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Abstract-About 440 original observations of the peak pool boiling heat flux are presented for a wide 
range of sizes, gravities, reduced pressures and boiled liquids. These and an equal number of data for other 
conditions from the literature are correlated within about +20 per cent accuracy on dimensionless heat 
flux versus dimensionless radius, coordinates. 

An analytical prediction of the peak heat flux is developed. The prediction depends in part on a “vapor 
blanket thickness”. Additional data provide the basis for an empirical expression for the blanket thickness. 
Substitution of this result in the analytical equation yields an accurate general equation for the peak heat 

flux. 

NOMENCLATURE 

ALl, area of the vapor jet, rr(R + S)2; 
A Ia area of the heater surface per 

wavelength, 27rRIZ, ; 
f( )9 any undetermined function of ( ) ; 

95 acceleration of a system in a force 
field ; 

9 e, earth normal gravity ; 
h 
rle 

latent heat of vaporization ; 
induced convection parameter, 

J(c)#JLIcL~); 
M, molecular weight ; 

N, induced convection buoyancy 
parameter, 12/R’ ; 

p, the parachor, Ma*/(pr - Pe); 

PI? the reduced pressure, system 
pressure divided by the critical 
pressure, pe ; 

43 (Imaw Chin, heat flux ; subscripts max and 
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9, 

R’, 

U,Y q70 

Greek letters 

I d, 

min denote the peak and mini- 
mum boiling heat fluxes, res- 
pectively ; 
Zuber’s predicted peak and mini- 
mum heat fluxes for a flat plate ; 
characteristic length, equal to 
radius of a cylindrical heater in 
the present study ; 
ideal gas constant ; 
dimensionless radius, R[g(p, - 

PJbl + ; 
critical temperature ; 
velocity of the liquid in the 
vicinity of the vapor jets ; 
velocity of vapor jets. U,, is 
critical value of U,. 

g*Pdww (gMPC/3RT,)* ; 
anR’basedonR=d; 
the vapor blanket thickness on 
the horizontal diametral plane ; 
the contact angle among liquid, 
vapor and the heater surface ; 
most susceptible unstable wave- 

length 2&/3)Wg(P, - p,V ; 
liquid viscosity ; 
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saturated liquid and vapor den- 
sities, respectively ; 
surface tension between a satur- 
ated liquid and its vapor. 

INTRODUCTION 

THIS study is a part of an ongoing attempt to 
develop general descriptions of the interacting 
effects of gravity, 9, and heater size upon the peak 
and minimum pool boiling heat fluxes, qmaX and 
gmln. This development has generally centered 

upon the exploitation of expressions of the form : 

(Imax (or %n3 

4m,x, for %n*“F) = 

S(one or more scale parameters) (1) 

to characterize the extreme heat fluxes. The 
subscript, F, designates the infinite horizontal 
flat plate configuration. 

In the past, equation (1) has been used success- 
fully in various forms to correlate data (see 
e.g. [ 1,2]). It has been rationalized with the help 
of dimensional analysis [3] ; and one equation of 
this form has been derived explicitly for the 
minims heat flux on a horizontal cylinder 
[ 1,4]. This correlation method reveals that the 
influence of gravity enters both through the 
well-known dependence of the extreme heat 
fluxes on g* for flat plates that is suggested by 
Zuber’s flat plate predictions [5,6] and through 
scale parameters as well. 

The present paper, based upon 171, provides 
an analytical development of equation (1) for the 
peak heat flux on a horizontal cylinder. It 
substantiates this result with a great deal of 
original data, and data from the literature. 
Another basic result of the investigation is that 
it shows this method of handling the extreme 
heat fluxes breaks down when the capillary 
forces are two orders of magnitude or more 
larger than the gravity forces. For such small 
scale or very low gravity systems, the whole 
problem of either predicting or correlating 
extreme heat flux data appears to be farther out 
of reach than was previously suspected. 

