appeared to no louger be valid for churn-turbulent flow.

On the contrary, the flow appeared to become more three-dimensioual in
=38-
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tehavior, and the applicability of one-dimensional drift flux modeling under
these conditions is questionable. Nevertheless, comparison between experi-
mentally measured average void fraction data and calculated values based on
the one-dimensional drift flux model for churn-turbulent flow was good. The
average void fraction measured for the cases of transition and churn-
turbulent flow was in the range of 0.40 and relatively insensitive to an
increase in power for jg./U“ up to 2.0,

During some of the bubbly flow runs, a thin but stable foaming layer
was observed to form on the pool surface. The ZnSOA electrolyte solutinn
was frequently replaced to avoid the addition of unwanted contaminants, but
no surface active chemicals were added to destroy this thin foam., The
rveasons for its formation are not well known, although its presence has been

observed beforequ'18

Regardless of its cause, the foam layer was invari-
ably observed to completely and immediately disappear upon transition to the
churn=turbulent flow regime, indicating that foams may not be an effective
flow regime in such dynamic flow systems at dimensionless superficial vapor
velocities in excess of unity, corresponding to vapor velocities greater
than the bubble terminal rise velocity.

The heat transfer behavior also changed dramatically, and a sample of
the local distribution of boundary heat transfer coefficient is demonstrated
in Fig. 13. The apparent boundary layer nature of the heat transfer distri-
bution seemed to disappear, replaced by a more uniferm heat transfer coef-
ficient along the boundary. The maximum local heat transfer coefficient was

observed to be in the range 0.25-0.30 cal/cm2 s °C. The coefficient was

observed to fluctuate temporally and spatially as well,
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VOLUMETRIC BOILING POOL DATA
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The temporal fluctuations are evident in the standari deviation data
of the local boundary temperature history. Whereas for the bubbly flow
regime, the standard deviation of the discretely sampled instantaneous wall
temperature distribution was found to be in the range 0.2-0.6 °C. and for
the transition flow regime, the standard deviation of the wall temperature
was found to be in the range of 1.0 °C. a dramatic increase was observed for
the churn-turbulent flow regime, The standard deviatiou of the local wall
temperature averaging technique was found to be in the range 2.0-7.0 OC, an
order of magnitude greater than previously observed for the well-ordered
bubbly flow regime. Interpretation of this data concerning the standard
deviation of the local wall temperature in churn-turbulent flow indicated
that the standard deviation was nearly equal in most cases to the difference
between the saturated pocl temperature and the average wall temperature,

ioe.’

T o Tpool - ¥;
This was interpreted to mean that, intermittently, free stream conditions
were present at the boundary of the pool., This indicated that the wall
boundary layer was periodically being destroyed by the highly chaotic
three-dimensicnal hydrodynamic behavior of the churn=-turbulent flow and
subsequently being reestablished. This type of intermittent renewal of the
boundary layer may account for the enhanced heat transfer observed.

Investigation of the time trace of power applied to the pool was used
to evaluate the effective overall electrical coupling of the liquid to the

applied electric field as before. The power trace was observed to experi-

ence high frequency fluctuations in contrast to the steady nature of the

L
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bubbly flow regime. This was interpreted to mean that due to hydrodynamic
fluctuations in the pool, the electrical resi. cance was fluctuating and
perhaps portions of the liquid were becoming electrically isolated from the
electric field; under such conditions the pool could no longer be charac=-
terized by liquid-continuous concepts. It is not clear at what dimension-
less superficial vapor velocity (power) joule heating becomes ineffective in
supplying uniform power density per unit Jiquid volume due to the observed
electrical uncoupling mechanism in churn-turbulent flow. In the churn~
turbulent flow regime for the heat transfer runs presented, the average
boundary heat transfer coefficient was measured to be approximately 0,15
cal/cm2 s °C. This represented an increase of 50 percent over t.e average

heat transfer coefficient measured for the bubbly flow regime,

6. DATA ANALYSIS AND DISCUSSIONS
6.1 Comparison of Calculated and Measured Pool Void Fraction

For the experiments presented so far, the average void fraction, E}
was measured and compared to the dimensionless superficial vapor velocity
based upon total vaporization power, jsﬁluw. It was demonstrated that
there existed a threshold velocity, (33./U.)o' below which the pool would
not boil. Subsequently, a net boiling superficial vapor velocity was
defined, (js./U_)*, as seen in Eq. 26, It has been determined tnat the
quantity (jgo/U”)o was a system parameter and approximately equal to 0,2 for
these tests,

A composite diagram of all the average void fraction data is plotted in

Y,

AG4 (88



Fig. 14 as a function of the dimensicnless superficial vapor velocity for
the incipient boiling, bubbly flow, transition and churn~turbulent flow
regimes.

The incipient boiling bubbly flow data and the churn-turbulent data
were compared to the predictions of the one-~dimensional drift flux model
based upon net vaporization power and the appropriate drift flux model., In
addition, the transition data were compared to both bubbly and churn-
turbulent flow models. The comparisons are shown in graphical form in Fig.
15, The model was in fair agreement with the bubbly flow ard incipient
boiling data for small values of jg"/Uw and improved considerably as this
value increased., This behavior was not unexpected in view of the strong
sensitivity of the void fraction in the bubbly flow regime to small changes
in boiling power as demonstrated in Fig., 14,

The transition data, due to the nature of the onset of flow insta-
bility, demonstrated poor agreement with both the bubbly and churn-turbulent
flow models. As expected, however, the measured values did all fall inter-
mediate to the two model predictions.

For the churn=-turbulent flow data, good overall agreement between
experiment and analysis was achieved. As pointed out previously, the
sensitivity of the void fraction in the churn-turbulent flow regime co the
vaporization power was considerably less than in the bubbly flow regime.
This means that fluctuations in the power are not strongly reflected in the
measured or calculated void fraction. This behavior is evident in Fig. 14
where the churn-turbulent data demonstrated a flat profile.

These data indicated the following behavior:

ol Y
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1.

2.

3.

Evaporative losses ware substantial in the bubbly flow
regime for this poecl with a large surface to volume ratio.
For pools with smaller surface to volume ratio, this depen-
dence is expected to diminish. In the churn-turbulent regime,
the void fraction was less sensitive to the power and uncer-
tainty in the boiling power and boundary heat losses contri=-
buted smaller uncertainty in the measured and calculated void
fraction as demonstrated.

The nonboiling pertion of the pool in “he bubbly flow regime
was not taken into account by the drift flux model, In
addition, the effect of wall angle on the superficial vapor
velocity is not presently incorporated into the analysis
presented.

For the exper’ ~nts repnrted to date, the pool-average

void fraction never exceeded 0.60.

Transition from bubbly flow to churn-turbulent flow occurred
for the total dimensionless superficial vapor velocity,
jg_/UQ, in the range 0.8 tc 1.0. This transition was
accompanied by an immediate and sudden collapse in pool
average void fraction from approximately 0.55-0,60 to 0,40,
The thin foaming layer which existed for some of the bubbly
flow runs invariably was destroyed during transition to
churn-turbu’ent flow. This was interpreted to mean that
foaming flows were unstable for ng/Um greater than

unity.

a94 092
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6.2 Natural Convection Analysis of Previous Datalz'll
From A Volume Boiling Pool tcu a Vertical Boundary

For Heat Transfer

The correlation techniques described by Eqs. 13a,b were applied to
local convective boundary heat transfer data of Gustavson, et al.l2 The
assumption inherent in these equations is that the boundary layer is lami-
nar, resulting in the assumed 1/4 exponent on the Rayleigh number. The
local heat transfer correlations derived from the local heat transfer data

and the (a) averaged void fraction data, (b) local void fraction data were

found to be

a - Nu(x,3) = 0.78 [Gr (x,3) « pr]®*23 (14a)

and

b~ Mulx,a) = 0.76 [Cr (x,0) » Pr]%+ % (14b)

The standard deviations were found to be + 0,35 and + 0.56, respectively.

It was observed that the convenience of utilizing the average void fraction,
;; instead of the local void fraction, a, resulted in little change in the
correlation for heat transfer. The ratio of the correlation coefficients
for the local heat transfer based on average vs. local void fraction was
1.03.

The same correlation technique was employed to test the existing data
from 11 and 12 on an overall average basis. In this method, the average
heat transfer coefficient and average void fraction were used. In conven-
tional natural convection, it is assumed that the free stream density based

on an equation of state is a constant since all properties outside the

-
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boundary layer are evaluated at free stream temperature and pressure. This
would be the case of using the average void fraction in the heat transfer
correlation, For this case, it can be shown for laminar flow that direct
integration of the local heat transfer correlation yields the average heat
trar ‘er correlation with h replaced by‘ﬁ and x replaced by L. The coef-
ficient for the average correlation, K;, is related to the coefficient for
the local correlation from Eq. l3a as

'

K = 1.33 K for a{x) = a (28)

For the turbuleat natural convection case, it can be shown similarly that
Al

T is related to the local

the average turbulent correlation coefficient, K

correlation coefficient, KT' by

K = .83 K, for a(x) = a (29)

(See Appendix D for the derivation of Eqs. 28 and 29).

The average heat transfer data c¢_. justavson, et 31.12 were analyzed
using the reported values for the superficial vapor velocity, average heat
transfer coefficient, and average void fraction, as well as measured proper=-

ties for ZnSO, electrolytic solution.

4

The average heat transfer coefficients for the data of Gabor, et al.ll

were not reported. They were calculated from the reported values of

electrode heat flux, wall temperature, and pool temperature as

- 9
h o= electroq: (30)
(Tpool r Tw)
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The superficial vapor velocity, 18°' was calculated from the reported value

for the boiling heat flux as
LN
> 9pomL

g pvhtg

3 (31)

The average void fraction data was reported, Only runs with an average void
fraction greater than or equal to 0.05 were analyzed.

The results of the analysis of the data from Ref, 12 and Ref, 1l are
presented in tabular form in Tables 4 and 5, and in graphical from in Figs.
16 and 17. It was found that the average natural convection correlation of

o
the da. 1 of Gustavson, et al.l“ was

& — 3_40.25
- %— - 1.07 5&% (32)
Ve

with a standard deviation of + .30. The exponent was assigned frcm inspec-
tion of the data. The standard deviation of the correlation coafficient was
found to be 0,30 or 28 percent, indicative of the scatter in tic data. The
majority of the data fell in the range of Ra* < 1012. As indicated in Fig.
16, there was no noticeably different trend observed for the foam or dense
data. Examination of the magnitude of the average heat transfer coefficient
and superficial vapor velocity indicated that most of the data fell in the
bubbly flow region previously identified. The ratioc of the correlation
coefficierts, K'/K, was 1.37, tending to reinforce the use of the average

void ‘raction in correlating the local heat transfer data as well, as

indicated in Fig. 3.
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TABLE 4

AVERAGE HEAT TRANSFER AND VOID FRACTION DATA OF GUSTAVSON, ET AL.‘12 AND COMPARISQON TQ EXISTING MODELS

RUN  WALL TEMP  VOID FRACTION  AVERAGE HEAT TRANS COEFF S$™  DEPTH NUX RAX
DEG C EXP CAL/CM2 S DEG C [ ]
EXP EQ l4a BQ 10 EQ10
N=1.6 N:0.7

29 56.8 .44 075 .079 .057  .071 .19 17.18  788.6 4363E+ 12 T
30 86.8 61 077 092 067 .084 .22 12,80 606.1 .2530E+ 12
31 89.0 .67 .09S  .082 .A63  .079 43 2°.56 1314, .1S29E+13 o
32 90.8 .41 .132 .076  .054 967 17 18.98 1532, .S609E+12 &
34 90.2 .62 098 086 060 074 A7 17.60 1060, 6782E+12 2
35 58.6 62 073 084 078 100 1.5  18.29  843.6  .8214E+12
36 £7.0 64 068 .09 083 106 1.3  15.00  627.0 L4301E+12 2
37 89.2 .40 078 685 068 087 35 12.20  584.6  .1465E+12 o
38 88.3 .24 072 .080 069 088 35 9.3p  411.4  .3887E+11 B
39 88.7 .33 875 078 063 079 34 14.10 6499  .ISS4E+i2 o
40 83.0 .05 L0666 049 039 049 11 13.46  544.2  .23S3E+11 =
42 88.6 .41 L122 .084 067  .084 31 12,40 929.9  .IS59Ee12
43 89.2 .63 074 097 073 .09 27 11.66 59.4 . 1673E+12
44 92.5 .36 .684 080 0SS 112 1.64  14.10  727.4  .2050E«12
45 87.7 st 088 680 087 112 1.62  14.106  762.9  .2060E+12
46 87 .43 113,879 078 .10} .24  16.70  1161. .3959E+12 2
47 87.0 .36 074 081 085 .109 1.28 12.80  582.6  .1487E+12 3
as 84.9 .43 059 081 w87 111 .71 15.49  559.0  .3079E+12 &
49 9.2 .46 072 084 073 .094 62 14.106  623.8  .2593E+12 4
50 91.9 A2 084 097 111 141 1.47  7.40  381.9  .3426E+11 @
51 87.0 .31 064 093 097 124 78 6.20 244.1 .1456E+11 &
52 66. 1 1 L0687 .BS1  .039 ~ 16 21.90 1179, 2042E+12 o
S3 §7.3 12 L1190 .53 040 .6S5] '9 23.30 1577, .2983E+12 |
S4 59.4 .20 .137 .065 .053  .067 29 17.00 1432, 1949E+12
S5 $1.9 .10 66 .57 .43 054 .12 13.80  S61.1 .SO32E+11

56 86.2 23 084 069 062 .68 .55 15.20  785.7  .1579E+12
57 81.8 .28 056 .77 071 .09 59 11.90  410.5  .9056E+11

* SVYV indicates the dimensionless superficial vapor velocity.



