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Hydrodynamic Prediction of Peak Pool-boiling 
leat Fluxes from Finite Bodies1 

Since Zuber made a hydrodynamic prediction of the peak pool-boiling heat flux o: 
infinite flat plate, his general concept has been used to predict the peak heat flux in 
finite heater configurations. These latter predictions have differed from Zuber's it 
introduction of a largely empirical variable—the thickness of the vapor escape path 
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 blanket must 
match the vapor velocity in the escaping jet above the heater. The result is a more exact 
description of the hydrodynamics of vapor removal. This idea is used to suggest the 
possibility of a universal 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 
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 infinite-ftat-plate 
heaters. The predictions are supported with new data. 

I 
Introduction 

I HE 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 gmox on an infinite horizontal flat 
plate. In the early 1960s Kutateladze and his co-workers began 
[4] a research effort aimed at correlating gmax on horizontal 
cylinders. In 1964 and 1965 respectively they [5] and Lienhard 
and Watanabe [6] showed that gmnx data for cylinders (and other 
geometries) could be correlated with an expression of the form 

(/max 

QmaxF 
' f(L') (1) 

where <jwXi, is the "traditional" or accepted form of Zuber's ex
pression for gmax on horizontal flat-plate heaters3 

?maxF== — Ps1/2hfa[0-g(pf - p 0 ) ] 1 / 4 (2) 

1 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 denned in the Nomenclature. 
Contributed by the Heat Transfer Division and presented at the 

Winter Annual Meeting, New York, N. Y., November 26-30, 1972, 
of THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS. Manuscript 
received by the Heat Transfer Division November 12, 1971. Paper 
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and L' is a nondimensionalization of the characteristic length L 
of the heater 

L' = LVg(p, - p„)/cr (3) 

The restrictions on equation (1) are discussed fully in [7]. 
Briefly: the pressure must be enough less than the critical pressure 
that pg/pf « 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 gmax on spheres. Both [8] and [9] re
quired the evaluation of a "vapor-blanket thickness" 6\ Thi4 

S was the thickness of the vapor escape passage around the bouy> 
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 can 
be treated using less empirical information than before. We shall 
infer from these models some general features of any hydro-
dynamic prediction and so eliminate the need for observed valu* 
of 5. Finally we shall use these ideas in the prediction of (fa51 

expressions for some new configurations and verify these ex
pressions with new data. 

Previous Theoretical Models 
Zuber's original formulation began quite simply with the | 

proposition that the maximum or limiting vapor volume flux)S 
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Qtmnx/Pah/g = UH 4i (4) 

:„ which Aj is the combined area of vapor jets leaving a heater 
surface of area Ah. UH is the critical vapor velocity within the 
rets which will cause them to become Helmholtz unstable, 
gquation (4) is the starting point for everything we shall do 
here. Each prediction brings with it two component problems 
ffhich must be solved: A vapor jet configuration must be 
assumed in order to specify Aj/Ah, and the critical velocity must 
he obtained. The latter can be shown (see, e.g., [10] page 462 
o r [11]) to be 

UB = •V/27ro-/p0Xff (5) 

where X» 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) 

ffe obtain 

< ^ = ^ J Z Z J § L Z Z 4 (6) 
Qmw 7T l\HVg(p/ - pa)/(J Ah 

Infinite Horizontal Flat Plate. Zuber's original derivation of gmoxP 

involved a number of assumptions which we shall want to modify 
here. Hence we shall speak of (gwx)hat plate, which may or may 
not equal gmMF. Nevertheless there is now considerable historical 
precedent for using qmm. as denned by equation (2) in the func
tional equation (1). Accordingly we shall adopt the view tha t 
jmaxy is a characteristic heat flux which approximates (gmax)nat 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 wavelength11 

\c = 2irV*/g(pf - p„) (7) 

or the most susceptible, or "most dangerous," wavelength4 

X, = 2TT V 3 Va/g(Pf - pQ) = V% Xc (8) 

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

The radius R, of the escaping jet was assumed to be a given 
fraction a of the wavelength X. Thus 

Aj 

Ah 

TTRJ* 

X2 0) 

