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Hydrodynamic Prediction of Peak Pool-hoiling
Heat Fluxes from Finite Bodies'

Since Zuber made o hydrodynamic prediction of the peak pool-boiling heat flux on gy
wnfinite flat plate, his general concept has been used to predici the peak heat flux in tuy
Sfinite heater configurations. These latter predictions have differed from Zuber's in he
indvoduction of a largely empivical variable—the thickness of the vapor escape patk
around the body. The present study shows how measurements of this thickness can
be combined with the hypothesis that the vapor velocity within the vapor blunket must
match the vapor velocity in the escaping jet above the heater. The result ts a more exact
description of the hydrodynamics of vapor removal. This idea is used o suggest the
possibilily of a uwiversal value for the ratio of the cross-sectional area of escaping jets
to the heater area for large finite heaters and for long slender heaters. A set of general
ground rules is developed for predicting the peak heat fluxes on both large and small
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heaters. These rules are used in turn to predict the peak heat flux from horizontal
ribbons.  They are also used to correct the traditional prediction for infintte-flat-plate
heaters. The predictions are supported with new data.

Introduction

THE HYDRODYNAMIC theory of Zuber and Tribus
[1, 2]* showed rationally, in 1958, why the older correlative
equation of Kutateladze {3] was the correct expression for the
peak pool-boiling heat flux gmsx on an infinite horizontal flat
plate. In the early 1960s Kutateladze and his co-workers began
[4] a research effort aimed at correlating gm.x on horizontal
cylinders. In 1964 and 1965 respectively they [5] and Lienhard
and Watanabe [6] showed that gmax data for cylinders (and other
geometries) could be correlated with an expression of the form

L @

Quaxp

where gmaxp 15 the “traditional’” or accepted form of Zuber's ex-
pression for ¢max On horizontal flat-plate heaters?

m
Quaxp == 271 pﬂl/thq[gg(pf - pﬂ)] Vi (2)

! This work was performed with the support of NASA grant
NGR-18-001-035 under the cognizance of the Lewis Research Center.

2 Numbers in brackets designate References at end of paper.

3 Symbols not explained in the text are ones in common use; they
are defined in the Nomenclature.
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and L’ is a nondimensionalization of the characteristic length L
of the heater

L'=LVglo; — po)/o 3

The restrictions on equation (1) are discussed fully in (7).
Briefly: the pressure must be enough less than the critical pressure
that p,/ps << 1; the body must be shaped so that fluid motion
induced by the rising bubbles draws liquid around (rather than
into) the bubble escape path; and the surface must be clean.

During the past four years this laboratory has been involved
in formulating hydrodynamic predictions of gmax on a variety of
finite heaters. In 1970 a hydrodynamic theory for gmax on hori-
zontal cylinders was derived by Sun [8]. Ded [9] subsequently
provided a prediction of gmex on spheres. Both [8] and [9] r&
quired the evaluation of a “vapor-blanket thickness’” 8. This
& was the thickness of the vapor escape passage around the body,
and it generally appeared that experimental data had to be used
in its evaluation.

In the present study we shall show how the previous models ¢at
be treated using less empirical information than before. Weshall
infer from these models some general features of any hydr
dynamie prediction and so eliminate the need for observed values
of . Finally we shall use these ideas in the prediction of gus
expressions for some new configurations and verify these e
pressions with new data.

Previous Theoretical Models

Zuber’s origina] formulation began quite simply with _the
proposition that the maximum or limiting vapor volume flux 8
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Qoux/Polise = UH[AT] 4)
A

jp which Aj; is the combined area of vapor jets leaving 2 heater
qurface of area A, Upy is the critical vapor velocity within the
oS which will cause them to become Helmholtz unstable.
Equation (4) is the starting point for everything we shall do
pere. Iach prediction brings with it two component problems
which must be solved: A vapor jet configuration must be
agsumed in order to specify 4; /As, and the eritical velocity must
pe obtained. The latter can be shown (see, e.g., [10] page 462
or [11]) to be

Ug = \/27ra/pq)\;1 (5)

where Ag is the wavelength of the disturbance that gives rise to
the instability in the vapor-liquid interface of the jet. Substi-
tuting equation (5) in equation (4) and introducing equation (2)
we obtain

Qmex 24 27 Aj

Gmaxr T Vg Vglps — pa)/o A ®

Infinite Horizontal Flat Plate. Zuber’s original derivation of qmaxr
involved a number of assumptions which we shall want to modify
here. Hence we shall speak of (gmax)iiat plate; Which may or may
not equal gmaxy. Nevertheless thereis now considerable historical
precedent for using gm.sy as defined by equation (2) in the func-
tional equation (1). Accordingly we shall adopt the view that
(uaxe 19 & characteristic heat flux which approximates (Gmax)ilat plate.