It was found that the average natural convection correlation of the

data of Gabor, et al.11 was

= — 3 90.25

m-.hk.éa. 1.58 [3%] (33)
v
f

with » standard :viation of + 0.33. There were no local void fraction or
heat flux measurements available for this work to perform a similar compari-
son of the local and average heat transfer correlation coefficients as
performed for the data in Ref., 12, Once again, the exponent was assigned
after examining the data. The major'ty of the data fell in the range Ra* <

A2 as did Gustavson's datalz. If the data were divided into two groups at

Ra" = 10%

10
, the correlation of the data on the basis of laminar and turbu~

lent behavior would result in the set of correlations below,

25

— *
s~ T (1.4Dns ** 11

-
Ra < 10 (34a®
with a standard deviation of + 0.25 for the laminar data and
— - *
b- Nu = (.0309)Ra %0 Ra > 10M1 (34b)

with a standard deviation of + .0058 for the turbulent data. Although
scatter in the data makes the determination of laminar vs. turbulent bound-
ary layer behavior tenuous, both sets of correlations for Gabor's data are
plotted in Fig. 17: This will be discussed in greater depth in the next
section, Examination of the magnitudes of the average heat transfer
coefficients and dimensionless superficial vapor velocities indicated that
the majority of this data was also expected to fall in the bubbly flow

regime.
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11

AVERACE HEAT TRANSFER AND YOID FRACTION DATA OF GABOR, ET AL. AND COMPARISON TO EXISTING MODELS

*
RUN  WALL TEMP  VOID FRACTION  AVERAGE HEAT TRANS COEFF SVV  DFPTH NUX RAX
DEG € EXP CAL/CM2 S DEG C oM
EXP EQ 14a EQ 10 EQ 10
N='.0 N=0.7
1 59.7 .41 098  .072 073 .093 1.3 19.30 1174. .SO34E+ 12
2 60.3 42 097 072 072 891 1.28  19.70 1186. .SS02E+12
3 55.6 .31 L0885 069 065 .o82 .74  16.50 872.0 .2326E+ 12
4 55.9 .51 088 072 061 .077 .67 23.30 1275. . 1079E+ 13
5 49.7 16 065 861 056 o070 41 13.60  551.0 L6502+ i 1
6 50.3 17 D68 062 056 078 40 13.70 580.6 7086k« 11
13 67.0 06, L0857 .0S1 .646  .0S9 25 12,10 426.7 LIS87E« (|
15 €9.1 .20 083 066 064 .08 67  14.36 733.9 . 10SOE+ 12
16 72.1 .21 089 067 062 079 56 14.40  721.7 .1143E+12
17 76. 1 .36 L1380 .073 065 082 66 17.80 1428, .3777E+12
18 74.7 .35 116 873 070 089 .96 17.56 1253, .3465E+ 12
19 77.0 .42 136 .674 077 099 1.61 19.70 1653, L6001 E+ |2
20 77.4 .58 137 .874 069 089 1.35  27.10 2299, L2162E+13
21 76.0 .45 L1330 074 072 092 1.26 20.76 1699, LTA22ES 12
23 70.2 .85 061 049 044 056 .22 12,88 452.5 1S60E« 1 1
24 76.9 .27 092 070 063 08| .58 15.60  885.3 .1915E+12
25 81.3 .45 L1300 .075 .67 086 85 20.70 1658 .76 19E+ 12
26 83.2 .53 156 075 0% 098 1.80  24.30  2334. . 146SE+ 13
27 82.8 .05 064 0S50 042 053 A5 12,06 473.0 1661E« 11
28 83.1 .10 L080 858 052 066 31 12,70 625.7 .3945E+ 1)
29 88.0 .45 137 076 061 w77 46 20.70 1744. .ISESE+ |2
30 88. | .39 148 075 .072 092 1.07  18.70 1702. .SU3VE+ 12
37 53.0 .06 070 049 050 063 38 12,10 527.2 L1750k 1]
LA 38 52.3 .09 063 .051 .0S1  .06S 36 12.50 4960.3 L2882Ee | |
S 39 58.3 .23 084 066 064 08! 69 14.80 7721 A264E+ 12
L <0 57.1 .23 081 066 064  0R] .68 14,80 744.8 . 1256E+ 12
46 56.4 .09 077 0S4 061 076 .74 12.50 599.8 L28S1E+ 11
52 44.5 .05 060 047 049 061 .40 12.60 456.0 .1355E+11
S5 50.8 0 076 .55 .62 078 77 12,70 501.4 .3330E+ 1)
56 S8.1 .56 103 072 067 084 1.14  25.90 1657 16476413
57 48.4 06 072 .849 059 .073 75 12,10 543.4 A705E+ 1 |
58 57.7 .37 19S5 071 .673  .093 1.30 18,10 11#, 3M7E+ 12
92 58.7 .09 123,063 .059 087 50 7.m 534.6 .S244F+ 16
oo 95 59.2 A7 L1300 .073 073 092 .51 7.7 621.4 JA322E+ 11
- 9% 61.2 .32 146 081 083 105 86  9.46  85].4 LASTEE+ 1 |
~C 97 60.4 .34 L1496 082 083 .95 .87  9.70  878.8 .5320E« | |
F= 162 65.3 11 087 049 043 055 .43 25.80 1390, L 3I2SE+ 12
103 70.8 .20 121,056 653 068 91 2%.80  2i54. 8652L+ 2
105 64.9 .09 O8S 047 092 0S4 44 25.30 1332, L25600+ 12
106 71.2 .25 129 058 053 .067 83 30.70 2447 LI313E+13
- 109 63.8 14 106 0S5 043  .963 A5 19.90 1307. 9261412
= 112 64.2 .16 13 087 050 .063 43 20.40 1429, 2377F+ 12
o 113 66.3 .23 L1320 061 060 076 .96 22.2¢ 1814. A4S2E+ 12
117 52.4 06, JO82 057 .064 080 A3 6.80 347.1 . 3095E+ 10
118 53.8 .13 094 068 072 o9 .54 7.40 A28 S7I0E+ 10
121 56.3 .21 099 075 w75 L6094 55 8.10  49%.4 AS71E 1)
122 53.0 18 084 073 070 089 A4 7.80  407.8 . 1406E+ 1 |
123 49.2 05 068 054 056 078 27 6.7 284.) .2423E+ 10
*

SVV indicates the dimensionless superficial vapor velocity.



6.3 Correlation of Present Data

In a similar fashion to the natural convection correlation procedure
emploved to analyze the data from Refs. 11 and 12, the average heat transfer
data for the present tests were likewise analyzed. The local distribution
of boundary heat transfer coefficient, h(x), was integrated to determine the
average heat transfer coefficient. The average void fraction was determined
as described in Eq. 24. The superficial vapor velocity, Jgu’ was determined
by converting the flow rate of make-up water into an average vapor flux as

» Goluo

b

where G is the make-up flow rate (cm3/sec), Ho is the nonboiling pool depth
(em), and Vol. is the total pool volume (cm3).
In a straight-forward fashion, the average heat transfer correlation

was determined as indicated below for laminar bubbly flow,

— * -
Moo= (1.54) Ra (L,3,0)7 %  pa* < 1.865 x 10 (36a)

with a standard deviation of + 0.08, and for turbulent bubbly flow

P— * -—
o = (0.0314) Ra (1,5, %  Rra* > 1.865 x 10t} (36b)

with a standard deviation of + 0.0016. These data are available in Table 6,
and the two correlations are plotted in Fié. 18. The scatter in the data
is seen to be less by a factor of 4-6 than previously observed as can be
seen in the stanisard deviation in the correlation coefficients and the

transition from laminar to turbulent behavior is more evident, It was on
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TABLE 6

COMPARISON OF MEASURED AND CALCULATEZD AVERAGE VOID FRACTION
AND HEAT TRANSFER COEFFICIENT FROM VOLUMETRIC ,ou.nlc POOL

RUN  WALL TEMP VOID FRACTION AVERAGE TRANS COEFF  SW  DEPTH NUX RAX
DEG C EXP CALC CAL/CM® § DEG C ™
EXP EQ léa EQ 10 EQ 10
N=1.0 N=0.7
; 9001 82.13 03 .12 054  .037 037 L047 .39 23.2 771.5 .7223E+ll I
9002 83.1 03 .12 .056  .037 L037  .047 .39 23.2 7179.9 .7253E+l
9003 83.5 .06 .05 063 D44 L038  .049 .28 23.2 899,7 .L1453E+L2
9004 83.8 .06 .0% 064 044 L038  .049 .28 23.2  914.0 -14553+12
9005 84.3 09 .13 .072 049 044 .05 .41 23,2 1028, .2190EeL2
" 9006 84.2 09 .09 072 049 L043  .054 .35 23.2 1028, -2184E+12
9007 85.9 A2 .06 .081 .053 044 055 .30 7.2 1156, . 2940E+12
9008 86.9 .12 .06 .080 .053 L0644 .056 .30 23,2 1162, -2952E+L2
9009 88.3 .18 .11 104 .059 L0648 .062 .37 23.2 1484,  .4453E+12 |
9010 88.3 .18 .1 . 109 .059 L050 064 .45 23.2 1555,  -4453E+12
9011 89.8 27 .13 .121 .065 .052 .066 .38 23.2 1725, .6728E+L2 |
9012 89.8 27 .13 ,128 065 .052 .066 .38 23,2 1825, .6722E+12
9013 89,1 21 .15 .105 061 L051 .065 .42 23.2 1498, -5212E+12 |
7501 84.7 I 5 B b .079 051 046 .09 .46 23.8 1157, .2796E+12 Bubbly
7502 85.0 A1 .12 079 .051 L045 .057 .40 23.8 1157, .2800E+12
7503 85.7 A6 12 .086 US55 046 L0599 .39 23.8 1259, .3574E+L2
7504 85.5 2 I .081 .055 L0466 ,059 .38 23.8 1186, .3571E+12
7505 88.5 .20 .25 L1606 .060 052 066 .54 23.8 1551, .3167E+12
7506 88.4 .20 .25 ,104 .060 .052 086 .54 23.8 1522, .5160E+12
7507 89.8 .26 .18 115 .U64 .053  .087 .46 23.8 1682. .6750E+12
7508 89.4 .26 .18 112 064 L053 .067 .46 23.8 1639, .5748E+12
7509 90.8 A2 W% .121 068 087 .073 .59 23.8 1770. -8357E+12
7510 91.1 a2 23 131 .068 .05 .07: .51 23.8 1916, -8369g+12
7511 91.7 .38 .40 L1386 071 L0%9 .076 .62 23.8 1989, .9965E+12
7512 91.5 .38 .45 W31 .071 .060 .076 .65 23.8 1916, -9956E+12
7513 92.3 Y T | 148 .074% .061 .077 .61 23.8 2164, -1183E+1)
7514 93.2 .52 .54 168 078 L066 084 .74 22.3 231, 1129E+13
7515 92.7 .52 .59 ,159 .078 L067 .085 .81 22.3 278, 11278413 Y
7516 93.4 A1 L3 .162 .078 079  .101 1.41 17.7 1761,  4442E+L r
7517 33.1 A1 3% (141 .078 079  .101 1.43 17.7 1533,  .644D6E+12
7518 94.5 .34 40 J143 .07 L081  .104 1.79 17.7 1554, 37058412 Churn-Turbulent
7519 9.1 36 L0 136 074 .082 .105 1.8 17.7 1478, -3699E+12
7520 82.9 06 .12 084 045 ,042 ,053 .40 23.2 878.7 .1243E+ ubbly
7521 82.3 06 .12 072 045 .062 .053 .40  23.2 388.7 .1239z+xz_r
7522%% I I § 1 1.18
7523 39 .36 1.52 Churn-Turbu lent
75249% - 4 .36 1.50
6001 83.4 . R 067 045 041,052 4D 2.8 1023, .1787gs1d *
6002 88.4 A7 .19 .103 .087 048 .061 .48 24.8 1571,  .4445Ee12 |
6003 83.4 .07 .15 060 045 L0641 .052 .63 24.8 916.1 .1788E+12 |
5004 87.5 417 .19 .09 .057 L048 ,061 .48 24.8 1434, .4423E+12  Bubbly
6005 86.2 DT .086 L0851 .044 .056 .40  22.3 1180. .1180Es12
5006 87.0 A R 083 ,052 L045 .058 .40 21.0 1072, .1577E+12 |
5007 90.5 23 23 .123 .064 .05 .069 .50 21,0 1588, .367BEs12 |
6008 90.7 .23 .23 130 .064 L0564 .069 .51 21.0 1678, .J681E+)
5009 91.4 37 .25(.6%) .130 .072 .065 086 .92 21.0 1678,  .5946E+12
6010 91.9 37 .26(.66) 122 .072 L066 084 .96 21.0 1574, 5944E+12 Transition
6011 90.7 J4S  .22(.80) 115 .080 071 .091 .83 16.6 1173, -3599E+12
6012 92.2 .38 .38 153 .079 L0846 108 1.64 15.1 1420, .2278E+12
6013ne «37 .38 1.46 Churn=Turbulent
60140 49 ,22(.59) .82
5015%* 49 .26(.67) .99 Transition
6016%» .39 .29 %
6017%# 55 B 1.2 Jhurn-Turbulent

* W indicates the dimensionless superficial vapor velocity.

" No heat transfer data vere recorded for these runs.
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the basis of these observations that the laminar-turbulent correlation of
the data in Fig. 17 was analyzed. Although there have been no boundary
layer measurements to substantiate the claim of turbulent boundary layer
transition, the assigm ent of the laminar exponent (i.e., 0.25) and the
turbulent exponent (i.e., 0.40) to the data correlation, similar to a single-
phase natural convection, was done on the justificatlon of observation of
the marked change in the behavior of the data in the vicinity of Ra* v 1=2 x
1011. This observation was made possible due to the elimination of the
majority of the scatter in the data which was present in previous work.

This is demonstrated by the relative scatter in the correlation coefficient
which is 5 percent for both the laminar and curbulent cases. This is in
sharp contrast to the 28 percent and 21 percent standard deviation in the
correlations of the data of Guotavson12 and Gabcrll presented here, respec-
tively.

The data in the transition region between bubbly and churn~turbulent
flow exhibited more scatter than the bubbly flow data. However, correlation
of this data behaved similar to the turbulent bubbly flow data as indicated
in Fig. 18.

The churn~turbulent regime data, however, deviated sharply from the
above observed behavior., For the same Rayleigh number, the churn~turbulent
data was cbserved to lie significantly above the correlation for bubbly
flow. There is insufficient data at this point to make any quantitative
statements to correlate the data to particular model assumptions, However,
the magnitude of the temporal fluctuations in the wall temperature, as well
as the significantly higher boundary heat transfer coefficient were inter-

preted to indicate that the multi-dimensional hydrodynamic nature of the

o 494 104



boiling pool was interfering with the formation of the wall boundary layer,

if not destroying it,

The correlations derived from the data of Gustavson, et al.lz

Gabor, et al.ll, as well as the present data, are summarized in Table 7.

The local correlations of the data of Gustavson, et al.lz indicated little

and

sensitivity to the use of either the average or local void fraction. The
ratio of the local and average correlation coefficients supported the use of
the average void fraction in the correlation of the local heat traasfer
data., The correlations of the data of Gabor, et al.11 and of the present
work have been performed on an average basis only. Examination of the
correlations derived revealed that the data agreed within the standard
veviation of Gabor's data.ll However, both exceeded the correlation of
Gustavson's datalz by a factor of approximately 1.5. This is in agreement
with observations that the local heat transfer data exceeded the calcu-

12,15 derived from the data of Ref. 12

lations of the previous existing models
by a wide margin. The local heat transfer data of this work will be ana-

lyzed on a local basis in the future.

7. SUMMARY AND CONCLUSIONS
7.1 Bubbly Flow Regime

For volume-heated boiling pools characteristic of the kind investigated
here and in the bubbly flow regime, the following conclusions can be made:

7.1.1 Hydrodynamics

(1) The bubbly flow regime persisted for a value of jZO/Uw
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TABLE 7

SUMMARY OF LOCAL AND AVERAGE CORRELATIONS FOR

HEAT TRANSFER FROM VOLUME BOILING POOLS

WALL LOCAL OR AVERAGE LAMINAR OR STANDARD RANGE OF
AT ANGLE | HEAT TRANSFER | TURB.LZNT CaRATIOY DEV'ATION | RAYLEIGH NUMBER
* — 0,25 * 12
Gustavson, Vertical Local Laminar Nu(x) = .78 Ra (x,a) + .35 Ra < 10
12
B * e
el Local Laminar Nu(x) = .76 Ra (x,m)o°25 + .56 Ra < 101‘
L x N
Average Laminar Nu = 1.07 Ra (L,u)o'25 + .30 Ra < 2 x 1012
—— x —0.25 * 42
Gabor, Vertical Average Laminar Nu = 1.58 Ra (L,a) + .33 Ra < 2 x 10
11 N b o
" .. Average Laminar | Nu = 1.42 Ra (L,a)" 2> + .25 Ra < 10'!
— . =0, * 11
Average Turbulent Nu = .0309 Ra (L,a)} + .0058 Ra > 10
0 o — * - 0,25 * 11
Present 90", 75 Average Laminar Nu = 1.54 Ra (L,a,8) + .08 Ra < 1.865 x 10
Work o
—— & .
" Average Turbulent | Nu = .0314 Ra (17,0)7°% | + .0016 | Ra"> 1.865 x 10'!
>
~ O

-

GO\




(2)

(3)

up to unity. In this flow regime, the pool underwent
periodic swelling possibly due to subcooling from the
returning cold boundary layer fluid into the pool bottom.
The pool exhibited a stratified state with a boiling
region over an essentially nonboiling single phase region
below. The depth of the nonboiling region decreased as
the volumetric vaporization source increased such that
the nonboiling region was confined to the conditions
where Jg_/U_ < 0.2,

The maximum average void fracticn observed in the
bubbly flow regime was in the range 0,55 to 0.60 at
jg~/U~ approximately unity. In this range of

power, transition to a churn-turbulent flow regime

was obrcerved in which boiling penetrated to the pool
bottom, and a sudden collapse in average pool void
fraction was observed from approximately 0.55-0,60

to 0,40, While it might be coincidental, the upper
limit in bubbly flow co:r~esponds approximately with

the packing density of spheres at jgufua L I8

In the bubbly flow regime, it was observed that

surface evaporative losses were non-negligible for

pool geometry utilized herein having a large surface-
to-volume ratio, and that a significant fraction cf

the volumetric power density went into these losses.
The net boiling power was defined as the total vapori-

zation power minus the evaporative losses. It was found

- -
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(4)

that calculation of the pool-average void rraction by
means of a one-dimensional drift flux model based

on the net boiling power agreed well with the experi-
mental data independent of the wall angle. Agree-
ment between calculated and measured average void
fraction improved for increasing power.