Zuber guessed that a should be 1/4 so his Aj/Ah was ir/16. The 
wavelength of disturbances in the jet was taken to be equal to 

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

Zuber-Tribus infinite flat plate 
model 

Rj = a X d * X d / 4 

R + S 

Riobon with one 
side insulated 

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

the length of the Rayleigh unstable wave. This choice was rea
sonable since this sort of disturbance will occur naturally in any 
gas jet moving through a liquid. The wavelength \H of Ray
leigh waves is equal to the circumference of the jet in which they 
occur, [10] page 473, 2TTRJ or 27raX. Using this result and 
equation (9) in equation (6) gives 

24a3/2 1 
(10) 

?maxF|flat plate V 2 7 r 1 0 r V ^ 

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

<?max]flat plate = 1.196 gmaxj? Or 0.909 gm0XF 

depending upon whether the correct X was Xc or Xd. 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-

-Nomenclature-

Ah = area of heater 
Aj — cross-sectional area of vapor jets 

escaping from Ah 
a = Rj/\d for flat-plate heater 
) = any function of ( ) 

actual gravity (or body) force 
acting on heater 

= earth-normal gravity 
latent heat of vaporization 
vertical dimension of horizontal 

ribbon 
characteristic dimension ( = H 

or R in certain present applica
tions) 

length of perimeter of cross sec-

<7 = 

// = 

L = 

tion of long slender heater 
<Zmax = peak nucleate pool-boiling heat 

flux 
Smaxp = characteristic heat flux defined 

by equation (2), equal to 
Zuber's prediction for infinite 
horizontal flat plates 

R = radius of cylindrical or spherical 
heater 

Rj = radius of escaping vapor jet 
UH = vapor velocity in jet, for which 

jet becomes Helmholtz un
stable 

5 = vapor-blanket thickness 
A = sVgffif - ps)/a 

X = any wavelength in vapor-liquid 
interface 

Xc =• minimum Taylor unstable wave
length, equation (7) 

Xrf = most rapidly collapsing Taylor 
wavelength, \/SXc 

\H = Helmholtz unstable wavelength 
P/i Pa — saturated liquid and vapor densi

ties 
a = surface tension between liquid 

and its vapor 

Superscript 

' denotes a length multiplied by 

^d(Pf - Po)/v 
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.6 .8 I 2 3 4 6 8 10 12 

Dimensionless radius, R1 

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, 25) 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 Ad. As the wire increases in size the 
spacing must eventually spread to beyond Xrf to accommodate 
jets which now exceed A<z/2 in diameter. Sun showed that the 
spacing was about two jet diameters or about 4(fl + 8) in this 
case. Thus 

4l 
Ah' 

(R + sy 
2R\d small 

cyla. 
large 
cyla. 

( i i ) 

Of course equations (11) are true only insofar as Rj ^ R + 5. 
Furthermore, the wavelength Xd is the dominant disturbance 

in the interface between the jets on large wires and it is picked 
up by the jets. The Rayleigh disturbance 2irRj is longer than 
A<; and would normally become Helmholtz unstable at lower 
vapor velocities UH- 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 Â  are already well developed 
at the outset, while the Rayleigh waves require some distance 
to develop. Accordingly, Sun used XH ~ 2irRj ^ 2ir(R + 8) 
for the small cylinders and XH = Ad for the large ones. Using 
these AH'S and equation (11) in equation (6), and using R' to de
note L' based on L = R, gives 

5 max 

<7maXF 

6 ( « ' + A)3/< 

7r 2 V§ R' 
and 

33A R> + A 

small 
cyla. 

R' large 
cyla. 

(12) 

where A ~ SV g(p/ — pa)/<r, a dimensionless blanket thickness. 
The transition between small and large cylinders occurs some
where in the neighborhood of \d = 4(2? + 8) or R' ~ 2.5, de
pending on the magnitude of 5. 

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 R' upon </max/<7maxF, 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 8 c^ 

ni&V . 
0.233 R, so equation (11) gave Aj/Ai, ~ 0.155, and qmn/q 
approached a constant value of 0.894. 