Zuber reasoned that (in the absence of any geometrical features
of the heater) the jets of escaping vapor would form on the nodes
of the square two-dimensional grid of collapsing Taylor-unstable
waves as illustrated at the top of Fig. 1. At the time he could
provide no basis for selecting either the minimum unstable
Taylor wavelength*

Ao = 2Va/glo; — po) Q)

or the most susceptible, or ‘“‘most dangerous,” wavelength*
g

N = 2m/3 Va/glor — ps) = V3N - ®)

Subsequent work with film boiling on cylinders [13, 14] has
shown quite conclusively that the rapidly moving waves which
oceur in boiling and which tend to collapse are of the most sus-
ceptible wavelength.

The radius B; of the escaping jet was assumed to be a given
fraction @ of the wavelength A. Thus

éj _ 7|'Rj2
A N

= ma? 9)

Zuber guessed that o should be !/, so his 4;/4; was w/16. The
wavelength of disturbances in the jet was taken to be equal to

* These expressions were derived by Bellman and Pennington [12].

Zuber—Tribus infinite flat plate
model

Sphere or
cylinder
cross —section

N
Riobon with one
side insulated

Fig. 1 Vapor-removal configurations near the peak heat flux on a
variety of heajers

the length of the Rayleigh unstable wave. This choice was rea-
sonable since this sort of disturbance will oceur naturally in any
gas jet moving through a liquid. The wavelength Ay of Ray-
leigh waves is equal to the circumference of the jet in which they
occur, [10] page 473, 2wR; or 2maA. Using this result and
equation (9) in equation (6) gives

Gmax _ 240,3/2 1
Gmaxriflat plate ’\/2‘7’[’ 1 or ’\4/§

Using a = 1/4, Zuber obtained for the flat plate

(10)

mox|tiatpiate = 1.196 maxy  OF  0.909 grmaxy

depending upon whether the correct N was A, or A;. He com-
promised and took equation (2) as a good mean value.

Horizontal Cylinder. The peak heat flux on any finite body will
be determined by the configuration of jets above the body since
all of the vapor generated below will eventually find its way
around the body and up into this jet system. This process is
shown schematically for several finite heaters in Fig. 1. The
peak heat flux is reached on the body as a whole when these over-

e N g @ E 2L TR

An = area of heater

tion of long slender heater

A = any wavelength in vapor-liquid

4; = cross-sectional area of vapor jets Gmex = peak nucleate pool-boiling heat interface
escaping from A4, ‘ flux - Ae = minimum Taylor unstable wave-
@ = R;/N; for flat-plate heater (maxy = characteristic heat flux defined length, equation (7)
JO ) = any function of () by equation (2), equal to Ae¢ = most rapidly collapsing Taylor
g = actual gravity (or body) force Zuber’s prediction for infinite wavelength, \/3\,

acting on heater

horizontal flat plates Az = Helmholtz unstable wavelength

g = earth-normal gravity R = radius of cylindrical or spherical  py, p; = saturated liquid and vapor densi-
hjy = latent heat of vaporization heater ties
H = vertical dimension of horizontal R; = radius of escaping vapor jet o = surface tension between liquid
ribbon Uy = vapor velocity in jet, for which and its vapor
L = characteristic dimension (= H jet becomes Helmholtz un-
or R in certain present applica- stable Superscript
tions) 0 = vapor-blanket thickness ’ denotes a length multiplied by

P = length of perimeter of cross sec-

Journal of Heat Transfer

A = §Vglp; — po)/o

Valo; — po)lo
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|~ Data for water, nitrogen, and four organic liquids 7
4r cylinders: @ [8], Y measured from [I5], ON
3+ ® measured from [16] -
spheres: 0 [9], & measured from [t7] ’
2r- 0.244R'

i ,

'Illlll
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Dimensionless vapor blanket thickness, A

2 .
0.20R'
A — —
08 [ 3
@ .
.08 1 [ ] I 1 ) I N Ll]
52 3 4 6 8 1 2 3 4 6 8I0I2

Dimensionless radius, R'

Fig. 2 Vapor-blanket thickness measured on spheres and cylinders

head jets become unstable. Both the configuration and the size
of these jets will be determined by the size and shape of the body.