FUNCTIONAL FORM OF THE qmax EQUATION 

In [3] it was shown by dimensional analysis 
that 

4 

except in that &., the contact angle among 
liquid, vapor and the heater surface, was ignored. 
Its addition here is legitimate since it is, itself, an 
independent dimensionless group which might, 
under some circumstances, influence (I,,,~~. The 
remaining groups are : 

A di~~ion~ess peak heat flux, ~~~q~~~~. 
Zuber’s 151 prediction for the peak heat flux on 
an infinite horizontal flat plate 

4 msXF = 0.131 (.JPJh,, [MPf - &)I* (3) 

is the best estimate of qmax. available and it 
satisfies the dimensioM1 analysis that led to 
equation (1). Therefore, we shall use it in this 
group. 

A dimensionless radius, R’, which is numeric- 
ally equal the square root of the Bond or Laplace 
number. It is defined as 

where p/ and pe are the saturated liquid and 
vapor densities, cr is the surface tension between 
a liquid and its vapor, and R is a characteristic 
dimension-the heater radius, in this case. When 
buoyant forces are great in comparison with 
capillary forces, R’ is great, and vice versa. The 
dimensionless radius will be our basic scale 
parameter in this study. 

An induced convection scale parameter, f. This 
is a second scale parameter defined as 

1 = ,/(P$&). (5) 

It is possible to combine f and R’ so as to obtain 
Boris~nski’s [8] deiced convection ~uoyuncy 
parameter, N 

N s 12/R (61 
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which (like the Prandtl number) is a physical 
property instead of a scale parameter. 

A vapor density term, J(1 + ~~/~~). This 
term contribute little at low pressures. Zuber’s 
equation (3) actually includes a factor which 
depends upon this term and which we have 
omitted. In [5] he shows that it contributes no 
more than 10 per cent variation to qmaxF over the 
entire range of pr_ What the effect of this term 
would be in other geometries, we do not know, 
but it is probably negligible at all pressures 
except those approaching the critical pressure 
in any configuration. 

PREDI~ON OF THE qma ~QUA~ON 

The prediction of qmax will depend upon the 
following assumptions : 

(1) The contact angle, 0,, will not influence 

&ax si~i~can~y. 
(2) Convection induced by the drag of rising 

bubbles will not seriously affect qmax, nor will any 
other influence of viscosity be important. 

(3) The vapor density is so much less than the 

par removal configuration 

f-‘ f&%e.rvl.. 
(b) Cmessectional vkw of a MWr jet. 

RG. 1. Model for peak pool boiling heat flux on horizontal 
cylindrical heater, (R’ on the order of unity). 

liquid density that no significant inflow velocify 
of liquid will be required to balance the outflow 
of vapor. 

These assumptions will have the effect of 
removing 6,, 1 and J(1 + psipf) from the 
problem and reducing equation (2) to 

4 max = f(K). (7) 
4 m=F 

This is the functional form of the qmax expression 
that we are now seeking to derive. 

The primary assumption that must be made is 
the idealization of the vapor removal contigura- 
tion. Our vapor removal h~o~esis is sketchy 
in Fig. 1. We shall consider a horizontal cylindri- 
cal heater submerged in saturated liquid. Vapor 
is generated around the cylinder and rises in 
the direction of acceleration of the system. We 
imagine that there is a plane, above the cylinder, 
where the bubbles from the upper half and lower 
half of the cylinder merge and form vapor 
columns. On this plane, the liquid is supported 
by the vapor in a Taylor-instable interface. The 
jets will be spaced on the Taylor-instable wave- 
length, 1, given by Bellman and Pennington [9] 
for a plane horizontal interface* as 

Instead of using Zuber’s assumption that the 
radius of the vapor jets is &/4, we shall assume 
that the jet radius is (R + 6) as indicated in 
Fig. 1. The wavelength on small wires could be 
as much as ten times the diameter, and it is im- 
plausible that the wire will produce a vapor jet 
with a diameter five times its own. 