For small cylinders Sun approximated the measured v a W 
of 5 with a fairly complicated equation in the form A = A(2?'\ 
Substitution of this expression in equation (12) gave 

</maxf sma l l 
loyls. [8] 

0.89 + 2.27 exp ( - 3 . 4 4 y/W) (13) 

which fit approximately 900 data from a large variety of sources 
Sphere. Photographic observation of boiling on spheres tni 

shows a difference between large and small R' behavior juS(, „„ 
it did for cylinders. For small spheres a single jet of radiu-
Rj ~ R + 8 rises as shown in Fig. 1. But when the diameter 
2R reaches roughly \a or R' c^ 5.5, the vapor begins to escape 
alternately around opposing sides of the sphere in a 4-jet pattern 
as shown in Fig. 1. Once again visual evidence supports the 
assumption tha t AH = 2irRj for small spheres and AH = \d for 
large ones. Thus 

Q'max 

f?maxp small 
spheres 

24 

TT-V/S? 

Ai 

Ah 

Q'max 

<?maxp 

24 A, 

large 7TV3 Ah 
(H) 

spheres 

where R/ = Rjvg(p/ — pa)/<r. 
At this point Ded [9] used a notion from this paper to evaluate 

the unknown area ratio which involves 8. This method is essen
tial to the subsequent developments in this study and we shall 
take it up next. 

Evaluations of A}/Ah in the qm„/qma*p Formulae 
As a first step to determining A,/Ah 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 jel. We 
do not believe it is reasonable to look for either, and therefore 
assume that 8 simply adjusts to give equal velocities in bolh 
passages. 

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

2[4(fl + 8)8} = %Aj 

and for any sphere it gives 

2TT(R + 8/2)5 = \Aj 

(1-5) 

(16) 

For the small cylinder such a balance is not feasible since the 
vapor must flow horizontally in a long 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 pa th followed in [8] was to assume a jet configuration in 
terms of 5 and then to complete the derivation using observed 
values of 5; [8] and [9] give the needed measurements of S 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 

A B M „ cylinders = (V3.72/R' - l)R' 

AlarE0 cylinders = 0.244 R' 

Ismail spheres = 0.20 R' 

(17? 

(19) 

8 Sun used a more complex fit to the data, one which fit well l" 
the mid-range but was very nearly equal to equation (17) for Jl' 5= *• 
We are presently more interested in low--B' behavior than in trans'" 
tional behavior at higher R'. 

6 This result is a little higher than Sun's and represents a slightlj 
better fit. 
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1.5 

0.5 

-Top water 

[8] 

- Distilled 
water 

[present] 

© 
Distilled 
water 

08] 

Iso-propanol 
[present] 

-Methano l 

[p resent ] 

Numbers in experimental points denote number 
of data that each one represents. 

" 0 I 2 3 4 5 6 7 8 9 14 -15 
Minimum heater width in wavelengths, L / x = C/ZTT-/% 

Fig. 3 <7max on broad flat-plate heaters with vertical side walls 

Thus for spheres (Ah — 4:irR2) equations (26) and (23) give 

1.734 <?max 

5maxif small 
spheres 

(28) 

For small cylinders Aj/Ah is approximately {R + S)2/2J?Xd. 
Thus under the substitution of equation (17) we obtain 

6i 
Ah 

= 0.171 
small 
oyls. 

(29) 

Substituting equation (29) and P' = 2wR' in equation (27) then 
gives 

9max 

small 
oyls. 

0.94 
(30) 

tAlarge spheres = 0.134 R' (20) 

Using these equations in equations (15) and (16) leads to 

= 0.155 
large 
cyls. 

4> 

Ah 

Ah 

= 0.143 
large 
spheres 

= 0.220 
small 
spheres 

(21) 

(22) 

(23) 

Ded put equation (22) in equation (14) and obtained 

Q max 

Qmaxp 
0.84 

large 
spheres 

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

The other approach is to combine the description of the 
assumed configuration of the jets with equations (15) and (16), 
solve the result for 8, and then obtain qmzK/qm„ from equation 
(12). This is reasonably safe to do in the case of large cylinders 
since the physical model (Rj = R + 5) is consistent with Sun's 
photographs. The result is S = 0.244 R, which corresponds pre
cisely with the experimental value given in equation (18) and 
which leads to 

5max 

<7maXF 
= 0.904 

large 
cyls. 