The average void fraction in the bubbly flow regime
was found to be very sensitive to the volumetric
boiling power. Small changes in js./U. were

observed to cause large variations in the pool-

average void fraction.

7.1.2 Heat Transfer

(1)

(2)

Boundary heat transfer from volume-boiling pools in the
bubbly flow regime behaved similar to nacural convection-
type boundary layer heat transfer. The spatial variation
in the local heat transfer coefficient was as great as a
factor of 3=5 along the wall, with the greatest heat trans-
fer at or near the pool surface. The data reported here
for local convective heat transfer coefficient exceeded
those previously reported by Gustavson, et al.lz by a
factor of 2 or more but agreed with the earlier average

pool data of Gabor, et al.ll

within the scatter in their
data.
For boundary layer-type heat transfer from volume-boiling

pools in the bubbly flow regime, the effect of small angle



of inclination of the boundary from vertical was modeled by
defining an effective gravitational component along the
wall as indicated below;

‘ctt » g cosb (37)

where © is the angle of inclination from the vertical.
For the data described herein with inclinations up to 30°,
this correlation proved ad?quatc.

(3) Correlation of average heat transfer based on the

average void fraction indicates laminar flow behavior

1
up to Rayleigh number of 1,865 x 10‘1. The correlation

is of the appro» mate form

0.25 11

-k B — *
Nu = 1.54 Ra (L,a,8) for Ra < 1.865 x 10 (38a)

For higher Rayleigh anumber, the data behaves similar

to turbulent natural convection and the correlation

for the range Ra > 1.865 x 1011 is

0 for Ra” > 1.865 x 1011 (38p)

= - —* s 0-4
Nu - 0.0314 Ra (L,a,8)
The consistency of the data presented herein represents a significant

improvement cover previously reported data of Gabor, et al.ll and Gustavson,

et al.lz. The standard deviation in both cases was found to be 5 percent iu
marked contrast to the previous data having standard deviations of 21 to 28

percent.



7.2 Churn=-Turbulent Flow Regime

For volume-heated boiling pools characteristic of the kind investigated
here and in the c.urn-turbulent flow regime, the following conclusions can
he made:

7.2.1 Hydrodynamics
(1) Flow regime transi:tion from bubbly flow t> churn-
turbulent flow was observed to occur in the vicinity
of j'./U_ equal to one., Flow regime transitien
was accompanied by a marked collapse in the pool
average void fraction from 0,55-0,60 to 0.40, similar
to the bubble column observations in adiabatic
flow as observed by Zuber and Hench and othern.19’21
(2) The pool hydrodynamics appeared not to behave in a
onue-dimensional fashion any longer., Three-dimensional
circulations appeared tc dominate and caused large-
scale bubble agglomeration, responsible for the

lower void fraction even at higher vapor generation

rates than in bubbly flow. Periodic swelling behavior

of the pool ended.

(3) The liquid-continuous nature of the bubbly flow regime
began to break down due to the three-dimersional nature
of the flow and appearance of large vapor pockets in the

flow. This behavior was indicated by fluctuations

recorded in the power trace of the pool.

i pgt 110



(%)

Surface evapora:ive losses were found to be less signif-
icant for this regime than for bubbly flow. The void
fraction appeared to be somewhat insensitive to increases
in pool power in the range 1.0 < jsn/U. < 2,0, The
average void fraction in this range was measured t be
approximately 0.40., The measured and calculated average
void fraction data agreed well for the range of super-

ficial velocity investigated.

7.2.2 Heat Transfer

(1)

(2)

The average heat transfer coefficient was approximately
0.15 cal/cnzsoc. Large fluctuations wer: observad

in the standa-d deviation of the lncal wall temperature
fluctuations. In some instances, the fluctuations were
of the same magnitude as the difference between the pool
temperature and the time-averaged wall temperature, indi-
cating pavtial or couplete local destructior and renewal
of the wall boundary layer. It is this mechanism that is
believed responsible for the increased boundary heat trans-
fer coefficient,

The profile of local heat transfer coefficient was more
uniformly distributed along the wall, exhibiting large
fluctuations spatially, The maximum local heat transfer
coefficient was observed to be in the range 0.25-0,30

cal/cmzooc.

-6 5=
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APPENDIX A

Error Analysis:

1) Uncertainty in Heat Transfer Coefficient, h(x):
It was shown that the heat transfer coefficient is represented by the

relation

kBN(Tftont(‘) B Tback(x)) (23)

h(X) - a* (Tp (X))

ool Tfront

The total uncertainty in h(x) may be computed by taking the total differen-

tial of Eq. 23 as follows:

dh = a—li:_u diyy + ﬁ aaTyy + 3D da + 5%5 daT ¢ (a-1)
where

Abe ’ Tfront(x) N Tback(x) 7 (A-2)
and

ATpf - Tpool - Tfront(x) (A~3)
The most probable mean square error, ei, is written as

ez = (-dh)z (A-4)

h h
and this reduces to
1/2
£y ® [einn + eATib - e: + eA%pf] (a-5)
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The magnitude of each quantity in Eq A~5 and its uncertainty are listed

below:

QUANTITY MAGNITUDE UNCERTAINTY
- 0.041 cal/em s °C 0.001
20 % * 0.2
T ¢ 20 % 0.2
a 1.27 cm 0.002

*
Nominal Value

The result is that the most probable uncertainty in h(x) is approximately &> 3

percent,

3) Uncertainty in Average Void Fractionm, a:

The average void fraction may be written as

o= (Hy - H)/Hy (24)
This mav be written in differential form as shown ‘efore to represent the
mean square error in the average void fraction as

H
0
g = . R + S gl (A-6)
C O\ EE - ) T A\gmE T
where dHB'VO.S and dHo ~0,1 cm. One can readily see that for small a
(l.e,, (HB - Ho) small), the fractional error will be large and approaching



For Ho = 20, cm and H, = 30, cm, the result is the most probable error

B

in a was approximately 3 percent. For Ho = 25, cm and HB = 30, cm, the error
was found to be approximately 8 percent., The value 3 percent is being used
for the remaining calculations.
3) Uncertainty in Boundary Layer Coord- iate, x

The coordinate from the free surface along the boundary layer, x, may
be shown to be represented by

x, = HBOIL/cos 6 - HONE + (i - 1)EPSI (A=7)
in centimeters where HBOIL is the boiling depth measured from the pool
bottom to the boiling free surface, HONE is the distance along the test wall
from the base to the first thermocouple, and EPSI is the spacing along the
test plate between thermocouples. The errors are independent and the
incremental part, (i - 1) (EPSI), does not accumulate as may be expected.
The reason for this is that each thermocouple location was sited with
respect to the same reference point and not with respect to the previous
thermocouple along the plate. In this fashion, the positional uncertainty
was not accumulative,

In A similar fashion to A-2, the linearly independent uncertainties in

x may be shown to be

2 +e 2 + 2 ,1/2

*x = EuporL HoNE T SEps1)

(A-8)

The snitude of each quantity in Eq. A-7 and its uncertainty are listed

below:

¥



QUANTITY MAGNITUDE (cm) UNCERTAINTY

HBOIL 30.0 * -
HONE 31.4 .2
EPSI 1.27 .05

*Nominal Value

The result is that the most probable uncertainty in x is approximately 5

percent,
4) Uncertainty in Nu(x):

The Nusselt number is written as

Bulx) * 1%11 (a-9)
f

where the uncertainty in kf is negligible. Similar to A-l and A-2, it may

be shown that the most probable error in Nu(x) is

2. 217 B
€y [eh + ex] (A-10)

From the previous sections, it is clear that rhe most probable error in
Nu(x) is 6 percent.

*
5) Uncertainty in Ra (x):

The Rayleigh number may be shown to be represented as
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-3
e (z) « BEE_cO8 0 BF (A-11)
Vg

The uncertainty is a has been shown previously to be approximately 3 percent.

The uncertainties in g, cos 8, Pr, and v_ are negligible. This then reduces

£
to

€ »

Ra La

X
From previously c mputed results, the most probable error in Ra(x) is shown
to be 15 percent,

6) Uncertainty in Lamirar Correlation Coefficient, K:

For laminar bubbly flow, the correlation coefficient may be shown to be

1/4

“
K = Nu/Ra (A-13)
It is readily shown that the most probable error in K is
1/2
2 i 2
= - A-14
€x [eNu + 1% eRa*] ( )

The result is that for laminar bubbly flow, the most probable error in the
correlation coefficient is expected to be 7 parcent. Recall that the
standard deviation in the correlation coefficient was computed to be 5
percent, further substantiating this result,

7) Uncertainty in Turbulent Correlaticn Coefficient, K:

For turbulent bubbly flow, the correlation coefficient may be shown tc

-73=
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K = Nu/Ra 0% (A-15)

It may be readily shown tha't the most probable error in K is

1/2
¢ -[;;u + (b)? chf] (A-16)

The result is that for turbulent bubbly flow, the most probable error in the
correlation coefficient is expected to be 8 percent. Recall that the
standard deviation in the correlation coefficient was compu~ed to be 5
percent, further substantiating this result.

All the quantities and their calculated probable errors are tabulated

in Table A-1l,

nd s



SUMMARY OF EXPERIMENTAL UNCERTAINTIES

QUANTITY

FRACTIONAL UNCERTAINTY

Heat Transcer Coefficient
Boundary-Layer Coordinate
Average Void Fraction
Nusselt Number

Rayleigh Number

Laminar Correlation
Coefficient

Turbulent Correlation
Coefficient

3%
5%
3-8 %
6 2

15 %

7%

8 %
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APPENDIX B

Sample Calculation (Run 9001)

For each experimental run, 27 thermocouple readings are shown in
Appendix A corresponding the the 27 local heat transfer measurements. The
locations of all the test plate thermocouples are listed in Table 2. Let
TC

TFi’ TB1 and TP represent the actual thermocouple output, test plate

g 00L
front surface temperature, test plate coolant-side surface temperature, and
pool temperature, respectively. Then the values TCi (i = 1-27) are mapped

as follows:

TFi = TCi i=1,19 on 1.27 cm centers (B~1)
TB1 - TC1+19 i=1,7 on 3.81 cm centers (B-2)
Tooor = TC27 (B=3)

The test plate coolant-side has only seven thermocouples; the temperature
distribution is filled out to 19 values by linearly interpolating two values
between each pair of back-side thermocouples as follows.

An array TBFUL is defined and equivalent to TB by the assignment
indicated below:

i 3
for { = 1,4,7,10,13,16,19 3§ = 7,6,5,4,3,2,1. Next, TBFUL (2,3,...17,18)

; TBFUL, = TB (B-4)
1
are linearly in rpolated between the measured values TBFUL (1,4,7,10,13,16,
19). This fills out the front and coolant side temperature distributions to
19 points each., For i = 1, the data point is at the test plate top nearest

to the free surface; for i = 19, the data point is at the test plate bottom

furthest from the free surface.
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The following quantities are required for the actual! calculation of the
heat transfer data:

HBOIL is the boiling pool depth (cm) measured from the pool bottom.

8 is the wall angle inclination from vertical.

kwall is the boron nitride (BN) test plate thermal conductivity
(= 0.041 cal/em s °c).

a is the BN thickness (= 1.27 cm).

Tf is the average film temperature for calculating boundary layer

19

ZTF
g nhe
front 19 °

properties (=( + T 1)/2) where T

front poo

a is the average void fraction (= (HB - Ho)/HB).

Pr is the Prandtl number evaluated at Tf (= 1.94 for Run 9001).

k., is the film thermal conductivity evaluated at T, (= ,00162 cal/cm s

C) fer Run 9001.

f
0

Ve is the film kinematic viscosity evaluated at Tf (= .3124 ¢s for Run
9001).

0

Tfilm 91.7 "C for Run 9001.

The local coordinate, Xi» local heat transfer coefficient, hi' local
Nusselt number, hul, and the local Rayleigh number, Rai are calculated
according tc the following formulae:

x, = HBOIL/cos & - 31.4 + (1 - 1) 1.27 (B-5)

(TF, - TBFUL,) k
hi - i i” "wall (B=6)
& (Tpool v TFi)
= 5 4 7 8-7
Nui hixi/kf AQA )3 (B-7)

-17- e )= o



cos @ Pr/vz (B-8)

Ra, = ggkj £

i i

for 1 = 1,19 where g is the gravitational acceleration coefficient.

The procedure is identical for all the runs;';, HBOIL, and Tf may be
different for each run,
EXAMPLE: RUN 9001, £ = 1 (top most heat transfer channel, nearest pool

surface).