In the specific case of horizontal cylinders—at least on the
larger ones—photographic evidence [8] indicates that the jets
adjust approximately to the width of the cylinder (plus the
thickness of the vapor blankets, 26) as shown in Fig. 1. If the
wire is small the jets will be small and the spacing can reason-
ably be assumed equal to N\;. As the wire increases in size the
spacing must eventually spread to beyond A; to accommodate
jets which now exceed Ay/2 in diameter. Sun showed that the
spacing was about two jet diameters or about 4(R + §) in this
case. Thus

A (B +0p 4;

~ — an
An 2R\, small Ay 8k large

cyls. cyls.

Of course equations (11) are true only insofar as R; >~ R + 4.

Furthermore, the wavelength A, is the dominant disturbance
in the interface between the jets on large wires and it is picked
up by the jets. The Rayleigh disturbance 27 R; is longer than
A¢ and would normally become Helmholtz unstable at lower
vapor velocities Ux. However, photographic evidence con-
firmed that vapor jets on large wires were much too short to have
collapsed by virtue of the Rayleigh disturbance. This means
that the shorter waves of length A\, are already well developed
at the outset, while the Rayleigh waves require some distance
to develop. Accordingly, Sun used Ay = 27R; ~ 27 (R + §)
for the small cylinders and Ng = Ag for the large ones. Using
these Ax’s and equation (11) in equation (6), and using R’ to de-
note L' based on L = R, gives

Gmax 6 (R4 A)/ 3/ R+ A

Gmaxp 772’\/:9’ R’ small * i i large
cyls. cyls.

(12)

where A = 6\/g(p/ — pg)/o, a dimensionless blanket thickness.
The transition between small and large cylinders occurs some-
where in the neighborhood of e = 4(R + 8) or R’ ~~ 2.5, de-
pending on the magnitude of 6. ‘
The parameter R/, which has been variously named the ‘“La-
place number,” the “Rayleigh number,”’ and the square root of
the “Bond number,” characterizes the ratio of buoyant forces to
capillary forces in a system. As R’ becomes very large the sys-
tem should approach a state in which it is no longer subject to
capillary forces. In this state we would expect to see no further
influence of B’ upon ¢max/fmaxs, in much the same way as the
Reynolds number ceases to exert an influence on the drag coeffi-
cient when it becomes sufficiently large. This is what was found
to be the case in [8]. As R’ became large, Sun measured § =~
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0.233 R, so equation (11) gave A;/As ~ 0.155, and Tmux/ Gy
approached a constant value of 0.894. *
For small cylinders Sun approximated the measured Valyg,
of § with a fairly complicated equation in the form A = A( Ry
Substitution of this expression in equation (12) gave )

— = 089 + 227 exp (—3.44 VE) (13,

Jmaxpismall
cyls. [8]

which fit approximately 900 data from a large variety of SOUrceg

Sphere. Photographic observation of boiling on sphereg [gi
shows a difference between large and small B’ behavior jug as
it did for eylinders. For small spheres a single jet of radiyg
R; =~ R + 6 riges as shown in Fig. 1. But when the dinmete,
2R reaches roughly Ag or B’ ~ 5.5, the vapor begins to escapg
alternately around opposing sides of the sphere in a 4-jet patter,
as shown in Fig. 1. Once again visual evidence supports the
agsumption that Ay = 2wR; for small spheres and Ay = A\ for
large ones. Thus

Omax 24: Aj Qmux

24 4 24 4
TRy A

T3 Ax (14)

Gmaxy|large
spheres

Gmaxp(small
spheres

where R;’ = R;Vg(p; — py)/o.

At this point Ded [9] used a notion from this paper to evaluate
the unknown area ratio which involves 6. This method is essep.
tial to the subsequent developments in this study and we shall
take it up next.

Evaluations of A,/A, in the gu.x/ G, Formulae

As a first step to determining A4;/4, we shall offer a hypothesis
that the speed of the vapor passing through the blanket equals
that in the escaping jet. For the speeds to differ would require
the existence of both pressure differences within the vapor escape
path and significant dissipative mixing processes in the jet. We
do not believe it is reasonable to look for either, and therefore
assume that & simply adjusts to give equal velocities in both
passages.