(25) 

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-
escape 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 revert to the first approach, 
w general AH should be replaced by 2TTRJ in equation (6), where 
Ri = VcZ^/xXAj-Mt) . Thus 

Q max 

Qmaxf small 
heaters 

ir ™Ah g(pf - p„) \AhJ 
(26) 

" the heater is long and slender, Ah is equal to the product of 
the cross-sectional perimeter P times A<i (cf. Fig. 1) and equation 
«6) becomes 

' t a x , . 

24 

Jong slender 
heaters 

IcfffijfP yp' \Ah) ~ </v \AJ 
(27) 

for Flat Plates 
A number of suggestions as to how one might improve Zuber's 

prediction of qmaK 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 422/, 
was highly successful. Furthermore his corresponding assump
tion tha t \H = \d 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 tha t Rj equals 1/i of the jet spacing without 
saying precisely what tha t spacing is.7 Then we shall use A<j for 
AH. Then equation (9) gives 

Ah flat 
plate 

TV 

IE 

(24) a n (^ equation (6) gives 

Qmax 

Qfmaxp 

24 

flat 
plate 

4. 27T IT 

T l f 2 x v
/ 3 16 

= 1.14 

(31) 

(32) 

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 A<f. Then he must 
employ vertical side walls to prevent a horizontal inflow of liquid, 
since this has been shown [18, 19] to seriously influence gmax. 

The data tha t 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 "d i r ty" 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 CCI4 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 2rin-wide plate 
heater in water with side walls, bu t their data raise more ques
tions than they resolve. Their gmax for " tap water" is close to 
gmaxy, but 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. I t also includes additional pre
liminary flat-plate data which we shall present informally at this 

7 It was shown in [14] that while \d 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/\d — 2 are low 
(as was Costello's point) suggests that this might represent a 
peculiarity of the vapor-jet configuration. I t is possible that 
only one jet can be accommodated on the heater when L/\d = 
2, while one just slightly larger will accommodate three jets. As 
L/\d increases this kind of fluctuation will decrease rapidly. 

Some General Inferences Concerning 
Hydrodynamic Predictions of q m a x 

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

§maxp 

equation (26), 

=
 2i Jk ° (^i\u 

IT lAh g(Pf - p„) \Ah) 
for small heaters, 

5max 

Qmaxp 

24 Aj 

r ^ i * 
for large heaters (33) 

\H = 2irRj for small heaters. 
Xj? = \d for large heaters including the flat plate. 
For small bluff bodies Ah ~ L1 and equation (26) gives 

</max 

^max^ 

constant 
(34) 

where the constant must be determined experimentally because 
AjlAh is only known in one configuration (small spheres). 

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

Ah 
: 0.155 

7 Therefore, from equation (14), 

Qmax 

^maxf 
~ 0 . 9 

large 
heaters 

8 For the infinite flat plate 

(/max 
= 1.14 

flat 
plate 

9 From equations (27) and (35) 

long slender 
heaters 

1.4 

(35) 

(36) 

(37) 

(38) 

Equation (30) is very close to being a special case of equation 
(38), since QM/^W = 1.48/->/F when 2irR = 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 
occurs about where the breadth of the heater is on the order of 
\d, 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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1 <•: ' 

I tem 9 is a fairly solid conjecture that should be verified. ] | t . . , 
1-4 and the generalization in 5 have been verified e3.p1...' 
mentally only in the sense that their overall consistency •,.,ili 
data and their self-consistency have been carefully checker 

Illustrative Application: Prediction of q m a x on Horizontal 
Vertically Oriented Ribbons and Experimental Verification 

Consider next the case of a thin horizontal ribbon hi", 
with the broad side oriented vertically, as shown at the boi ••.•. 
of Fig. 1. We shall also give brief attention to such a ril.i 
with one side insulated. Items 2, 6, and 7 apply to eithii 
these cases as long as H is large. 