HBOIL = 33.0 cm
cos 8§ = 1.0

)
1 1.27(101.1 - 8¢°.8) .0866 cal/cm s C

h

Nu, = (.0866)(1.60)/(.0016Z) = 85.4

Ra, = (980.)(.03)(1.60)°(1.94)/(.003124)% = .2394 x 10®

™~
o
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APPENDIX C

In this appendix are listed the local heat trausfer data for all the
experiments performed. They are compiled in numerical order with the
vertical wall (90°) data first, the 75° data second, and the 60° data
last., The flow regime for each run is listed in Table 6. The detailed
thermocouple readings are indicated in the figures, and their locations on

the test plate are tabulated in Table 2.
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VOLUMETRIC BOILING POOL DARTA

) *10°
32.00

RJUN NUMBER o621
TOTAL POMER(KW) 7.0
AVERAGE VOID FRACTION 2.23

POWER DENSITY(CAL/CM23 S) 0.09
ANGLE OF INCLINARTION(DEG) 8.0
INITIAL POOL DEPTH(CM)
BOILING POOL DEPTHICM:
SUPERF ICIAL VRPQR VELOCITY 2.39

32.0
33.0

24.00 28.00

TWOI‘?‘LE mmgcs. DEG C

16.00 20.00

4.00

HERT TRANSFER CGEFFIFZIQ%NT (CAL/CMxx2 SEC DEG C

DEPTH (CM)

1G4 \ 27 -81-

89

2 89.8
3 89.8
4 87.8
s 87.3
5 T,
7 .9
8 0
9 82.2
10 81.4
11 80.6
12 $0.7
13 78.5
14 78.9 et
1S 78.3
16 75.2
17 3.7
18 72.2
19 ]
20 32.3
2! 45.3
22 B0 § sy
23 58. 1
24 $8.2
25 58.3
26 $9.5

& 27 191. 1

] s @ @

.
- a
2
a
- T
a—ﬂ = g2
]
0.00 S.20 18.00 15.08 20.00 25.00

30.900
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32.09

268.00

24.00

16.80 20.00

12.00

8.00

R COEFFICIENT (CAL/CM*%2 SEC DEG C ) *10@°

=
—
4.00

HERT TRANSK

VOLUMETRIC BOILING POOL DATA

RUN NUMBER 9002
TOTAL POWER(KK) 7.2

AVERAGE VOID FRACTION 0.03
POWER DENSITY(CAL/CM*3 S) @.09
ANGLE OF INCLINATION(DEG) 0.2

INITIAL POOL DEPTH(CM) 32.9
BOILING PCOL DEPTH(CM) 33.0

SUPERFICIAL VAPOR VELOCITY @.3S

THERMOCOUPLE mmg@. DEG C

28
®

1
2
3 N
4 8.1
5 8%. |
6 88.2
7 .9
8 .9
9 83.4
19 82.5
i1 81.5
12 81.6
13 78.8
14 78.4
15 79.9
i6 75.6
17 74.2
18 72.8
19 .9
20 32.8
21 46. 1
22 52.6
23 58.7
24 59.9
2s 59.3

a 26 60.6

2 27 1el.1
2 3
a ® a
= 1 S
1
9.¢3 5.00 10.22 15.08 20.98 25.08
DEPTH (CM)
(A i N
74 129 -83-

30.069
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VOLUMETRIC BOILING POOL DRTR

32.00

28.00

SUPERFICIAL VAPOR VELOCITY 9.28

RUN NUMBER gee3
TOTAL PCWER(KMW) 8.2
AVERAGE VOID FRACTION 0.05
POWER CENSITY(CAL/CM*3 S) @.07
ANGLE OF INCLINATION(DEG) 0.0
INITIAL POOL DEPTHI{CM) 31.0 |
BOILING POOL DEPTH(CM) 33.0

20.00

L/CM**2 SEC DEG C ) =10
24.00

THERMOCOUPLE READINGS, DEG C

|5

1 92.5
2 92.9
3 91.4
4 89.2
s 88 .5
() 87.9
. .9
8 .0
9 83.6
o 822

S8 3 4

= TR ¥

= A
19 2

WS/ a 2 s

ONt—s - S TY —

— 2 A X

- :

a x5

=3 .

O 4

&5

L.L_g 8 a 2 E] .

p--

5

(0

—

S 1

—- T

 0.08 S.08 10.00 15.20 20.23 25.00

= DEPTH (CM)

-85=-

30.00
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VOLUMETRIC BOILINL POOL DRTA

28.00 32.00

RUN NUMBER 9004
TOTAL POWER(KW) 8.0
AVERAGE VOID FRACTION 0.26

POWER DENSITY(CAL/CM=3 §) @.07
ANGLE OF INCLINATICON(DEG) 0.0
INITIRL POOL DEPTH(CM) 31.9
BOILING POOL DEPTH(CM) 33.0
SUPERFICIAL VAPOR VELOCITY 9.28

rmnocom;u' ll;gl:@. DEG C

20.00

*
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O
wl
(-
-
o8
b
N

*

*

p
-
~
asal
&
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—- T '
a 0.20 S.29 10.00 15.00 20.00 25.00 30.00
L:‘EJ DEPTH (CM)
\55 ey .
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18

VOLUMETRIC BOILING POOL DRARTA

32.00

28.00

24.00

RUN NUMBER 9€0s
TOTAL POWER(KH) S.0
AVERAGE VOID FRACTION 0.03
POWER DENSITY(CAL/CM=3 S) @.11
ANGLE OF INCLINRTICN(DEG) 4.0
INITIARL POCL DEPTH(CM) 30.2
BOILING PCOL DEPTH(CM) 33.0

SUPERFICIAL YAPOR VELOCITY 2.41

rmnocouru: mnuus DEG C

£

20.00

16.00

WONOALWN—
1339 34

NI LINPOD - BN VLN~ RODDD VOO e

@
Ssggucts drduasee

»n
a4

8.00

4.

HEAT TRANSFER C@EFFIE}&ﬂT (CAL/CM*x2 SEC DEG C ) *

.
O
=

18.08

-
)
(5]

-89~

15.20
DEPTH (CM)

25.0@
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v DEG C ) =18~
16.00 26.00 24.00 28.00 32.00

12.00

FER %%gFFICIENT (CAL/Cr**2 SE

4.00

S

HERT TRAN:
0.020

VOLUMETRIC BOILING POOL ORTR

[

RUN NUMBER 9006
TOTAL POKER(KW) 9.

AVERARGE VOID FRACTION 2
POWER DENSITY(CAL/CM=3 S) @
ANGLE OF INCLINRTION(DEG) @
INITIAL POOL DEPTH(CM) 3
BOILING POOL DEPTH(CM) 3
SUPERFICIAL VAPOR VELOCITY .35

Qg.gro

a.
3.

asa

THERMOCOUPLE m’x‘nm. DEG C

n

388%¢

BBCOOR DO LBNEBNONODDDD b ok

8832338355365:65230aqou;u-
8B22VBAL IR

-—

2!'S 22 @ s
8.09 S.20 10.00 15.00 20.90 25.08
DEPTH (CM)
-9~

39.68



-.z 6—

AVERAGE VOID FRACTION. ... ... . A2

mrmmurmcm........ 29.9
BOILING POOL DEPTH(COM) ... ... 33.9
VOL. POWER DENS.(CAL/CM3 SEC). .Of
SUPERFICIAL VAPOR VELOCITY. . ., .30
ANGLE OF INCLINAT 1ON (DEGREES) .00
POOL VOLUME(CW**3) ... . . . 17435,
PRANDTL NUMBER. ... ... .. . .. 1.90
TOTAL POWER(XW) .. .. . . . veunns il

AVERAGE SURFACE TEMP (DEG Cr... 85.9

DEPTH LOCAL HEAT TRANSFER COEFF NUSSELT NUMBER MODIFIED RAYLEIGH NUMBER

(W) (CAL/CM2 SEC DEG C)

EXPT  EQ l4a EQ 10 EQ 10

N=1.86 N=0.7

1.600 1757 077 L0675 090 173.0 J9742E+68
2.87% 1660 0670 L0554 0734 293.0 -S623E+69
4. 140 1569 0612 6490 0647 407.4 - 1688E+ 10
5.4190 <1369 0572 @449 L0591 455.6 - I766E+ 10
6.680 1143 .0543 9420 .0550 409.2 . + 16
7.950 59,0520 0397 L8519 “469.0 < LI9SE« 1}
9.220 0501 0378 L8493
10.49 0485 0363 8473
11.76 0471 e356 .0458
13.03 0459 a339
14.30 0430 0449 0329 0426 378.7 6955E+1
15.57 9512 04939 0321 e4q1s 490 .5 BIT7TE
16.84 0426 0431 0313 | 441.0 < 1I136E« 12
18.11 L0423 0306 .039s 497.5 ~M413E« 12
19,38 0455 6416 0299 543.1 A3k 2
20.65 0430 0294 0378 546 .3 2094E« 12
21.92 0441 0403 0288 .937) 591.6 -2505E+ 12
23.19 0451 0398 6287 0364 642 .8 < 2966E+12
24.46 8392 0279 9358



& _ VOLUMETRIC BCILING POOL DATA
%S
o
. RUN NUMBER 9607
TOTAL POWER(KW) 9.2
Cs AVERAGE VOID FRACTION 2.12
O POWER DENSITY(CAL/CM=3 S) 0.78
g ANGLE OF INCLINATION(CEG) 0.0
INITIAL PGOL DEPTH(CM) 23.0
o8 SOILING POOL CEPTh{CM) 33.0
7, 95 SUPERF ICIAL VAPOR VELOCITY 2.39
e THERMOCOUPLE READWG DEG C
% 8
g s
=2 9l. ] —
~N

CR IR LN - DOBIDNRWD, * 5

12.00

.9

.9
.5
.6
4
1
.0
.9
.9
1 .0
8 2 1 82.8
1 83.7
«5 : 80.7

&+ 80.3 ———i
- 79.6
1 77.9
N
4.9
2 1 .9
20 34.9
21 47.9

2 53.8 e
2 23 60.7
24 61.2
2s 61.8
26 61.8
a 7 101.1

]
2| gp® %308

4-

0.00

HEAT TRANSFER EQEFFICIENT (CAL/CMx*x

AQ L

5.6  10.98 15.00 20.00 25.00
DEPTH (CM)

03~

32.0@
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- VOLUMETRIC BOILING POOL DARTA
*S
_ RUN NUMBER 3008
TOTAL POWER(KMW) 9.2
Cg AVERAGE VOID FRACTION 0.12
O POWER DENSITY(CAL/CM®*3 S) 2.98
gg ANGLE OF INCLINRTION(OEG) @.0
INITIAL POOL DEPTH(CM) 29.0
o8 BOILING POOL DEPTH(CM) 33.0
U< SUPERF ICIAL VAPOR VELOCITY .39
- THERNOCOUPLE READINGS. DEG C
N 1 95.4
* ! Bt
- SB a 93.5
Z . 5 92.9
o8 $ ¥4 —
o S Y
F 1 —
US s . g ::‘g
—Q -} gg H R
= s At
58 ‘.l'g :ni?
- 3 2 R
(B 23 3.5 =t
st = g 64,2
L. % €6.3
LLI'._J b+ 101.9
nt
®
W
T
(8 o
=8
o« “s.00 .00 1.0 15.00 20.20 25.00
W ODEPTH (CM)
- =
494 1

38.00
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=

o=

o

s8Be-ries2sBB3E3E

&

AVERAGE vOID FRACTION. .. . ...

INITIAL PoOL DEPTHCOW . ... . ..
BOILING POOL DEFTHCOW .., ., ..

SUPERFICIAL vAPOR VELOCITY. . .,
ANGLE OF INCLINAT ION(DLGREES)
POOL VOLUME(CW*™s3) . . . . . .

LOCAL HEAT TRANSFER NUSSELT NUMBER
( SEC DFG )
EXPT O 144 FO EQ 10
N=1.® Ne9.7

2126 0861 0750 . 1066 209,
1846 0744 0615 0816 3257
:gz :2}3 8545 @719 3;;
604 0662 0466 0611 658 9
L4258 os7 B4 057 696 6

0556 0420 o548

0538 9403 @sos

0523 (9389 0SS

0518 0376
LO751 0498 BI66 0474 660 8
0693 pdass 0356 04161 663
0546 04as 0347 449 565.3
LB555 0469 0340 0438 618 .3
0564 0462 03313 0429 671.7
0462 . B454 0326 .0a20 587.2
0445 pias @320 0412 599.8
0431 844 431S 84049 614.9

436 309 0397

- 2556E

ST04E |
< 1O74E+ 1)
ABIOE. ||



32.00

VOLUMETRIC BOILING POOL DARTA

24.00 28.00

RUN NUMBER 900S
TOTAL POWER'KW) 10.1
AVERAGE VOID FRACTION 2.18
POWER DENSITY(CAL/CM*3 S) 2.1
AMGLE OF INCLINRTION(DEG) 0.2
INITIRL POOL DEPTHI(CM) 27.8
BOILING POOL DEPTHI(CM) 33.0

SUPERFICIAL VAPOR VELOCITY 2.37

THERMOCOUPLE READINGS, DEG C

16.00 20.00

8.0

4.00

HER; TRANSFER CﬂEFFIgIoEGNT (CAL/CM*x2 SEC DEG C ) *10@°

-

30.00

1 95.5
2 94.9
3 94.3
2 4 35.9
S 94 .4
5 3.8
7 0
8 .0
' e 0 ‘e
11 89.9
12 87.5
2. & }3 :33 el
! 2 81
17 75.7
t T
20 29.7
21 36.8
22 6.4 |
23 64.1
24 63.2
25 62.3
26 60.6
27 100.8
3
@
2 @8 @
2 2 s
|
1 T i
0.00 S.28 16.20 15.00 20.00 25.09
DEPTH (CM)
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b
Y

SoEeNovan~
. - . . N “.
3328882258

Bt

AVERAGE YOID FRACTION.........
INITIAL POOL BEPTIMOW) ... ... ..
BOILING POOL DEPTH(CM) . .. ... ..
VOL. POVER DENS. (CAL/CM3 SEC) .
SUPERFICIAL VAPOR VELOCITY. ...
ANGLE OF [INCLINAT 1ON (DEGREES) .

LOCAL HEAT F
(CAL/CM2 SEC DEG C)
EXPT  EQ 14a EQ 10 EQ "9

. N:@.

-2108 0862 0779 1043
<1963 0745 0637 0848
<1833 6679 0563 .0746
<1986  .8635 0515 0681
1738 L0480 0633
1536 0577 .0454 .0597
(0556 0432 0567

-A539 0415 0543

L0523 000 0523

O510 0387 0s0s

0741 L0498 0375  .0489
0775 0488 0365 .8476
-0521 0478 0356 0464
[0561 8470 0348 0452
-0545 0462 0341 0442
L0506 0455 L0334 0433
D458 0448 5323 9428
8426 0442 0322 0417
[0436 0317 .04i0

238888

o
e

§35858
LRI ¢ <R
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~ «OLUMETRIC BOILING POOL DATA
_ RUN NUMBER 310
TOTAL POWER(KM) 10.0
Cg AVERAGE VOID FRACTION 0.18
Qg POWER DENSITY{CAL/CM*3 S) @.13
Lt ANGLE OF INCLINATION(DEG) 2.0
INITIAL POOL DEPTH(CH) 27.0
(- BOILING POOL OEPTH(CM) 33.8
< SUPERFICIAL VAPOR VELOCITY @.4S
N T 13
N THERMOCOUPLE READINGS, DEG C
* 1 95.7
& 95.4
X8| o .
o8 8 a3
S d s ¢
Tg B R wd
L 12 88.7
. i3 838 —
1S 82.3
= 5 %3
w t I
— 5 95 |
u— o2 57.:
8 R s
% e
tg 27 100.8
Q
Lo 2
-
L e ® o
5 ta
-
(o
ac
—
-
on
uJ
ol

=
®

5.20

10.20 15.00 20.08 25.80
DEPTH (CM)
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VOLUMETRIC BOILING POOL DRTA

32.00

RUN NUMBER Q81!
TOTRL POWER(KH) 18.5
AVERAGE VOIC FRACTION 0.27
POWER DENSITY(CARL/CM=3 S) @.12

ze.m

24.00

ANGLE OF INCLINATION(DEG) 0.0

INITIAL POOL DEPTH{(CM) 24.0

BOILING POOL DEPTH(CM) 33.0
9.38

THERMOCOUPLE READINGS, DEG C
95.