We have noted that the dimensionless radius 
is a scale parameter for the system, equal to the 
square root of the ratio of buoyancy to capillary 

*This wavelength is chosen in preference to the wave- 
length derived by Lienhard and Wong 141 for a cylindrical 
interface. The latter wavelength was based upon an interface 
curvature which is not replicated in the present peak heat 
flux configuration. 
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forces in the system. When R’ is very large, the 
unstable wavelength, I,, is much smaller than 
2(R + 6) and the scale effect should vanish. 

Therefore ~~~~~~~~~ should approach a con- 
stant limiting value in this case. When R’ is on 
the order of unity, 1, and 2(R + 6) are com- 
parable to each other and it is necessary to 
consider a fairly complex interaction of capillary 
and gravity effects. We shall accordingly under- 
take the prediction of qmax in two stages-one for 
R’ on the order of unity and one for R’ large. 
The problem of predicting qrnax when R’ 4 1 
will not be undertaken here. 

The peak heat jlux when R’ is on the order of 
unity. We shall base the analysis upon considera- 
tion of a “unit cell” of one wavelength, 1,. If 
A, is the area of the heater surface within a cell 
and A, is the cross-sectional area of a vapor jet, 
then 

B _ 4R + 4’ = (R + 4’ A 

A, - 2xR& 2R4, ’ 
(9) 

The heat flux, q, from the heater during saturated 
boiling is balanced by the latent heat carried 
away in the vapor bubbles. Since all the bubbles 
merge and form vapor jets with area, A,, we can 
write an energy balance in the form 

CR + 4’ (1o) 

2R& 

where U, is the velocity of the vapor in the jet. 
The heat flux reaches qmax when the velocity of 
the vapor jets reaches the critical value, UgC, at 
which they become Helmholtz-instable. There- 
fore, 

(R + S)* 
4 max = p% hff7 ‘,C 2RA ’ WW 

d 

Next we must determine U,,. We shall assume, 
as Zuber did, that the Helmholtz-instable 
collapse of the jet occurs as a result of a major 
disturbance arising from Rayleigh’s capillary 
instability. According to Rayleigh ([lo], p. 473), 
the minimum wavelength that will be capillary- 
instable is one circumference, or 27r(R + 6), in 

length. This will be the major disturbance in the 
jet and will be Helmholtz-instable when U, 
reaches a value U,, such that ([lo], p. 462) 

27c(R + 6) = 27c---- 
“‘p:pp” [(Uf +” U,,)‘]~ (11) 

Thus, if we neglect the velocity, U,, of liquid 
in-flow, and assume pe 4 pf, 

v,c =\i[ p&i+ 6J (12) 
Substituting equation (12) into equation (lOa) 

gives the equation for the peak heat flux on a 
horizontal cylinder 

(R + 6)’ 
4 max = 2R1 

d 
p’hfg/[ p&i+ 6)l’ (13) 

While the radius of the cylinder and the physical 
properties are known, the vapor blanket thick- 
ness, 6, remains to be determined. If we define 
a dimensionless vapor blanket thickness 

A - 6 Mpf - P,Y~I+ (14) 

and combine equations (8) and (14) with equa- 
tion (13), we get 

4 max = ; (,/P,) h,,bg(pf - P,)I* 

The first group on 
tion (15) contains 

the right-hand side of equa- 
a constant which has been 

balanced against the second term so that it 
matches Zuber’s flat plate prediction, q,,,..+. Thus 

6 (R’ + A)+ 
lr2(J3) R’ 

. t151 

4 -.!!E_ 6 (R’ + A)’ =- (16) 
4 lmlXF 7r2(J3) R’ 

where A remains to be determined with the help 
of experiments. 

Prediction of q,,, for large R’. As R’ increases, 
and capillary forces cease to exert an influence 

on 4max9 the analytical model presented in the 
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previous section should yield to one that is 
independent of R’. 