For the large cylinder, this assumption combined with a simple
continuity statement (velocity times cross-sectional area is con-
stant) gives

2[4(R + 6)5] = L4, (13)
and for any sphere it gives
2r(R + 6/2)0 = }A4; (16)

For the small cylinder such a balance is not feasible sinee the
vapor must flow horizontally in a Jong annulus subject to pressure
drops. But for the small sphere equation (16) will still be true.
From this point two paths can be followed.

The path followed in [8] was to assume a jet configuration in
terms of & and then to complete the derivation using observed
values of §; [8] and [9] give the needed measurements of § for
both cylinders and spheres as scaled from photographs: These
data and two additional points scaled from photographs in
other papers [15, 16, 17] are combined in Fig. 2. Approximate
lines have been fitted through the data in both the large and
small R’ ranges. The results are

Asmnll cylinders = (\/372/R/ - 1)R’ (17)‘
Alnrge cylinders = 0244 R’ (18)‘
Asmall spheres = 0.20 R’ (19)

5 Sun used a more complex fit to the data, one which fit well io
the mid-range but was very nearly equal to equation (17) for R’ < 1
We are presently more interested in low-R’ behavior than in trans
tional behavior at higher R/,

6 This result is a little higher than Sun’s and represents a slightly
better fit.
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I Q Equation (32) . 7
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§ Ethanol [20] i
s - Distilled '50 PTOP""O‘ Methanol -
\, | water present preseni ]
£ {presenl
-4 Olsr_._ @ —
I~ Distilled T
water Numbers in experimental points denote number ]
Da:l of data that each one represents. -
- .
0 SN S I Y Y S T Y T S|
0 | 2 3 4 5 6 7 8 9 14 15
Minimum heater width in wavelengths, L/)\d = L'/21r~/5
Fig. 3 9max on broad flai-plate heaters with vertical side walls
Alnrge spheres = 0.134 R’ (20)
Using these equations in equations (15) and (16) leads to
A
= = 0.155 (21)
Ah large
eyls.
A;
pd = 0.143 (22)
Ay large
spheres
A
= = 0.220 (23)
Apjsman
spheres
Ded put equation (22) in equation (14) and obtained
Gmax - 0.84 (24)
Imaxp|large
spheres

which differs by 7 percent from the large R’ limit of equation
(18) for cylinders.

The other approach is to combine the description of the
sssumed configuration of the jets with equations (15) and (16),
solve the result for d, and then obtain gmax/¢maxr from equation
(12). This is reasonably safe to do in the case of large cylinders
since the physical model (B; = R -+ &) is consistent with Sun’s
photographs. The result is § = 0.244 R, which corresponds pre-
cisely with the experimental value given in equation (18) and
which leads to

Gmax

= 0.904 (25)
{maxrilarge
cyls.

This is negligibly higher than Sun’s result of 0.894, and it is a
completely theoretical expression. While this result is accurate,
the minor errors in the assumed characteristics of the vapor-
éseape configuration accumulate more than we would like in
other cases. Such errors are particularly troublesome for the
small heater configurations.

For small heaters we shall therefore 1eve1t to the first approach.
In general Ar should be replaced by 2w R; in equation (6), where

% = Vn/r)(As/dr). Thus
24 4_—7—_ <Af)“/‘
R PY KL 26
small A glps — po) o

heaters

Jmax

Qmaxp

If the heater is long and slender, A, is equal to the product of
the eross-sectional perimeter P times Aq (cf. Fig. 1) and equation

0) becomes
Jonx 2 (AN 562 <1_4i~ s 1)
q”’axs' long slender B 77"\9/@ \A/IT' A h \‘Vﬁ Ap
eaters

Journal of Heat Transfer

Thus for spheres (4: = 4wR?) equations (26) and (23) give

(max _ 1.734 @8)
Jmaxzp|small VvV R’ -
gpheres

For small cylinders A;/A, is approximately (R + 6)2/2R\a.
Thus under the substitution of equation (17) we obtain

4

= 0.171 29
A (29)

small
eyls.

Substituting equation (29) and P’ = 2R’ in equation (27) then
gives

_ 094
small \4/ R7

cyls.