SEELE

16.08 20.00

12.00

8.00

CNOHDENOBVI-INERPODDOBLON N

AR RN e Ia RGN Soevon s wl—
Sesssusy sazpazes

—

4.00

HERT TRANSFER CBEFFICIENT (CAL/CM*x2 SEC DEG C ) *1@*
B

S>>
~O

5.20 10.00 15.80 20.00 25.00 30.00
DEPTH (CM)

-101-
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C ' »ip*
26.00  32.00

24.00

L/CM*x2 SEC DEG
20.00

16.00

12.00

ICIENT (CRH

8.00

HERT TRANSFER COEFF
0.00 4,

VOLUMETRIC BOILING POOL DATA
; RUN NUMBER 9012
TOTAL POMER(KHW) 18.5
AVERRCE VOID FRACTION 0.27
POWER DENSITY(CAL/CM®3 S) 9. 12
RNGLE OF INCLINARTION(DEG) 9.0
INITIRL POOL DSPTH(CM) 24.0
BOILING POOL DEPTH(CM) 33.02
SUPERFICIAL VRPOrR VELOC:;" Q.38
THERMOCOUPLE READINSS, DEG C
1 95.2
2 94.9
3 3 94.5
4 94.9
S : wi |
2 H e
= 3 9
18 )
i | 92.1
12 91.9
13 86.6
14 85.4 1|
15 84.9
16 803
17 78.2
18 75.5
19 .8
= 20 29.4
2 21 43.7
22 3.2
b= 61.1
24 59.7
28 58.4
26 57.9
27 100.7
a2 a -
g "
|
T —
2.00 S.20 10.602 15.00 20.00 25.00 30.90
DEPTH (CM)
\ 13,9 -103-
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VOLUMETRIC BOILING POCL DATA

28.” 32.%

RUN NUMBER Se13
TOTAL POWER(KW) 7.3
AVERAGE VOID FRACTION 2.21
POWER DENSITY(CAL/CM=*3 S) 0.13
ANGLE OF INC_Iiw([ON(DEC) 0.0

INITIARL PJOL DEPTH(CM) 26.0
BOILING POOL DEPTH(CM) 33.0

L/CM*xx2 SEC DEG C ) =*10*
24.00

SUPERFICIAL VAPOR VELOCiFY 0.42
THERMOCOUPLE READINGS. DEG C

4(,”1 ‘ 5 \ -105-

94.0
2 94, |
= i al
- e 94
~ 7 91.7
8 1.5
lg 29':2
88 s @9 igl 5:3
— 0 14 85.¢
— lg g.z
e - {‘.‘ 81.4
- 18 80.2
LUS . 1": 31:3
bt -] 21 45.4
w3 2 6
- s g
- i
LUL..I 2 3 1205
=€
Uo Qg
) g @ 3
(8 ot
(F8
% -
> =
=
i o
[——1 T -y
& 0.20 5.20 17.00 15.20 20.39 25.20
I DLPTH (CM)

30.28
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LOCAL BEAT TRANSFER COEYF
(CAL/CM2 SEC DEG C)
EXPT  EC l4a EQ 10 EQ lg
N=1. N=O.

L1722 ,0691 . 0636 0853 238.0
L6100 0618 0544 0727 348
L1507 L0572 .0489 0652 443 .8
.1025 .0S 6452 0600 382.1
938 6514 0424 .0S62 419.5
L0848 0494 0402 .0S32 448.5

L0477 L0384 0507

L0463 . 0369 0486

L0451 0356 0469

L0440 0345 0453
L0539 0430 0335 0440 496 .0
LB564 0421 L0326 . 042% 562.5
L0504 0414 0318 0417 542.6
0514 0906 0311 0487 593.2
L0523 L0480 . 0304 0398 644 9
L0968 0394 0298 0390 613.5
L8485 0388 0293  .0383 673.4
L0497 0383 088 0376 728.4

L0378 0283 .0369

-

AVERAGE YOIN FRACTION......... A
INITIAL POOL DEFTHCON) ... ... .. 29.0
BOILING POOL DEFPTIAOM) .. ...... 32.5

VOL. POVER DENS. (CAL/CWM3 SEC) . .12
SUPERFICIAL VAPOR VELOCITY.... .46
ANGLE OF INCLINATION(DEGREES) . 15.80

POOL VOLUMFICH**3). . ... svwsens 19463
PRANDTL. NUMBER. ............... 1.91
TOTAL POWER(KW) . . ... ... .ovune .o

AVERAGE SURFACE TEMP(DEG O ... 84.7

NUSSELT NUMBER MODIFIED RAYLEIGH NUMBER

e

6/80E 1 |
865911
. INSGE. 12
L J4BE 12
1631E 12
196 1E 12
.2333E 12
L2750E+12



VOLUMETRIC BOILING POOL DARTA

32.00

26.00

RUN NUMEBER 7501
TOTAL POWER(KH) 11.0
AVERARGE VOIO FRACTION 6.11

POWER DENSITY(CAL/CM=*3 S) @.12

24.00

ANGLE OF INCLINATION(DEG) 15.@
INITIAL POOL DEPTH(CM!  29.0
BOILING POOL DEPTH(CM)  32.S
SUPERFICIPL VAPOR VELOCITY 9.46

2 SEC DEG C ) =19~

T!MUTLE nm”ms. DEG C

83888

20.09

16.00

12.09

NU~WELLODUANL BN ILODTO DN — b

RN E SE R E GRS emunns wn
SOESRNSR JAIJIBES

-

8.00

4.00

HERT TRANSFER COEFFICIENT (CAL/CM**

—
-
-

5.00  10.00 15.00 28.20 25.88 30.80

DEPTH (CM)
A 155 -107-
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VOLUMETRIC BOILING POOL DRTA

32.00

28.00

RUN NUMBER 7582
TOTAL POWER(KW) 18.1
AVERARCE VOID FRACTION 2.11

POWER DENSITY(CAL/CM*3 S) @.11
ANGLE OF INCLINA|ION(DEG) 15.d
INITIAL POOL DEPTH(CM)  29.8
BOILING POOL DEPTH(CM)  32.5
SUPERF ICIAL VAPOR VELOCITY 2. 40

24.20

THERMOCOUPLE READINGS, DEG C
93.4

23852
o

16.60 20.00

7 (CAL/CM**2 SEC DEG C ) *1@*

12.00

8.00

P BB DNOP L~ DNDNDD DS DE b A

NN e TR S onunns N~
SHOBGLR AIUBIEE

HERT TRHNP;ER COEFFICIEN

18.¢0  15.00
DEPTH (CM)

-109-
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VOLUME TRIC BOILING POCOL DRTA

32.00

20.00

RUN NUMGER 7503
 TOTAL POWEP(XN) 1.1
AVERAGE VOID FRACTION 0.14 |
POKER DENSITY(CAL/CM*3 S) 0.11 |
ANGLE OF INCLINATION(DEG) 15.2
INITIAL POOL DEPTH(CM)  28.0
BOILING POOL DEPTH(CMI  32.5

SUPERF [CIAL VFIPOIR VELOCITY @.39

m-:nnocom;x.z

L/CM*%2 SEC DEG C ) *1@°
20.00  24.00

16.00

———

12.00

AR RN e SRt hR B veurnswn

-

R i

Sg5a88sn_ daissean

.

—PLN—NBPO - LN DN-NODSOIININ -

READINGS, DEG C

8.00

4.00

HERI TRANSFER COEFFICIENT (CA

-
&
®

5.80  19.06 15.09
DEPTH (CM)

A “111~

20.99

2

gt ———

.60
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VOLUMETRIC BOILING POOL ORTA

ég%?
* .
'—g RUN NUMBER 7504
O TOTAL POWER(KW) 19.1
8 AVERAGE VOID FRACTION g.14
L.Da POWER DENSITY(CAL/CrM=3 S) 0.11
td ANGLE OF INCLINATION(DEG) 15.@
INITIRL POOL DEPTH(CM) 28.0
ag BOILING POOL DEPTH(CM) 32.5
N SUPERFICIAL VAPOR VELOCITY 3.38
™ THERNOCOUPLE READINGS, DEG C
N ! 2.2
X s 3 3.3
* = ; 9.9
&7 5 —
1 3 @
CEg 3 11 eel
OS 12 8.7
— s R - SIS
gLk g o s 7
P '8 75.3
w3 za 25’6
N 2 8
™ ) %  56.2
ga 2 2 | 2? 191.1
L®
(8 -
]
&_“ * 8 a8 g z © .
:’zt"-'
a
=2
—- T ;
a 0.09 S.22 1_0.60 15.00 28.00 25.0@9¢ 30.00
L DEPTH (CM)

4(}4 ] \:'::{ ~113-
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VOLUMETRIC BOILING POOL DRTA

S

—_ RUN NUMSER 7505 |
TOTAL POWER(KW) 13.4

Og AVERAGE VOID FRACTION 0.20

O POMER DENSITY(CAL/CM*3 S) @.16

a3~ ANGLE OF INCLINATION(DEG) 15.0
INITIRL POOL DEPTH(CM) 6.8

g EOILING POOL DEPTHICM)  32.5

7 3% SUPERFICIAL VAPOR VELOCITY 9.5&

i THERMOCOUPLE READINGS, DEG C

% ;B3

* 3 93.3

* 8 - 93.3

S8 s 3l

({’8 g 0

za| " '

Se| . s B

e R B~

ARE O

— 3 i ,

we @ %

N 2 - S

E: §$ lggg

}§|8 2 3 |

Qo e  § 3

i .

=

Uz"-.'

T

ac

=8

o “0.00 S.00 10.08 15.80 20.90 25.80 32.00

W DEPTH (CM)

194 16

=115~
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VOLUMETRIC BOILING POOL DATA

OEPTH (CM)

ésﬂ
- R
~N
—_—m RUN NUMBER 7586
O TOTAL POWER(KMW) 13.4
AVERAGE VOID FRACTION 0.20
88‘ POWER DENSITY(CAL/CM=3 S) @.16
= ANGLE OF INCLINRTION(DEG) 15.0
INITIARL POOL DEPTH(CM) 26.0
&J’S BOILING POOL DEPTH(CM) 2.5
U')g; SUPERFICIAL VRPQR VELOCITY 9.54
o THERMOCOUPLE READINGS, DEG C
i 94, |
: 8 § ggf;
™ s 2.8
‘ig 2 9z:§ i
_J - 9 0
G:S }? nlg
o : R
T § 83 |
= 8 8733
S % 26
P 21 43.2
Qo 3 s
= I &
L. 223 xesglg
=L
O ® e
a-
uJ
(.
(é’n'
&
—8
—_—-
€ 0.00 20.00 25.00
Ll
k-




-81l~

Y

O

o

-

AVERAGE VOID FRACTION. ........

INITIAL POOL WEPTHCW . .. ... ..
BOILING POOL DEPTINCW) ., .. .. o
VOL. POVER DENS. (CAL/CM3 SEC) .
SUPERFICIAL VAFOR VELOCITY. . .
ANGLE OF INCLINATION(DEGREES) .

LOCAL HEAT NUSSELT NUMBER
(CAL/CM2 SEC DEG O)
EXPT DO 14a FQ 10 EQLO
1.0 N=0.7
L1963 0868 0734 0976 271.0
1752 8776 0631 .0836 378.7
1566 6719 o570 0751 460.6
IS76 0678 .0528 0694 586 .8
CHAT2 0646 0496 0650 653.0
1357 6621 .0471 0616 717.0
G008 0451 0Sas
0582 0434 _0S6S
8566 0419 0545
0553 0406 6528
0541 0395 0512
L0000 0530 0385 L0499 9963
8778 0520 0376 0486 a36.7
0783 0S11 8368 0475 992.6
OBOS 0503 0060 0465 995.2
675 495 0354 0456 884 .2
730 0488 0347 8447 12,2
774 0481 00492 8439 1134.2
L0475 8336 L0432

32.5
A5

15.60
15818.
1.86

1.e

WODIFIED RAYLEIGH NUMBER

- - -

.S5718E+09
L2193E+ 10
.SS3IEv 10
SAIZ2EE 1

CI84Es 1
CI204E 1§

.26970+12
-3I28E~ 12
HOS1E~ 12
LART2E )2
STHGE« 12
G8IEN 12



A

HERT TRANSFER CBEFFICIENT (

O

CAL/CM*xx2 SEC DEG C ) *i@*

16.00 29.00

A

VOLUMETRIC BOILING POOL DATA

28.00 32.99

RUN NUMSER

TOTAL POWER(KW) 11.9
AVERAGE VOID FRACTION 9.26
POWER DENSITY(CAL/CM*3 S) Q.15
ANGI.E OF INCLINATION(DEG) 15.0@
INITIAL POOL DEPTHICM) 24.0
BOILING POOL DEPTH(CM) 32.5

7597

24.00

SUPERFICIAL VAPOR VELOCITY 9,46

3
;
-

SSESEE

12.00

8.00

i

" T T -
AR NN R e R I OR S onvra s~
P LPORU - DOCRPP-PETTDCC W BIIOW 2

S42280EY 3282883

~
~
o

‘c

J—
oS
wn

S.00

19.00  15.00
BEPTH (CM)
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28.08 25.0 32.00
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VOLUMETRIC BOILING POOL DRTH

494 ol -121-

)
-
! .
- ! RUN NUMBER 75€3
w TOTAL POWER(KW) 11.8
= AVEFAGE VOID FRACTION 0.26
ng POWER DENSITY(CAL/CM=3 S) @.15
o ANGLE OF INCLINATION(DEG) 15.0
INITIRL PCO. DEPTHI(CM) 24.0
83 | BOILING PCJL DEPTH(CM) 32.5
A< SUPERFICIAL VAPOR VELOCITY @.46
™~ l THERMOCOUPLE READINGS, DEG C
N 5 94.7
: - 3 :?:g
™ s 9
IR T ™ k. SR
N T T
Cta {? o
oS . {§ 08 2
St 4D - s - 3t S |
- 2 - l i3 K
_— \ 8 80.8
LJ 8 e = é{% 23:3
bt ] F 4 42.9
b 2 5 e
g8 s l
(U™ T L b
a® |
o
w)
e %
z -
&
=8
—_—-
aC 0.02 S.202 10.00 | 15.20 20.00 25.00
‘_',‘~:" DEPTH (CM]
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Ufll. HEAT TRANSFER COEFF

- -

AVERAGE VOID FRACTION. . ...... . 32
INITIAL POOL DEPTH(OW) . ....... 22.0
BOILING POOL DEPTH(CM) . ....... 32.5

VOL. POWER DENS.(CAL/CM3 SEC). .21
SUPERFICIAL VAPOR VELOCITY.... .59
ANGLE OF INCLINATION(DEGREES). 15.00

FOOL VOLUME(CH®**Y) .. . ... ...... 14394,
PRANDTL NUMBER................ 1.85
T.TAL PONER(KW) ... ... ....... 13.44

AVERAGE SURFACE TEMP(DEG C)... 90.8

{CAL/CH2 SEC DEG C)

EXFT  ED l4a EO 10 kg 10

N=1.0 N=0.7
917 0917 0795 L1061 264.6
770 0820 0683 097 382.5
L1608 0759 0616 .081S 4739
1647 65 0569 .075) 613.1
1517 0682 0535 0704 683.0
<1378 O655 0508 0667 727.9

D633 0486 0636

614 067 L0611

L0598 0451 0589

L0584 L0437 @570

0571 0425 0554
<1043 0559 0414 0539 1039. 1
JOBS4 0549 0404 0525 917.4
(0882 0539 .0395 0513 1016.7
L0976 0531 L0387 L0502 1201.3
07810522 0380 0492 1921.5
0830 0515 L0373 L0483 1151.4
LOEBL 0508 0367 0474 12901