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

Table 1 includes original data for vertically oriented ril.i,.,. 
heaters in four liquids: acetone, benzene, methanol, and is'i]>lf.. 
panol. The ribbons were all of nichrome, 0.009 in. thiols -ini\ 
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 he'ii.nr. 
and were connected to the heavy power supply elect".','],., 
through brass-ribbon attachments which served to prevent -\ .i|,.. 
hangup by providing a smooth transition section. The ];.irr(. 
of H' (s= H V g ( p j — p„)/cr) was greatly increased by obse-vi»? 

OWx in the University of Kentucky Gravity Boiling Centriing, 
Facility, at both elevated gravity and earth-normal gravil', .; 

Complete details of the experimental method and appa i.n, 
can be obtained from [8, 22], since exactly the same equipnnW 

and procedure were employed. The probable experimental 11.,, 
in 5fm!lx was about ± 4 percent, although intrinsic variability of .|,<. 
data was ^ ± 1 5 percent which is typical for such results. AH 
ribbons had a smooth cold-rolled finish (as delivered). Bifi.r,. 
each test the ribbons were carefully washed in soap and hot w.'j',. 
and then rinsed in the test fluid. 

We can be sure that, even on these small ribbons, ?mox did :nr 
occur prematurely by virtue of low-thermal-capacity elicfi-
such as Houchin [23] observed, since he was only able to obi-riu 
the phenomenon in water. Even though he used much thi •ini-i 
ribbons than we, he never witnessed the early burnout in orpiimi 
liquids. 

These data are presented in dimensionless form in Fig. •( 

Table 1 Peak heat flux on vertically oriented horizontal ribbon 

fluid 

Acetone 

Benzene 

Methanol 

Isopropanol 

H (in.) 

0.041 

0.051 

0.060 

O.1395 

0.188 

0. 144 

f 
-0.041 

0.055 

0.0855 

0.144 

0.055 
0,059 

0.1395 

0. 188 

0. 144 

0.1395 

0. 188 

0. 144 

* 

9/9e 

4.01 

a. 30 

17.84 

32.32 
49.49 

• 1 

1 

1 

4.01 

7.98 

18.32 

31 .68 

49.49 

1 

1 

1 

1 

4.01 

7.98 

18.32 

32.32 

1 

1 

4.11 

8.3 

18.56 

32.32 

q -Btu 

142,000 + 5000 

156,000 + 6000 

1 18,000 + 3000 

107,000 + 3000 

98,000 + 3000 

141 ,000 -r- iOOO 

165,000 + 2000 

226,000 + 1000 

263,000 -}• 4000 

305,000 -I- 3000 

126,000 •:- 2000 

113,000 + 4000 

96,000 + 3000 

155,000 -1- 2000 

165,500 + 2500 

203,000 -f- 3000 

237,000 + 2000 

272,000 -f 6000 

201 ,000 -f- 4000 

161 ,000 -h 3000 

140,000 -f 4000 

124,000 + 4000 

132,000 + 6000 

221 ,500 -r 1500 

282,000 ~r 3000 
314,000 r 3000 

101,000 + 3000 

£9,000 -f- 4000 

153,000 -t- 5000 

130,000 + 7000 

210,000 1- 2000 

255,000 -r 6000 

H' 

0,65 

0.80 

1,27 

2.207 

2.98 

4.56 

6,58 

9,62 

12.95 

15,03 

O.G05 

0.85 

c 

1. 

1 

• 

1 .32 i 

2.65 

3.70 

5.60 

9.25 

0.88 

1.59 

2.25 

3.03 

4.63 

6.54 

9.91 
13.16 

2.34 

3. 16 

4. SO 

6.96 

10.40 

13.74 
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. Solid points obtained under elevated _ 
gravity 

v q? 0 W % i 
Data: 

A Acetone 
<> Benzene 
D Methanol 
V Isopropanol 

Present 
tests 

Q 12 Cyclohexane data over a range — 
of pressure [24] 
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0.9 

0.4 10 20 I 2 4 
H'"H^/q(Pf-p )/cr-

Fig. 4 c|i,,ax on horizontal ribbon heaters oriented vertically 

! Following the prescription in the preceding section we represent 
i (he data for large L' using equation (36) 

3max 

2maxj? 
= o.< 

large 
horiz. ribbons 
vert, orient. 