Jmax

(30)

Qmaxr

Qoo / Qo f0F Flat Plates

A number of suggestions as to how one might improve Zuber’s
prediction of gum.x for the flat plate have arisen in the preceding
section. For one thing, Sun’s large-cylinder model, based on
the presumption that the jet spacing cannot be less than 4R;,
was highly successful. Furthermore his corresponding assump-
tion that Ag = A in this case was also justified by the success of
the result. We shall adapt these ideas to the flat plate by
agreeing with Zuber that R; equals !/, of the jet spacing without
saying precisely what that spacing is.” Then we shall use Aq for
Ar. Then equation (9) gives

4 - (31)
Aplfiat 16
plate
and equation (6) gives
max 4 2
Qox) 2 2T Ty (32)
Qmaxp|flat 21+/3 16
plate

Of course an important point relative to Zuber's equation is
that it was never systematically tested against data obtained in
the configuration for which it was intended. To approximate
an infinite flat plate experimentally one must first employ a very
clean finite plate, much larger in size than As. Then he must
employ vertical side walls to prevent a horizontal inflow of liquid,
sinee this has been shown [18, 19] to seriously influence ¢max.

The data that we have located which meet these criteria are
few. The vast majority of available flat-plate data were ob-
tained with strip or disk heaters in open pools, and are hence
unusable. The classical data of Cichelli and Bonilla [20] are for
the correct configuration—a 33/4-in-dia disk heater which formed
the bottom of a cylindrical container for the boiled liquid. A
great many of their data must be eliminated because they were ob-
tained on ‘“dirty” heaters. Most of the remainder are for nominal
fluids of extremely low purity—actually mixtures for which prop-
erties are not known and correlations cannot be applied. Only
a few of their data for ethanol remain for use. Berenson pre-
sented similar data for CCls and n-pentane on 2-in-dia heaters
that were subject to very close control of surface condition.

Costello et al. [18] also presented data, for a 2-in-wide plate
heater in water with side walls, but their data raise more ques-
tions than they resolve. Their gm.x for “tap water” is close to
@maxp, DUL their result for distilled water in a very clean system
is lower by a factor of 0.4. No satisfactory explanation is given
for this startling result.

Figure 3 gives these data. It also includes additional pre-
liminary flat-plate data which we shall present informally at this

7 It was shown in [14] that while Aq is favored, it is favored only
very slightly over a broad span of neighboring Taylor wavelengths.
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time. They were obtained on a clean smooth copper plate 2.5 in.
in diameter as part of another study which has not yet been
completed. The existing data are limited in number and scope,
and more are needed for other liquids and larger values of L’.
However, equation (32) has been included in the figure and it
agrees, about as well as any line could, with the existing data.
The fact that our distilled-water data for L/As ~ 2 are low
(as was Costello’s point) suggests that this might represent a
peculiarity of the vapor-jet configuration. It is possible that
only one jet can be accommodated on the heater when L/A\; =
2, while one just slightly larger will accommodate three jets. As
L/Ng increases this kind of fluctuation will decrease rapidly.

Some General Inferences Concerning
Hydrodynamic Predictions of gu..x

At this point it is advantageous to summarize our major
findings:

LY S — 3

‘max 24 A; /4

p o ‘/l R A— <ﬂj> for small heaters,
Qmaxp K Ah Q(P/ - Po) 4

equation (26).

Gmax _ 24 é

Gmaxp 75"\4/?; Ah

3 Ay = 2wR; for small heaters.

4 Ag = Mg for large heaters including the flat plate.

5 TFor small bluff bodies A, ~ L? and equation (26) gives

2 for large heaters (33)

Jmax constant

Gmaxp '\/-/7

where the constant must be determined experimentally because
A;/Ay is only known in one configuration (small spheres).

6 Except for the case of small spheres and infinite flat plates,
A;/Ar seems to be a constant, very nearly independent, of con-
figuration. For the known cases (within about 10 percent)

(34)

4,
— ~ 0,155 35
™ (35)

7 Therefore, from equation (14),

Gmox ~ 0.9 (36)
Imaxr|large
heaters

8 Tor the infinite flat plate

dmexl 114 (37)
Gmaxp|flat
plate

9 From equations (27) and (35)

Qmax 1.4

~

o —

Qmaxp|long slender \/P !
heaters

(38)

Equation (30) is very close to being a special case of equation
(38), since 0.94/+/R’ = 1.48/~/P’ when 2rR = P. The 6
percent difference between 1.48 and 1.40 is within the scatter
of the experimental data.