L0501 0361 L0466

NUSSELT NUMBER MODIFIED RAYLEIGH NUMBER

JBATTE 12



32.00

26.00

[ENT (CAL/CM**2 SEC DEG C ) *10*
8.00  12.60 16.00 20.00 24.00

HERT TRANSFER CREFFIC
0.00  4.00

VOLUMETRIC BOILING PUCL DATA

RUN NUMBER 7509
TOTAL POWER(KW) 13.4
AVERAGE VOID FRACTION 0.32

POWER DENSITY(CAL/CM*3 S) 0.21

ANGLE OF INCLINRTION(DEG) 15.0
INITIARL POOL DEPTH(CM) 22.0
BOILING POCL DEPTH(CM) 32.5
SUPERFICIAL VAPOR VELOCITY 9.5

THERMOCOUPLE REgl‘)!:@. DEG C

1
2 94.3
3 93.9
4 94,2
s 93.8
6 U5 s
y i .9
-] 8 .8
9 .0
19 .0
11 .9
12 91.9
2 13 88.9
3 14 3.9 i
1S 88 .4
6 85.2
xz :;.x
1 ol
3 19 K
20 27.9
21 47.0
22 2.9 ik
23 62.3
24 60.9
o 25 59.5
26 56.6
$ 27 1.0
a 2
3 = !
g Lot

o
©
&

5.00

10.00 15.60 20.00 25.00 38.00
DEPTH (CM)
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VOLUMETRIC BOILING POOL DRTA

w

S98B0EY FEREBBZ

16.00

12.00

—&

PP LOOBVOLVONNNRETIDODNOIO

8.00
)
)

S

ed

o RUN NUMBER 7510
TOTAL POWER(KW) 13.4

] AVERAGE VOID FRACTION 8.32

o POWER DENSITY(CAL/CM*3 S) 0.18

~ ANGLE OF INCLINARTION(DEG) 15.0
INITIARL POOL DEPTH(CM) 22.0

S BOILING POOL ODEPTH(CM) 32.5

< SUPERF ICIAL VAPOR VELOCITY @.51

. THERMOCOUPLE READINGS, DEG C

§§

= 94,

2 ® gi roa e

&

4.00

5.0d 10.98 15.00 20.08 25.00
DEPTH (CM)

HEAT TRANSFER CBEFFICIENT (CAL/CM%x2 SEC DEGC C ) =107
g RN EREEEE AR LOR TS enuansun-~
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30.20
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VOLUMETRIC BOILING POOL DRTA

32.00

24.00 28.00

16.00 20.00

CIENT (CRL/CM*x2 SEC DEG C ) *10*

12.00

v
1

8.00

4.00

HEAT TRANSFER COEFF

.-
~O
=

RUN NUMBER 7511
TOTAL POWER(KW) 14.0
AVERAGE VOID FRACTION 2.38
POWER DENSITY(CAL/CM=3 S) 0.24
ANGLE OF INCLINARTION(DEG) 15.0
INITIAL POOL DEPTHICM) 20.0
SOILING PCOL DEPTH(CMI 32.9
SUPERF [CIRL VAPOR VELOCITY 9.62
-
. 2
=
=
-]
THERMOCOUPLE READINGS, DEG C
1 94.8
2 4.4 b
+— N —£
S 94.0
i s | gas
8 .0
El .9
19 .9
o i .0
12 91.9
13 89.7
14 89.4
15 89.9
16 87.5
17 86.2
'8 85.90
19 0
. 20 27.6
21 44.7
22 53.5
3 59.7
24 59.7
25 59.7
26 56.7
%7 191.9 I
2.00 S.e0 10.00 15.00 20.00 25.00 29.00
DEPTH (CM)
i 772 -127-
it f D



-871-

B —

AVERAGE VOID FRACTION......... s
INITIAL POOL DEPTH(OM) ........ 20.0
BOILING POOL DEPTH(OM)........ 32.5

VOL. POWER DENS. (CAL/CM3 SEC). -25
SUPERFICIAL VAPOR VELOCITY.... .65
ANGLE OF INCLINATION(DEGREES). 15.60

POOL. VOLUME(CH®**3) .. .......... 12989.
PRANDTL NUMBER............... . 1.84
TOTAL POVER(KW) . .. ..... shuvese 14.0

AVERAGE SURFACE TEMP(LEG C)... 91.5

DEPTH LOCAL HEAT TRANSFER COEFF NUSSELT NUMBER MODIFIED RAYLEIGH NUMBER
W AL/CN2

(C SEC llfg C)

VNPT EQ l4a EQ EQ 10

N=1.0 N=0.7
2.246 1962  .0959 .0833 it 270.8 .B474E+09
3.516 L1752 0857 L0715 0950 378.5 +10
4.786 1565 .0793 0645 0853 460.2 8197E+ 10
6.056 1720 .0748 .0596 0787 640. 1 (661E+ 11
7.326 1548 .0715 .6560 0737 696.9 .. 939E+ 1)
8.59% 1403 0685 0532 0698 741.1 LAT48BE« 1)

9.866 L0662 0508 0667

i 14 0642 0489 L0640

12.41 L0625 L0472 0617

13.68 B610 L0458 08597

14.95 0597 0445 0380
16.22 LSS L0585 0433 L0564 11805 JI88E« 12
17.49 H9S88 0574 .0d03 0SS0 1028.8 L3997E+ 12
18,76 SOS8 0S64 o4 0538 1254.3 LA932E¢ 12
20,43 LA215 L0855 L0 0526 1494.7 LBOO3E 12
21.30 0978 0546 0098 05)1S 1276 .4 L7220E412
22.57 LA007 0 0S38 01 00 1395.6 8590E« 12
23.84 L0285 0S31 0 evsa oW 1504 .1 CAOI2E« 13

25.14 €524 o 4SS
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S VOLUMETRIC BOILING POOL DARTA
¥
o~
—_ RUN NUMBER 7512
T JTAL POMER(KW! 14.2
S AVERAGE VOID FRACTION 2.38
e POMER DENSITY(CAL/CM=*3 S) @.25
gN ANGLE OF INCLINATION(DEG) 15.0
INITIAL POOL DEPTH(CM) 20.0
h—jg BOILING POOL DEPTH(CM) 2.9
A< SUPERF ICIAL VAPOR VELOCITY @.6S
~N
Py
;58
il B
|
=8 s |4
— O
- B z
lz mlu lzg‘mzts. p=s C
| 2
Og| 3 &
u‘:‘.--—§ 3.4 g T
™ £ '
w 18 9 a 2
UJ% 12 o
STt =i
1S 89.9
[0 tg gié
wJ s "8
w3 2
DT u:
o 33 693
P_:Q 2 ee
- |
) T T
ac 2.00 5.00 10.60 15.80 28.00 25.00
Ei-_-' OEPTH (CM)

38.

mn

vy
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VOLUMETRIC BOILING POOL DATA

32.00

28.02

| RUN NUMBER 7513
TOTAL POWER(KW) 15.4
AVERARGE VOID FRACTION 0.45

POWER DENSITY(CRL CM=3 S) @.27

24.00

ANGLE OF INCLINAT,.JN(DEG) 1S5.0Q
INITIARL POOL DEPTH(CM) 18.9
BOILING POOL DEPTH(CM) 32.9
SUPERFICIAL VARPOR VELOCgY 2.61

CAL/CMx%2 SEC DEG C ) =*1@°

16.00 20.00

l lz.m

8.00

4.

1
2]
15}
et g —-—n-——
. 111 3 d 0 14 ol it vl e PO -

"

+ DEG C

seepest

souugahmouwhomb—bbbbbbsobbba

Spussrss 1888388

-

HERT TRANSFER CREFFICIENT (

5.20 10.08 15.80 20.00 25.60
DEPTH (CM)

(]
«
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N334
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U-'ojog.“. .« s 9
355&1;

14.66

RUN NUMBER... 7514

AVERAGE VOID FRACTION.........
INITIAL POOL DEPTH(CM)........
BOILIEG POOL DEPTH(CM) ... .....

SUPERFICIAL VAPOR VELOCITY.. ..

ANGLE OF [INCLINAT ION (DEGREES) .
POOL VOLUME(CN®**3), ... ... ..., .
PRANDTL NUMBER................
TOTAL POVER(KW)......... crvees

AVERAGE SURFACE TEMP(DEG ©) ...

mm‘mum NUSSELT NUMBER
F e e te 10 Cao
EXPT  EQ j44aFQ 1

N=1.9 I-O 7
<3189 1387 (135S .1822 135.8
L2117 (1869 9938 1253 255.3
1507 0944 0791 |, 165) 299.2
L2781 .086. 677 8937 769.2
.2043 0817 0651 .0S60 724.4
1606 0777 0610 0803 694.9

0746 0578 0753

0719 05 6724

0697 0530 0694

0678 0512 0669

D662 0496 0647
1277 . 0647 0482 6627 s 1
1078 0634 0469 0610 105 .0
<1249 0622 8458 0595 1319.2
<1689 0611 .0448 0581 1916.2
<1300 0601 0438 0568 1576.5
<1491 0591 0430 0557 1924.0
<1689 0583 0422 0546 23110

0575 0415 .0536

15.00
9560.6
1.83
20.5
93.2

MODIFIEL "AYLEIGH NUMBER

e ——

-3372E+08

L3532 11

~JI8TE 2
+40BOE. 12
.S5146E+ 12
63I72E+12
<7T79E 12
-9378E+ 12
~1UIBE# 13



32.00

VOLUMETRIC BOILING POCL DRTA

]

268.00

RUN NUMBER 7514
TOTAL POWER(KW) 20.5
AVERAGE VOID FRACTION 0.52
POWER DENSITY(CAL/CM=3 S) 9,38
- ANGLE OF INCLINATION(DEG) 15.9
INITIAL POOL DEPTH(CM) 15.0
BOILING POOL DEPTH(CM) 31.0

SUPERFICIAL VAPOR VELCCITY @.74

24.00

20.00

16.00

[ENT (CAL/CMxx2 SEC DEG C ) *10*

-—

THERMCOOUPLE READINGS.

DEG C
g . o :

(_)’-\;- 3 gg; -
. s 93.3

5 94.1 -
n § ¢
. 3 0
oS TR
SeT—3 &
= | §
T i -
¥ <1 T
o g &

2s 58.7
F-€§ %3 13&3 ’
[—) T T
C 0.00 5.00 10.20 15.28 20.400 25.00
o DEPTH CM)
A \‘ ,q

=133~

38.08



o 4 1

hov

Qb |

AVERAGE VOID FRACTION......... .52
INITIAL POOL DEPTH(CM)........ 15.0
BOILING POOL DEFTH(OM .. ...... 3.e

VOL. POWER DENS.(CAL/CM3 SEC). .42
SUPERFICIAL VAPOR VEIOCITY.... .81
ANGLE OF INCLINATION(DEGREES). 15.00

POOL VOLUME(CH®*®*3)............ 9560.6
PRANDTL NUMBER..... sesseses 1.83
TOTAL POVERIEN) .c.ccvvvvvroven 20.5

AVERAGE SURFACE TEMP(DEG C)... 92.7

DEPTH LOCAL HEAT TRANSFER COEFF NUSSELT NUMBER MODIFIED RAYLEIGH NUMBER
oww (CAL/CH2 SEC DEG ©)
EXPT  EQ l4a EQ 10 EQ 10

N=1.8 N=0.7
694 1386 .1382 1859 102.0 . JIG4E 08
1.964 1940 1069 .0954 1276 234.0 .763SE+09
3.234 L1602  .0943 .0863 .1070 318.2 .J410E~ 10
4.504 L2569 .0868 .0718 .0953 710.6 .9211E+10
5.774 L1954 .0816 .0661 .0874 692.9 A941E« 1)
7.944 L1550 .0777 .0619 6816 670.4 L3524E+11
8.314 8745 0586 .8771
9.584 0719 0559 .0735
16.85 0697 .06537 .8765
12.12 0678 .6518 0679
13.39 M661 .0502 0656
14.66 1335 .0646 .0487 0637 1202.8 LJIBOE. 12
15.93 1170 .6633 .0475 .0619 1145.4 A079E+ 12
17.20 L1298 V621 0463 0604 1371.3 .S5135E+12
i8.47 611 (0618 0453 6589 1827.5 .63S8E+12
19.74 L0838 0600 0443 0576 10677.3 LTT6IE 12
21.01 1264 0591 .6435 6565 1631.0 9357E+12
2.28 L8077 0582 0427 9S54 2473.1 SALIGE« 13
23.55 L1636 .0574 0419 0544 2%2.3 -131BE+13



? .
= VOLUMETRIC BOILING POOL DRTA
ot
o~
- RUN NUMBER 7515
O TOTAL PONER(KM) 20.%
S AVERAGE VOID FRACTION 0.52
O POMER DENSITY(CAL/CM*3 S) @.42
gfv ANGLE OF INCLINATION(DEG) 15.0
INITIAL POOL DEPTH(CM) 15.0
O = BOILING POOL DEPTH(CM) 31.0
o 0 SUPERFICIAL VAPOR VELOCITY .81
~N
C;J
* S
58
< = .
_'l =
S8
_v(.o 3
o 3
[ -
i~ - THEERMOCOUPLE XEADINGS, DEG C
E@ é g: 3 2 e
O N a5 F
. s 95.2 .
w o e
T 9 ‘
gg| 4 :
L@ 2 B
& 5 2
L S 3 B3
=T & &i
= 2 %3
- -
9 27 191.9
1 |
o ~0.20 S.00  12.08 15.60 20.00 25.00
W DEPTH (CM)
-135- 494 | 81

30.09



9650°  ISr0° 9550 S 1z
6090°  09rH°  S956 20
€290° 0LrO° PLSO LU
Z1+3C9r0° Lieic B9  I8FO"  FRSO° SK8T” L9 L o
Z1+3895¢€° 9° 8821 §590°  €6pA°  S6S0°  6LZ1 or 91 P |
Z1+32082" 679001 P90 LUSOT (09" £301° €St -
S690° IZS0° 090 98°¢Cl -
8IL0" OrsH’  S£90 65°C1
L0’ BSSOT  £590° [4u ]
1ieariZ8’ 9°LS6 ©BLLOT £8SOT ZL98T  ISSI so'ol1
F1+38Lys” 99 9180°  1190° S699° 1Zv)° ESL°S <1
11 +3620E" € (8L C980°  Sr90° €T 9wl £1S°L
11444961 ° I°eevl 1260° BRI0° (SL0° 8rLE €&z O™
D1 +3Arre6” L 6660° SrLo° 0S8 6irl €6y et
D sdsOIP’ 8062 i BZ80O"  €980° 6L21 oL’ .y
01+3r911° 601 (621 FOGOT  BSED°  TELO eer'e
60+4ZLT1 901 dOL1” L1 E€SIET Gt €911
L°0=N O 1:=N
e_om 04 ey1 Od  1L4X3
JAS MOV L)
MAUNON HOTATAVE a3 14 100K AAKAN LTISSAN ».haa HAASNVEL Lvan “1vOo01 fid3a '
O
3
qﬂ.

FE6 7T (D 030 dRPL AOVANNS ZOVHIAY

ChEp ccrcrreereseses (AY) HANOd TVIOL
R corererescanias. NAGHAN TLONYHS
wieoy oot (Cer KD FHNTOA 1004

00°S1 " (STHHOAM NOTLYNTTIONE 40 ATONY
il UTLALIDOTIA MOAYA IVIDLAMAANS
9" (S EXRD/IVD) SNIA ¥AAOd CI0A

06z e (M HLAAd 1004 ONI'TIOE
Rl arsas s (N ALAAT 1004 IVILING
BT . TreTmsked NOTLOVEA G10A 3OVHAAY

- o



32.00

24,00 28.00

CAL/CMx*2 SEC DEG C ) *1@*
20.00

16.00

12.00

8.00

4.