We have assumed that vapor jets with a 
radius of (R + 6) are spaced on the wavelength, 
Iz,,. But A, and the spacing between jets will 
decrease as R’ increases. According to the 
previous analytical model, the jets will touch 
one another when (R’ + A) reaches 2x(,/3)/2. 

(a) small!?: Xd>4(Rt6) 

cannot be much less 
than 2 (A’+81 

w &W 
?M 

.5\ 
,’ / 

@ 

A’ ,. 
/’ ,/’ 

0’ /’ 
.’ 

,’ 
,’ 

(c) RtA~428,suggested model far @‘--a, 

FIG. 2. Variation of jet spacing as R’ changes. 

However, we did not see this happen in the 
present investigation ofpool boiling.* Therefore, 
the preceding model should fail at some (R’ + A) 
,smaller than 7r,/3. An illustrative sequence of 
sketches showing the supposed variation of the 
jets with increasing R’ is given in Fig. 2. 

When R’ is small, the unstable wavelength A,,, 
is greater than twice the jet diameter, 4(R + 6), 

* It was observed by Vliet and Leppert [ 1 l] that, in a strong 
forced convection boiling system, no jetting occurred. The 
vapor appeared instead to cover the whole wake region of 
the cylinder. 

as shown in Fig 2a As R’ increases, the difference 
between & and 4(R + 6) becomes smaller. We 
believe that, when R’ is very large, the open 
space between two jets will be equal to 2(R + 6) 
and the jet configuration will remain unchanged. 
The jets will stay as shown in Fig. 2c instead of 
moving any closer as indicated in Fig. 2b. This 
is analogous to Zuber’s assumption that the 
jet diameter on a flat plate is equal to the open 
space between two jets, and our photographic 
studies verified that it is a realistic assumption. 

When R’ becomes very large, disturbances 
with the wavelength, A,, will exist in the hori- 
zontal vapor-liquid interface, but they will be 
much smaller than the jet diameter. The vapor 
jets will pick up these disturbances from the 
intervening liquid-vapor interface. It is probably 
this disturbance that triggers Helmholtz in- 
stability instead of the longer wavelength of the 
Rayleigh-instability. Thus we shall assume that 
the jet diameter is 2(R + 6), but that the distance 
between centerlines of jets is 4(R + 6) instead of 
1,. Finally, we use ;1, instead of 274R + 6) for 
the left-hand side of equation (11) and obtain 

(17) 

in the place of equation (12). 
Combining equations (8) and (17) with equa- 

tion (10a) gives 

qmax = [; P&,-g ;i(““‘“p; ‘.‘>1 
[;v] (18) 

or 

4 max 3*(R’ + d) ---=_---- 
4 max p n R’ . (19) 

Equations (16) and (19) should each give the 
same peak heat flux at the point where one 
configuration shifts to another. Thus, we can 
write, for this particular value of R’, 

3* (R’ + A) 6 (R’ + A)+ ------_=- 
K R’ z2,/3 R’ ’ (20) 



1430 KAUO-HWA SUN and JOHN H. LIENHARD 

This gives, for the transition between the two 
analytical models, 

R’ + A = 4.28. (21) 

Finally, the expression for qmax at very large 
R’ should become 

4 max 3+R’+ A 
___ = -____ = constant 

R R’ 
, 

4 mq7 
R’ + A 2 4-28 (19a) 

where the dimensionless vapor blanket thickness 
still must be determined. Once A is known at 
(R’ + A) = 4.28, the constant in equation (19a) 
can be fixed. 

The jet diameter reaches 1$2 at (R’ + A) = 
x(43)/2 according to the model for R’ on the 
order of unity. Beyond this size the open space 
between the two jets must become less than the 
jet diameter (or, conversely, the jet spacing might 
start to increase beyond 1,) until (R’ + A) 
reaches 4.28. Thus (R’ + A) = 4.28 is actually 
the upper bound for a transition which might 
occur gradually over the range r&/3)/2 < 
(R’ + A) < 4.28. 