10 The transition between large and small heater behavior
oceurs about where the breadth of the heater is on the order of
A4, typically where R’ is on the order of 5. Past experience
[8, 9] indicates that the appropriate forms of equations (26) and
(33) can simply be extrapolated to their point of intersection to
obtain a continuous prediction.

Of the preceding items, numbers 5, 6, 7, 8, and 10 have been
thoroughly validated with data, [8, 9] and the present study, ex-
cept insofar as item 7 might require further experimental veri-
fication and item 5 has only been verified in one configuration.
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Ttem 9 is a fairly solid conjecture that should be verified, Ttom,
1-4 and the generalization in 5 have been verified €Xperi.
mentally only in the sense that their overall consistency wig
data and their self-consistency have been carefully checkeq,

llustrative Application: Prediction of q..... on Horizonty|
Vertically Oriented Ribbons and Experimental Verificatiop

Consider next the case of a thin horizontal ribbon heaty,
with the broad side oriented vertically, as shown at the bottar,
of Fig. 1. We shall also give brief attention to such a ribpg,
with one side insulated. Items 2, 6, and 7 apply to either of
these cases as long as H is large.

When H is small equation (38) should apply to either insulateg
or uninsulated ribbons as long as the right P’ is used.

Table 1 includes original data for vertically oriented ribbgy
heaters in four liquids: acetone, benzene, methanol, and isoprg.
panol. The ribbons were all of nichrome; 0.009 in. thick gpq
about 4 in. in length, and they varied in height H from 0.041 j,
to 0.188 in. They were operated as electrical-resistance heatey
and were connected to the heavy power supply electrodm
through brass-ribbon attachments which served to prevent vapy
hangup by providing a smooth transition section. The range

of H' (=H v glps — p,,)/o-) was greatly increased by observing
gmax In the University of Kentucky Gravity Boiling Cent,rifuge
Facility, at both elevated gravity and earth-normal gravity 7

Complete details of the experimental method and apparatys
can be obtained from [8, 22], since exactly the same equipment
and procedure were employed. The probable experimental errgr
in gmax Was about =4 percent, although intrinsic variability of the
data was ~2=15 percent which is typical for such results. Al
ribbons had a smooth cold-rolled finish (as delivered). Before
each test the ribbons were carefully washed in soap and hot water,
and then rinsed in the test fluid.

We can be sure that, even on these small ribbons, ¢max did not
oceur prematurely by virtue of low-thermal-capacity effects
such as Houchin [23] observed, since he was only able to observe
the phenomenon in water. Even though he used much thinner
ribbons than we, he never witnessed the early burnout in organic
liquids.

These data are presented in dimensionless form in Tig, 4.

Table 1 Peak heat flux on vertically oriented horizontal ribbon

) ) a,., B Jreax,
fluid H (in.)y a/9e max FET R ! Cirroee
Acetone 0,041 1 142,000 + 5000 0.65 1.3

0.051 1 156,000 + 6000 0.80 1.47
0.080 1 118,000 + 2000 1,27 1,12

0, 1395 1 107,090 + 3000 2,207 1.0t
0.188 1 58,000 * 5000 2.98 0.%3
0,144 4.01 141,000 1 1000 4,56 0.94
8.30 165,000 + 2000 6,56 0.9

17.84 226,000 + 1000 9.62 1.03

32.82 268,000 1 4600 12,95 1.0

49,49 05,000 + F000 16,03 1.03

Benzene 0.041 1 126,000 4 2000 0.635 1,31
0.055 1 118,000 + 4000 0.85 1.23
0.0855 1 €6,000 + 5000 1,32 1.6
0,144 4.01 135,000 + 2000 2.65 0.2
7.98 165,300 + 2500 3,70 1.6

18,32 203,000 + 3600 5.60 1.02

31,68 237,000 + 2000 7,35 1.2

49,49 272,000 + G000 5.25 1,08

< o

Methanol 0,055 1 201,000 + 4006 0.88 119
0.059 1 161,000 + 2000 1.59 0.55
0.139%5 1 140,000 + 4000 2.25 0.8
0.188 1 124,000 + 4000 3.08 0.74
0.144 4.01 162,000 1 6000 4.68 0.75
7.8 221,500 + 1500 6.54 0.78

18.32 282,000 ¥ 8000 9.1 0.£9

- 52.82 314,000 ¥ €000 | 13.16 0.7

e

Isopropanol 0.1395 1 101,000 + 3000 2.34 0.7
0.188 1 £0,000 + 4000 3.16 0.74
0,144 4.1 153,000 ¥ 5000 4.%0 0.8!
8.3 180,000 + 7000 6.96 0.8

18.56 210,000 ¥ 2000 | 10.40 0.76

32.32 255,000 ¥ GOVO ! 18,74, 0.8!