HEH;GERHNSFER COEFFICIENT (

VOLUMETRIC BOILING POOL DRTA

INITIAL POOL CEPTH(CM)
BOILING POOL DEPTH(CM)

RUN NUMBER 7516
TOTAL POWER(KHW) 43.5
AVERAGE VOID FRACTION 0.41

POWER DENSITY(CAL/CM*3 S) @.64
ANGLE OF INCLINRTION(DEG) 15.8

SUPERF ICIAL VAPOR VELOCITY 1.41

17.9
29.0

N

ol g e—p———

38&'&'8“3300 NOMNAUN—~DORIDALWN~—

THERMOCOUPLE Mlg@. DEG C

332294

833=3TAR  ®=2  LRRELER
WEOLWONIOIOIOODINNIDISINNOVLWUND

|

.Q
=
=

5.00  10.00 15.00 20.00
DEPTH (CM)
180 137

25.00 30.4¢0
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VOLUMETRIC BOILING POOL DRTA

.SS

” -

—_ RUN NUMBER 7517
TOTAL POWER(KW) 34.5

Cg AVERAGE VOID FRACTION 0.41

Og POMER DENSITY(CAL/CM*3 S) 8. 65

gN ANGLE OF INCLINRTION(DES) 15.0
INITIAL POOL DEPTH(CM) 17.0

O BOILING POOLZ DEPTH(CM) 29.0

P < . SUPERF ICIAL VAPOR VELOCITY 1.43

N THERAOCOUPLE mnigm DEG C

¥ i ot

L8 : g9

o ' : &

z g5

oS 3 o

- s - 3

B lg 95.2

A :n Ig

e ¢ g g

S

m ' : g >

A 27 100.3

s8] °

) ®

5 a

LS

ZQ

&

=8

— T T T

a 0.0 5.20 10.60 15.08 20.08 25.00 33.00

w DEPTH (CM)

{ Qi
ah | G~ -139-
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AVERAGE VOID FRACTION.........
INITIAL POOL DEPTH(CM) ........

BOILING POOL DEPTH(OW)

FOOL VOLUME (ON

*e3)

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

weNLILNGL

........

VOL. POWER DENS. (CAL/CM3 SEC) .
SUPERFICUAL VAPOR VELOCITY....
ANGLE OF INCLINATION (DEGREES) .

@«

.34
1".e
29.0
= 5
1.79
15.00

12293.

1.82
44.6
94.5

MODIFIED RAYLEIGH NUMBER

-

L2874E+ 1|
LAS91E« 11
6885F+ | |

L2349E+ 12
L3741E 12



VOLUMETRIC BOILING POOL DATH

=
—® RUN NUMBER 7518
‘) TOTAL POWER(KW) 44.5
= AVERAGE VOID FRACTION 8.34
D POWER DENSITY(CAL/CM*3 S) @.73
}J:JN ANGLE OF INCLINATION(DEG) 15.0
INITIAL POOL DEPTH(CM) 19.9
LS BOILING POOL DEPTH(CM) 29.0
o B SUPERFICIAL VAPOR VELOCITY 1.79
NN . THERNCCOUPLE READINGS, DEG C
2 )
xS ] g
p I s B3
" n § B
- & 0 933
G:S 11 .0
o | 6
- 5 Mg mem—
16 95.4
= 3 a S
ws > 248
ONTw - —5 3 el
™ s 23
'L.LLJ 2 22"3 1;’3:;
&S
(LO®
o
w
w
g-;
a
a
=8
—- T i
aC 0.00 5.20 10.80 15.00 22.98 25.00
'5:" DEPTH (CM)
=141~

30.098
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= VOLUMETRIC BOILING POOL DRTR
xS
~N
iy 98 RUN NUMEER 7519
o TOTARL POWER(KH) 44.8
S AVERAGE VOID FRACTION @.34
o e POKER DENSITY(CAL/CM*3 S) @.74
ggf“ ANGLE OF INCLINARTION(JEG) 15.2
INITIAL POOL DEPTH(CM) 19.0
o8 BOILING POOL DEPTH(CH) 29.9
7o SUPERFICIAL VAPOR VELOCITY 1.82
N‘\! - rmnocom;x.z Mlg@. DEG C
* 2 § salg
* 8 4 94.6
s . $ s
o : g
= ;=
=
- = - ER
- B3
1S 0
we 5 2
k> E— 3 &
[a— 3 h 24 73.8
M % e
hl-..l a 27 109.6
e
Q®
o
==
z‘
o
[ 8
—
-
—
o 0.0 S.00 10.00 15.00 20.80 25.00 30.00
Ll
T

DEPTH (CM)
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26.00 32.00

24.50

16.00 26.00

4.00 8.00 12.00

HERT TRANSFER CBEFFICIENT (CAL/CM*%2 SEC DEG C ) *1@*

VOLUMETRIC BOILING POCL DATH
RUN ~NUMBER 752%
TOTAL POHER(KH) 14.8
AVERAGE VOID FRACTION 0.06
POWER DENSITY(CAL/CM*3 S) @. 11
ANGL . OF INCLINRTION(DEG) 15.9
INITIAL POOL DEPTH(CM) 29.9
BOILING POOL DEPTH(CM) 31.€
SUPERFICIAL VAPOR VELOCITY .40
THERMOCOUPLE READ;NG. DEG C
1 99.8
2 99.3
3 89.7
4 88.0
S 87.9
5 87.8
7 L m————
El .9
B .8
19 .9
11 82.2
12 81.5
13 78.9
14 T2.?
1S 77.5
18 74.8
17 5.3
8 7.8
19 .9
20 25.6
21 42.2
22 49.5
T = sz 1
24 56.3
a 25 56.4
26 2.7
2 27 101.2
& =
.9 a | o=
0.20 5.40 10.08 15.08 20.00 25.40

DEPTH (CM)

pos 1914 145-

38.400
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16.00

& _ VOLUMETRIC BOILING POOL DARTA
* S
o
—_ RUN NUMGER 7521
TOTAL POWER(KM) 10.8
Cg AVERAGE VOID FRACTION 0.96
O POWER DENSITY(CAL/CMx3 S) 8. 11
Ll & ANGLE OF INCLINATION(DEG) 15.9
- INITTAL POOL OEPTH(CM)  29.0
O3 BOILING POOL DEPTH(CM} 31.0
th<le SUPERFICIAL VAPOR VELOCITY @.42
~N THERMOCOUPLE READINGS, DEG C
£8 7
O T R
b
wed

————

12.00

I

DENIPULNOLBNI-BLENDODD - 0®

333?83'3855555:0."‘»—-cooqmn;u»-
SRgrssny HiddauEs

—

8.00

1

4.00

2 a0

AEAT TRANSFER COEFFICIENT (CA

i

5.00  10.00 15.90 20.00  25.09
DEPTH (M)

~
(W

=147~

i
30.93
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VOLUMETRIC BOILING POOL DARTH

32.00

24.00 28.00

RUN NUMSER 6001
TCTAL POWER(KW) 10.6
AVERAGE VvOID FRACTION 0.07
POWER DENSITY(CAL/CM*3 S) 0.12
ANGLE OF INCLINRTION(DEG) 30.0
INITIAL PCOL DEPTH(CM) 28.9
EBOILING POOL DEPTH(CM) 32.0

SUPERFICIAL VRPOB VELOCIIY 0.43

1
4

20.00

CAL/CM*%2 SEC DEG C ) *1@*

THERMOCOUPLE l!AM:CS. DEG C

88538

16.00

12.00

Bugsrnne duuszansases
LO~0NUDIDDUWNANLE—~T ' NANMDLNG

R 1 1730 Fad ™ it vt et - PO

8.00

4.00

0.00

HERT TRANSFER COEFFICIENT (

|
.l 3 = u,lﬂ
= ﬂ 1
i
0.00 % 10.08 15.00 20.00 .00
DEPTH (CM)
14 195

-149-

38.08



-0ST~

AVERAGE VOID FRACTION. ........ A7
INITIAL POOL DEPTH(OW) ........ 25.0
BOILING POOL DEPTH(CH) . ... .... 3.0

VOL. POWER DENS.(CAL/CM3 SEC). .15
SUPERFICIAL VAPOR VELOCITY. ... .48
ANGLE OF INCLINATION(DEGREES) . 30.00

POOI, VOLUNE(CH®**3) .. .......... 18278
PRANDTL NUMBER................ 1.88
TOTAL POWER(KW) . .............. 14.6

AVERAGE SURFACE TEMP(DEG C)... 88.5

DEPTH LOCAL. HEAT TRANSFER COEFF NUSSELT NUMBER MODIFIED RAYLEIGH NUMBER

=1.0 N:=0.7
3.24) A B706 0596 0795 RS 4 SO7IE
4.511 L1242 0650 0532 .07%08 344.5 .2624E+ 10
5.781 L7958 6611 . 6ok 2 .S522E+ 16
7.051 271 L0581 0458 0606 350.2 HOOU2E~ 1)
8.321 L1846 .O558 0434 0573 535.9 . J647E 1)
9.591 L0538 0414 L0545
10.86 1150 0522 6397 .0523 768 .1 I662E+ 11
12.13 1256 .0508 0383 0503 5.8 LSI03E+ 11
13.40 0712 0495 0371 0487 586.8 6879k« 11
14.67 L0775 0484 0360 9472 599.0 L9026E+ 11
15. 8474 0351 . 0459 793.1 1158E+12
17.21 0762 0465 0342 0447 "O6 . ) M4S7E+12
I8 48 0519 0457 .6335 0437 9.7 . 180412
19.75 0720 0449 0328 0427 874.6 L2202E+ 12
21.62 0515 0443 0321 .48 1953.6 .2655E+12
22.29 0758 .0436 .0315 0410 1035.5 JIH6E+ 12
23.56 0436 0310 0403
24.83 U834 0424 0305 0396 1273.0 AIIBES 12
2610 0419 0300 0389



8.00

—

3
)

= VOLUMETRIC BQOILING POOL DATA
xS
~
—_ ; RUN NUMBER 6002
TOTAL POMER(KH) 14.6
Cg AVERAGE VOID FRACTION 0.17
Og POWER DENSITY(CAL/CM*3 S) @.15
ngv ANGLE OF INCLINARTION(DEG) 32.2
INITIAL POOL DEPTH(CM) 25.9
O BOILING POOL DEPTH(CM) 30.0
P SUPERFICIAL VAPOR VELOCITY 9. 48
~N nmmwawrzxﬁgums.mnc
sf 2 9i§
x 8 io%3
5s ¥ =
O« : B3
=2 3 }§ E?g
: s i 8
= T % 533
| o=
] I N @ B
P-4 23 54.6
24 6.7
25 62.94
26 59.4
2?7 99.5

-1

4.00

HEAT TRANSFER COEFFICIENT (CAL/

DEFTH (CM)

494

-151=-

5.00 10.00 15.00 20.00 25.00

1917

-

JU.

22
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VOLUMETRIC BOILING POOL DATA

®
>3
n
~N
—" RUN NUMBER 6003
s TOTAL POWER(KW) 10.6
- AVERAGE VOID FRACTION 2.07
og- POMER DENSITYiICAL/CM23 S) B.12
& ANGLE OF INCLINATION(DEG) 32.0
INITIAL POOL DEPTH(CM) 28.2
53 BOILING POOL DEPTH(CM) 30.0
N SUPERF ICIAL YAPOR VELOCITY .43
* 2 88.3
* 2 : o
z . z 85.2
OR P
T : &
=h
— s 88.5
= 3 3
e B a2l
o=y & 4 42.6
N 8 &5
™ g B3
L ] %3 .331
gs
i a ®
2 |
ES s = o 9 1
2-;
"
9':8
—-
T 0.00 5.9 .00 15.00 29.09 25.00
LJ*:-' DEPTH (CM)
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=961~

AVERAGE VOID FRACTION......... -0
INITIAL POOL DEPTH(CM)........ 25.0
BOILING POOL DEPTH(CM)........ 30.6
VOL. POWER DENS.(CAL/CM3 SEC). ;5
SUPERFICIAL VAPOR VELOCITY. ... L}
ANGLE OF INCLINATION(DEGREES). 30.00
POOL VOLUME(WCH**D) ., .. ... ...... 18278,
PRANDTL NUMBER............... . 1.89
TOTAL POVERGKW)............. o 12.6

AVERAGE SURFACE TEMP(DEG C)... 87.8

lm?l. BEAT TRANSFER COEFF NUSSELT NUMBER MODIFIED RAYLEIGU NUMBER

SEC DEG ©)

EXPT  EQ 14a EQ 10 EQ 10

N=1.0 N=0.7
1852 @705 .0595 .8794 769.2 969 1E+09
!SIl 0649 .0532 .o 419.3 L2613E+ 10
1162 0610 . L0649 413.3 .SSOOE+ 10
1166 0581 .8458 0606 S14.5 -9979E+ 10
6552 0557 .e433 0572 436 1 - 1640+ | |
1167 6538 0413 .8545 688.5 L2S11IE* 1)
L0521 8397 .052? $81.2 3647611

L0507 0383 050

0565 8495 0371 548 .5 B8SIE“11
0762 0484 0360 0472 687 .6 LB9S9E 1|
0763 .8474 0350 0459 748.5 ~VIS3E« 12
WIS7 0468 0342 0447 8014 A4S1E~ 12
0774 0456 0134 .0436 879.7 A797E 12
0716 0449 0327 .0427 869.9 L2193E+12
0769 0442 0321 .0418 993.8 L264<E~12
0754 0436 .0315 0418 1933.6 J1S2E+12
0794 0430 .0309 _B4aG2 1151.0 3723E+12
0827 0424 L0304 0395 1262.7 4356E+ )2



CAL/CM*%2 SEC DEG C ) *10*

HERT TRANSFER COEFFICIENT (

0O

VOLUMETRIC BOILING POOL OARTH

32.00

24.00 28.00

20.90

16.00

12.00

8.00

“m

no

-155=-

RUN NUMBER 6004
TOTAL POMER(KW) 12.6
AVERAGE VOID FRACTION 0.17
POWER DENSITY(CAL/CM*3 S) .15
ANGLE OF INCLINATION(DEG) 32.0
INITIAL POOL DEPTH(CM)  25.8
80ILING POOL DEPTH(CHM) 3.0
SUPERFICIAL VAPOR VELOCITY 9.48
THFRMOCOUPLE mgmc DEG C
1 94.2
5 93
4 92.90
5 89.2
5 91.2
? 88.5
L] .9
“ lg g:g
13 86.5
12 8F .2
13 86.2
14 84 .4
1S 84,2
] 56 83.8
. 8.3
19 N
20 33.0
‘2’4 ‘_2.6
a T @ 5 He——
24 56.7
23 61.5
26 $9.2
2?7 180.3
2 a
3 3 =2 5]‘7 -
a
6.00 S.00 10.99 15.60 20.08 25.08 30.09
DEPTH (CM)
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«_ VOLUMETRIC BOILING POOL DATA
xS
e RUN NUMBER 6005
TOTAL POWER(KMW) 12.2
Cs AVERAGE VOID FRACTION 0.10
O POMER DENSITY(CAL/CM*3 S) 2. 11
LéJN ANGLE OF (NCLINATION(DEG) 30.2
INITIAL POOL DEPTH(CM) 27.0

g BOILING POOL DEPTH(CM) 3.0
7o 3 SUPERF ICIAL VAPOR VELOCITY @. 48

N THERMOCOUPLE READINGS, DEG C
N 3 s
* 3 92.2
* 8 : =i
5s : B
S -
Ts 12 o8
f‘_,"m; et 83