We now need to provide experimental veriti- 
cation of three kinds : Photographic evidence is 

required to verify our assumed removal con- 
figurations. It remains to be proven that the 
functional equation (2) really does reduce to 
equation (7), and this will require a great number 

of (Imax data. And 6 must be measured over a 
wide range of R’ to eliminate A from equations 
(16) and (19). Then it will be possible to compare 
the theoretical expressions with the correlation 
to determine whether or not they are a success. 

EXPERIMENT 

Measurements of q_ on nichrome wires 4 in. 
in length, in 4 reagent-grade organic liquids 
(acetone, methanol, benzene and isopropanol) 
were made in the capsule shown in Fig. 3. The 
capsule is 35 in. wide, 3.5 in. high and 7 in. long 
with two 4 in. thick plate glass windows in the 
3.5 by 7 walls. A one-in. marker was mounted 
on the bottom of the capsule to provide a refer- 
ence dimension for the reduction of photo- 
graphic data. A low thermal capacity ceramic- 
coated resistance heater was mounted close to 
the bottom of the test section as a preheater. 
Styrofoam, 4 in. thick, was glued around the 
test capsule to minimize the heat losses during 
the experiments. 

Nichrome wire heating elements, ranging in 

Alternote mounhng for heavy gage wires 

FIG. 4. Configuration of cylindrical heater wire attachment. 
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H.M. 

FIG. 3. A test capsule. 
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FIG 6. Photographs of nucleate boiling at q just below qmax. 

(a) g/&=1, R-OW40 in., methanol, q=158000 Btu/ft2h, R’=0.0645. 
(b) g/g,=l, R=0.0255 in., benzene, q=110200 Btu/fFh, R/=0388. 
(c) g/ge=9.9, R=0.0127 in., methanol, q=330000 Btu/ft2h, R’=O.642. 



Fro. 6. continued. 

(d) g/gB=14.7, R=0.0200 in., isopropanol, q=235 000 Btu/fPh, R’=1.281. 
(e) g/ge=26.8, R=0.0320 in., methanol, q=311000 Btu/ft2h, R/=2.68. 
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size from O-0050 to 0+0810 in. dia., were mounted Before each test the wires were cleaned with 
as shown in Figs. 3 and 4. For wire sizes larger soap and hot water, and then rinsed with 
than gage 16, the wires were soldered directly acetone. 
to a tapered brass lead, as shown in Fig. 4. Ail The preheater was used to bring the liquid to 
wires were at least 6 times longer than the “unit its saturation temperature and maintain it there 
cell”. for at least 10 min. It was then turned off to get 

A centrifuge shown in Fig. 5 was designed rid of both bubbles and convective currents, 
and built to operate at speeds up to 360 rpm, and to avoid any effects of electric fields. The 
which corresponds with a gravity of about 100 current in the nichrome heater was then in- 
times earth normal gravity. The centrifuge creased steadily until the transition from nucleate 
facility is described in detail, in [ 121. to film boiling was observed: The voltage or 

Observation side Service side 

_--Thermocouple slip rmgs 

slip 

FIG. 5. Cross-sectional view of complete ten trifuge apparatus. 

A strobe light beneath the path of the test 
capsule was triggered by a photoelectric pick-off 
by each revolution. Thus, the test capsule 
appeared stationary to the eye and the boiling 
phenomenon could either be observed or 
photo~aphed. A Hycam high-speed motion 
picture camera was also used to take continuous 
motion pictures. 

current was then recorded. The same process 
was repeated several times to assure that the 
voltage or current was generally reproducible. 

The peak heat fluxes were calculated From the 
measured voltage or current, the resistance of 
the wire, and the measured heater dimensions. 
The resistance was determined from voltage 
or current measurements made in the nucleate 
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boiling regime close to the transition point 
immediately after each set of observations. For 
different runs, the wires and liquid were replaced 
by new ones to avoid effects of contamination of 
the liquid or of carbon deposits on the wire 
surface. If the transition started consistently 
from the end of the wire, which might indicate 
serious end effects, the wire was not used. An 
error analysis showed that the probable error in 
our reduced qmax observation was +4*1 per cent. 