1} N e
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of pressure [24]
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Fig. 4 dmax on horizontal ribbon heaters oriented vertically

Following the prescription in the preceding section we represent
the data for large L’ using equation (36)

max
Gmax =09 (36)
QmuxF large
horiz. ribbons
vert. orient.

And for the range of small H' we use equation (38) with P’/ =
off’. The result is

Jmex = 1_1_8_ (39)
Qmaxp|small \4/H'

horiz, ribbons

vert. orient.

The correlation is well within the typical scatter for such data.
The division between large and small heaters occurs at H’ ~ 2.7
in this case.

The peak heat flux was also measured on two 0.009-in-thick
horizontal nichrome ribbons, vertically oriented but with one
side heavily insulated with Sauereisen cement. A 0.099-in.
ribbon was observed in methanol and a 0.188-in. ribbon was ob-
served in acetone. The results were

Gmax

at  H' =159 119 < < 1.30
Gmaxp

at  H' =298 103 < I <107
Gmaxp

tespectively. These data are plotted in Fig. 5 along with some
high-gravity data given by Adams [25] for higher values of H’
in the same geometry.

In this case Adams’ data fit the limiting value

max
Gmax = 0.90 (36)
Gmaxpilarge
horiz. ribbon
vert. orient.
1 side insul.

almost perfectly., For small heaters P/ = H’ and

Jmax 1.4

Gmaxp/small B \VF
horiz. ribbon
vert. orient.
1 side insul.
POth equations (36) and (40) correspond with A;/A; = 0.155.
he transition from large to small H' occurs at 6 when the ribbon
“isulated and at 2.6 when it is not.

Gonclusions

I The method of hydrodynamic prediction of the peak heat

{ . . « . . .
"X on finite heaters is discussed in detail and certain general

Biidelines are set, up for making such predictions. The assump-

(40)

lurnal of Heat Transfer

S T LRl T
4 [l Methanol } b  data ]
N 3k A Acetone resen .
é o L é water at high gravity [25] |
o 4 /00
\x\ |.4/v H
g 1 —
o - $10.9
0.6 (111 L0 gl L
0.6 | 2 4 6 10 20 30

H'= H«/g(pf—pg)/cr

Fig. 5 gmax on horizontal ribbon heaters oriented vertically with one side
insulated

IIIIII T T T TTTT

__Sun's [8] eqn.( 13} for cyls.
validated by 900 data

) 8 |

eqn. (28)
11 date

1

, ——-ean. (40)
, 8 data n

e 2 [ﬁ eqn. (36) B
g 24 dala x
< ,
Eio & oo
v o8l eqn. (39) =
TR 24 data // a
06 - \_ Y eqn. (24) o
L 15 data ~
eqgn. (30) eqn.(25) éeqn. (36)
0.4 I~ 900 dafa 20 data
03 1 | bl i [
0.1 0.2 04 06 1.0 2 4 6 18]

L'=L vglp, -p,)/e

Fig. 6 Collected predictions of gmax for four finite heater configurations

tion that the vapor velocities in the vapor blanket and in the jets
must match greatly streamlines prior descriptions and simplifies
these guidelines. The guidelines are spelled out in the section
“Some (eneral Inferences Concerning Hydrodynamic Predic-
tions of gmax.”’

2 The peak heat flux on an infinite flat plate is 1.14 gmaxs, Ut
there is a need for more data in verification of this result.

3  The peak heat fluxes for large and small horizontal ribbons
vertically oriented, with and without insulation on one side, are
given by equations (36), (39), and (40).

4 The existing hydrodynamic gme predictions for finite
bodies are summarized in Fig. 6. The figure includes an indica~
tion of the number of data by which each has been verified. This
number exceeds the number of points actually shown in Figs. 4
and 5, since more than one observation has been lumped in some
of the points. The curves have all been terminated at L’ =
0.1 on the left side, since hydrodynamic predictions are known to
deteriorate for L’ < 0.1, see [8, 26].
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