- T %
- 17 8
= 5 g
=3 . g

~N 49,
T . . 2 &3
gs _a e :L. 2
Lo ] 3=
a
wJ ﬁ s
(.
)
T
o
=8
O ~0.80 5.0 12.00 15.00 20.28 25.79
W DEPTH (CM)

494 203

-157=-

30.20
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S.08 10.20 15.00 20.00 25.00 30.07
DEPTH (CM)

=
(]
®

iss VOLUMETRIC BOILING POOL DATH
” -
— RUN NUMBER 5006
TOTAL POWER(KW) 12.2
D
= AVERRGE VOID FRACTION .10
og- POWER DENSITY(CAL/CM*3 S) 0. 11
(u:-’ ANGLE OF INCLINATION(DEG) 30.0
INITIAL POOL DEPTH(CM) 27.0
o8 BOILING POOL DEPTH(CM) 30.0
- SUPERFICIAL VAPOR VELOCITY .39
NN rmmm;u Ml:@. DEG C
* 3 93.8
* 3i 4 gig
5s s @
g : s
= 13 3:3
S8 oo
— O = 13 853
- o gi ’=§ g
17 .0
= 2 8 8
ws BT
o= 3 852
w 3 5%
LL @ 22'6' 19“3:
g3 | s
Qo7 3 -
8 a
S:J\"Q - : d :
L &
24
T
ot
=3
—_—-
o
wJ
g
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VOLUMETRIC BOILING 0OOL DRTA

28.00 32.90

RUN NUMBER 6097
TOTAL POWER(KW) 15.1
RAVERAGE VOID FPACTION 2.23

POKER DENSITY(CAL/CM=3 S) Q.17

ANGLE OF INCLINATION(DEG) 30.9
INITIAL FO°* DEPTHI(CM) 23.0
BOIL: .. « DEPTH(CM) 3e.0
SUPERFICIAL VAPOR VELOCITY 9.50

24.00

nmuocom:u READINGS, DEG C

20.00

CAL/CM*x2 SEC DEG C ) *10*

ls.m

12.00

8.00

95. |
2 94.5
a 3 94.9
4 92.6
5 91.2
6 90.5
7 .5
3 8 99. |
9 88.2
19 §9. |
@ i1 89.8
12 88.8
13 §7.8
14 86.8
15 08, i
16 0
17 .9
18 .0
53 zig
S 21 34.3
2 52.6
w B BT
2 v
'{ 3 . 23 59.7
2% 62.9
3 27 100 .9
] 3 J .

4.00

0.00

HEAT TRANSFER COEFFICIENT (

5.00 10.20 15.00 20.00 25.80 30.00
DEPTH (CM)

-161- 494 207
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VOLUMETRIC BOILING POOL DRTR

32.00

28.00

L/CM**2 SEC DEG C ) *10*
24.00

16.00 20.00

12.00

8.00

4.00

AERT TRANSFER CREFFICIENT (CA

36.¢8

RUN NUMBER 6008
TOTAL POWER(KW) 1S.1
AVERAGE VOID FRARCTION 8.23
POWER DENSITY(CAL/CM*3 S) ©.17
ANGLE OF INCLINATION(DEG! 30.0
INITIARL POOL OEPTH(CM) 23.92
BOILING POOL DEPTH(CM)  30.0
SUPERF ICIAL_VAPOR VELOCITY @.51
THERMOCOUPLE READINGS, DEG C
i 94.6
2 94.3
3 94.9
b 92.1
s 91.7
s 6 91.3
—8 P
3 9 88.3
10 89.0
19 96.2
12 89.2
13 87.9
14 86.6
1S B B e ——
6 .8
17 .9
8 .0
19 .9
2 a 3 23
22 5.2
—_ 23 $3.8 ————eee
24 54.4
S 57.5
J % 606
27 1660.0
2 s e
a
1
2.29 S.c0 19.29 15.60 20.09 25.08
DEPTH (CM)
-163- 4a4 209
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b’

-—

|

RUN NUMoER... 6009

AVERAGE VOID FRACTION.........
INITIAL POOL DEPTH(OMN) . .......
BOILING POOL DEPTINCW) .. ......
VOL. POWER DENS. (CAL/CM3 SEC) .
SUPERFICIAL VAPOR VELOCITY....

ANGLE OF INCLINATION (DEGREES) .
POOL VOLUME(CH®**3)......
PRANDTL NUMBER...........cc0000
TOTAL POWER(KW) . ... .......0unn

AVERAGE SURFACE TeXP(DEG C) ...

LOCAL HEAT TRANSFER COEFF NUSSELT NUMBER
(CAL/CM2 SEC DEG ©)
EQ l4aFQ 10 EQ10

EXPT

N=1.8 N=3.7
0765 1025 395.2
0682 0911 528.2
0626 .083S 651.8
0585  .0779 559.6
0553 .0735 609.6
@527 0699 652.6
0566 0670 819.3
0488 0645 825.5
0472 . 0623 790.5
G458 0604 979.2
0445, 0S87 1172.5
0434 0572 1239.6
0424 0558 1257.6
0415 L0546 1329.3
0407 0534 1M3.6
9399 0524

L0392 .0514

L8386 8505

L0374

30.00
13299,
1.85
24.0
91.4

MODIFIED RAYLEIGH NUMBER

- -

L2009E+ 12
.2578E+ 12
.3244E+ 12
LAOI6E* 12
LAGA3E. 12
520k 12



16.00 20.00 24.00 28.00 32.00

[ENT (CAL/CM*%2 SEC DEG C ) =*1@*

12.00

C
4.00  8.00

HEAT TRANSFER COEFFI

VOLUMETRIC BOILING POOL DATA

RUN NUMBER
TOTAL POWER(KMW)
AVERAGE VOID FRACTION
POWER DENSITY(CAL/CM=3 S)
RANGLE OF INCLINATIOMN(DEG)
INITIARL POOL DEPTH(CM)
BOILING POOL DEPTH(CM)
SUPERFICIAL VAPOR VELOCITY 8.92

6009
24.0
0.37
Q. 37
30.0
19.0
30.8

«
)
-

-

YRRLLR QGSSSGzau—oouqausun

—

nummrmwu:m%ggamlmnc

=goere
-

' 82383238
NOIA IR~ NODE O DO N~ b JON = AR D e |

BBLILBEN

»
®
®

5.00

19.90

15.00

DEPTH (CM)

~165-

28.

]

25.00

390.86
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VOLUMETRIC BOIL.ING POOL DATR

32.00

26.00

RUN NUMBER 6010
TOTAL POWER(KH) 22.1
RAVERARGE VvO'D. FRACTION 8.37

POMER DENSITY(CAL/CM*3 $) @.39
ANGLE OF INCLINATION(DEG) 20.9
INITIAL POOL DEPTH(CM)  19.0
BOILING POOL DEPTHICM)  30.9
SUPERF ICIAL VAPOR VELOCITY @.96

rmnocom;u mz:as. DEG C

20.00

CAL/CM*x2 SEC DEG C ) *1@*
24.00

16.00

i2.00

8.00

]

2 .0
3 94.3
< 91.9
5 9.2
] 9.5
7 T R
8 99.3
9 89.8
18 89.8
1 99,4
12 89.8
13 39.%
14 89.9
IS L
16 .8
17 .0
18 .0
19 .0
220 22.4
21 6.2
22 $1.2
s 35.3
24 $9.7
25 50 .4
26 61.1
2 199 .0

‘o

HERT TRANSFER COEFFICIENT (

G54

3

1 N

5.0

i

wH

19.00  15.00
DEPTH (CM)
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CIENT (CAL/CM**2 SEC DEG C ) *10*

COEFF ]

HEAT TRANSFER

VOLUMETRIC BOILING POOL GRTA

8
a RUN NUMBER 8011
TOTAL POMER(KW) 23.0
s AVERAGE VOID FRACTION 0. 45
& POWER DENSITY(CAL/CMY3 S) @, 43
N ANGLE OF INCLINATION(DEG) 30.8
INITIAL POOL DEPTH(CM) 15.9
S BOILING POOL DEPTH(CM)  27.3
< SUPERFIC (AL VAPOR VELOCITY 9.83
N Tun;ocm::u nwlgw. DEG C
2 8
g i .3
- |
& s &4
9 99 .9
T - %
s 5o
y i S —
16 .9
2 H ‘.
2 19 .9
3 . TR
o %T 3 91—
24 5 %
Kl 25 42.9
2 26 34.8
2?7 1991
=
<
2
<
3
“0.0 S.00 19.00 1(5.00 20 .00 25. 20
OEPTH (CM)
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RUN NUMBER... 6012

-

AVERAGE VOID FRACTION. .. ...... 19
INITIAL POOL DEPTHCOM . ....... 21.0
BOILING POOL DEFTH(ON) ........ 26.6
VOL. POWER DENS. (CAL/CMI SEC) . .60
SUPERYF ICIAL VAPOR VELOCITY. ... 1.64
ANGLE OF INCLINATION(DEGREES) . 30.00
POOL VOLUMECUN®®*3) . .. . ..onnnn 14917.
PRANDTL NUMBER. ........cccnonns 1.85
TOTAL PONER(AW) .. .. ..ovvvinans 45.0
AVERAGE SURFACE TEMP(DEG C) ... 92.2

LOCAL HEAT TRANSIER COEFF NUSSELT NUMBER MODIFIED RAVILEIGH NUMBER
CAL/CN2 SEC DEG ©)

o { C

EXPT  EQ 14a EQ 10 mgo_'

N=i O N=O.

1.162 L0950 L1195 1602
2.432 L8790 0895 1285
3.702 L1S83 8711 L0763 1828 341.9 L 1899E+ 10
4.972 LIS60 L0661 L0683 0920 476.5 411SE« 10
6.242 1889 9624  062S 084S 724.7 .B143E+ 10
7.512 2082 L0596 0587 0799 9%1.2 LA419E+ 1)
8.782 1375 .0573 (554 0745 742.1 L2268E+ 11
1065 1423 0554 0528 .0M9 878 .8 L 3400E« 11
§1.22 1366 0S38 0S50S 0679 950.3 LA879E~ 11
12.59 1227 0524 0486 06S3 949.5 GL8AE 1]
13.86 1952 0BSH1 0470 631 1662.5 L89ISE«1]
1S.13 0976 A5 0456 o6t 907.2 LAIGNE 12
16,40 0490 U443 @59
17.67 G481 el 0s78
I8 94 0473 0421 “s56s
20.21 HNes Banl 0551



&a VOLUMETRIC BOILING POOL DARTA

»N

8 RUN NUMBER 6012
TOTAL FOWER(KM) 45.0

Ug AVERAGE VOID FRACTION 0.18

og; FCWER CENSITY(CARL/CM=3 S) Q.80

L) ANGLE OF INCLINATION'DES) 30.0
INITIAL POOL DEPTH:Ci) 21.9

g BOILING POOL DEPTH(CM] 26.0

7 3 SUPERFICIAL YAPOR VELOCITY [.B4
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APPENDIX D

Algebraic Development of Equations 28 and 29.

In single phase natural convection heat transfer along 2 vertical flat
plate, it has been determined that for Pr equal 2.0, the local free convec~-

tion heat tr-.nsfer correlations for laminar and turbulent flow are

1/4

Nu(x) = 0.42 [Gr + Pr] (D-1)

and

Z/SPr7/15 2/3,-2/5

Nu(x) = 0.0295 Gr [1 + .494 Pr

] (D=2a)

respectively. Equation D=2 may be reduced to the following approximate form

/5

by grouping (Gr - Pr)2 and letting Pr = 2,0;

Nu(x) = 0.0245 [Gr  Pr]?/3 (D-2b)
In order to compare these results to average experimental heat transfer
data, it has been necessary to convert these local heat transfer coeffi-
cients into the corresponding average values along the surface. By intro-
ducing the expression for the Grashof number into the above equations, it
can be seen that the local heat transfer coefficient is proportional to the

distance from the leading edge along the laminar boundary layer to the =1/4

power(zs), 1.8.,

h(x) ~ x-lla (D-3a)

and for the turbulent case, proportional to the distance from the leading

o (26)

edge along the boundary layer to the power 0. s 184,

h(x) » x0*2 (D-3b)
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It may be readily shown by integrating equations D-1 and D=2 a,b that the
average heat transfer coefficient over tne lengt- >f the plat2, L, is
related to the leccal coefficient at x = L as follows: for the laminar

boundary layer (Eq. D-1),
L
= _ 2 4
h = i h(x)dx = 3 h(x)l (D-4a)
x=L
(¢
and for the turbulent boundary layer (Egqs D=2 a,b),
’ L

Bed f B(x)dx = 3‘11’-‘,} | (D-4b)

L > x=L

Thus, the local Nusselt relations (Egqs. D=1 and D-2 a,b,) may be modified to
represent the average heat transfer behavior by substituting % for h(x), L
for x, and multiplying the correlation coefficient, K, by the factor 1.33
(for laminar case) or .83 (for turbulent case). When this is done, Eqs.

D=1, D-2a, and D=2b are transformed into the average correlations below,

respectively,
N = 0.56[cr - pr]/* (D=5)
W = 0.0246 Ge2/3 pe’ /151 4 494 pe2/37%/5 (D-6a)
W = 0.0210(Gs + pr]?/3 (D=6b)

These correlations are in excellent agreement with empirically derived
relations in the literature.
The above conversion procedure is valid only in che case that the free

stream properties are constant, In the case of boundary layer heat transfer
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from volume-~heated boiling pools, it has been shown that there exists a
vertical distribution of vapor fraction which is defined by the solution to
Eq. 20. Thus, the integration demonstrated in Eqs. D=4 a,b will depend not
only on the explicit spatial dependence in the Grashof number, but upon the
implicit spatial variation _.a the void fraction distribution as well.

The forms of the local void distribution that will be considered are
listed below:

a. a(x) =a

b, a(x) = 2 a(x/L)
c. a(x) = 1,5 Ekx/L)llz
d. a(x) = 3 a(x/1)?

The procedure for deteruining the ratio of the average heat transfer
correlation based upon a to the local heat trausfer correlation based upon

a(x) is identical to that previously described., The results of the inte=-

gration are presented in Table D-1 for both the laminar case (Nu ™ Ral'4

2/5

)
and the turbulent case (Nu * Ra Y

The local heat transfer data from Ref, 12 has been correlated by both
local and average void fraction with little observed sensitivity in the
result, as demonstrated by Eqs. 14 a,b. On this justification, the local
heat transfer data from this work was correlated on the basis of the average
void fraction. As yet, only preliminary correlations of the data have been
performed for laminar bubbly flow heat transfer. The results indicate quite

close agreement with case d. Final results for local correlation of both

laminar and turbulent bubbly flow data will be reported in the future.
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TABLE D-1

SUMMARY OF LOCAL-TO-AVERAGE HEAT TRANSFER CORRELATION
CONVERSION UPON FREE STREAM VOID DISTRIBUTION

Kave/Klocal*

VOID DISTRIBUTION FUNCTION LAMINAR TURBULENT
alx) » & 1.33 .83
a(x) = 2 alx/L) 1.19 .82
alx) = 1.5 3 (/)2 1.26 .84
A(x) = 3 3/L)® 1.05 .78

*
Kave is the average heat transfer correlation coefficient,

o K
Nu = Kave(cr . Pr)n where n = 1/4 for laminar flow, n = 2/, for
turbulent flow.

K;ucal is the local heat transfer correlation coefficient, Nu(x) =

Kioca1 (6* °* Pr)" where n = 1/4 for laminar flow, » = 2,5 for turbulent

flow.
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