(36) 

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

1.18 
(39) 

small 
horiz. ribbons 
vert, orient. 

</w 

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 

at 

at 

H> = 1.59 

H' 

1.19 < - ^ < 1.30 
QmaxF 

1.03 < ^ < L 0 7 
5maXF 

respectively. 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 

Qmax 
= 0.90 

large 
horiz. ribbon 
vert, orient. 
1 side insul. 

al'»o.sfc perfectly. For small heaters P' = H' and 

small 
horiz. ribbon 
vert, orient. 
1 side insul. 

1.4 
(40) 

.jtotli equations (36) and (40) correspond with Aj/Ak = 0.155. 

. ]c transition from large to small H' occurs at 6 when the ribbon 
ls "isolated and at 2.6 when it is not. 

Conclusions 
ihe method of hydrodynamic prediction of the peak heat 

* on finite heaters is discussed in detail and certain general 
'-'elines are set up for making such predictions. The assump-

0.6 

1—I I I I I I | 

Present data 
Q Methanol 

A Acetone 

^ Water at high gravity [25] 

0.6 

#uii|t|' ifa © " A - ® m 

j _ 

-0.9 

20 30 

H'= H«/q(p-p )/o-

Fig. S <jmax on horizontal ribbon heaters oriented vertically with one side 
insulated 

0.4 -
0.3 L_ 

1 1—I I I I I 

Sun s [8] eqn. (I 3 ) for cyls. 
validated by 900 data 

-eqn. (30) eqn. ( 2 5 ) ^ / , , , , I 
• T > ^ e q n . (36) 

900 data 20 data 
I I 

L' = L -/g (/>,-/>g)/(r 

Fig. 6 Collected predictions of qmaK 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 General Inferences Concerning Hydrodynamic Predic
tions of gmax." 

2 The peak heat flux on an infinite flat plate is 1.14 qmm,, bu t 
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 gmax 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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Discussion 

L. M. Trefethen8 

Professor Lienhard and Dr. Dhir present another step in our 
understanding of how much heat transfer is possible under boiling 
conditions. A number of such steps have been made by Pro
fessor Lienhard and his associates in the past few years. I should 
like to ask Professor Lienhard whether, from his present vantage 
point, he can envision ways to design large surfaces that would 
have appreciably increased maximum heat fluxes. Since I anti
cipate that he will probably say "No , " or "Not very much," 
I should also like to ask him whether he would go so far as to 
predict that we will never be able to raise pool-boiling heat fluxes 
an order of magnitude above the limits that would now be pre
dicted. 

Authors' Closure 
True to form, Professor Trefethen raises the $64 question: 

How do we apply what we know about pool-boiling mechanisms 
to get much higher operating heat fluxes during pool boiling on 
large heaters? 

There are two ways one can get significant improvements in 
§mas-
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1 In a paper presently under review, entitled "Peak ]'.•.,', | 
Boiling Heat Flux Measurements on Finite Horizontal I'I:' ' 
Plates," we have shown that gmax can easily be doubled. 'IV 
method is to put an egg-crate structure of vertical walls over the 
heater to break its area into cells of area considerably less than 
\a2. Burnout then occurs when the single jet squeezed intu 
each cell becomes unstable. This occurs at a greatly elevated | 
heat flux. ! 

2 Dhir 's doctoral thesis9 includes an adaptation of the hydro-
dynamic theory to the prediction of gm M in very viscous liquids. 
The theory is corroborated by data for saturated cyclohexanol 
at low temperatures. These data include heat fluxes which are 
seven to nine times as high as they would have been in the same 
liquid with zero viscosity. 

Thus, we are tempted to answer Professor Trefethen's final 
question with a very guarded "Yes . " We incline to think that 
there is a possibility of gaining vast improvements of operating 
pool-boiling heat fluxes. 

9 Dhir, V. K., "Viscous Hydrodynamic Instability Theory of the 
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