During both stationary and centrifuge tests, 
about 640 pictures and several high speed 
motion pictures were taken at arbitrary heat 
fluxes very close to the transition point. They 
cover the range of R’ from 0.0645 up to 4.375. 
Five of these photographs are included in Fig. 6. 

About 440 qmx data were recorded over the 
range of heater sizes and gravities-170 in 
acetone, 77 in benzene, 85 in isopropanol and 
106 in methanol. These data are tabulated in 
[7]. The probable errors of the dimensionless 

variables, q,,,.JqmaX, and R’ were about f4.4 
per cent and + 2.9 per cent, respectively. 

PRESENTATION AND DISCUSSION OF RESULTS 

Correlation of q,, data. A total of about 900 

4 _ data were collected in this study. They were 
obtained both from the present experiments and 
from other sources. The observed qmax were 
divided by Zuber’s qmax., which was computed 
with some care in [7] and is plotted for typical 
fluids in Fig. 7. 

Figure 8 displays the present data, as well as 
data of Cumo et al. [13] and Lienhard and 
Watanabe [ 11, in the range R’ < 0.5. It includes 
data for acetone, benzene, carbon tetrachloride, 
isopropanol, methanol and water over wide 
ranges of pressure, gravity and heater size. The 
variability of the data is on the order of f 20 per 
cent except when R’ c 0.15. 

The correlation curve from [l] has also been 
included. This curve was originally presented on 
(q,,.Ja) vs. R’ coordinates, where a is a function 
of thermodynamic constants for the liquid, 
derived with the aid of the Law of Correspond- 
ing States in [14]. The values of (q,,Ja) in 

[ 141 were multiplied by (a/q,,,F) for acetone to 
place it in the present coordinates. The small 
irregularities in this correlation are probably 
related to changes of the transition mechanism, 
too small to be accounted in our relatively 
coarse analysis. 

FIG. 7. Zuber’s q,,,, prediction for flat plate heaters 

Figure 9 shows our data for a larger range of 
R’. Data given by Adams [ 151, Carne [ 161, 
Costello and Heath [17], Cumo et al. [131, 
Frea and Costello [18] and Pramuk and West- 
water [19] are also included. All these data 
correlate consistently in qmax/qmaxF vs. R’ co- 
ordinates. 

Figure 10 shows our data for high R’ and 
additional data from [ 151 and [ 171. The data 
appear to approach a constant value of qmax/qmaxF 
for large R’ as we anticipated. This tendency 
was also observed by Lienhard and Keeling [3] 
in their study of horizontal ribbon heaters. 
Lyon’s [20] data for boiling liquid N, and O2 
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2.5 
I I I I I 

- PredIctron, equatron (23) 1 

--0-0 Correlation for acetone from [I] 

0 Methanol 

0 0 enzene 

T7 Acetone 

A Isoprapanal 

0 Water 

T 

q Carbon tetrachloride data from[l3] 

Open symbols represent data from [I] 

G = I ;0~00103~ p, 50.0197 

numbers in symbols represent number of data 
represented by symbol, if more than one 
closed symbols represent present data 

I.05 G 5 45.2;0.01235 ,a, SO.0216 

1 Represents uncertainty for a srngle data point, 
or variability of several data paints 

Dimensionless radius, R’ 

FIG. 8. Comparison of prediction with experimental data 
for R' -e 0.50. 

are also included in Fig. 10. They all fall within 
the scatter of +20 per cent. 

Figure 11 is a general view of the results of 
the Forrelation. A variety of very low R' data 
obtained by Siegel and Howell [21] under 
reduced-gravity conditions are also included. 
The correlation is shown to be very successful 
with the existing data for all R' > O-15, but 
when R’ < 0.15, the data show a wide scatter. 

The success of equation (7) in bringing together 
so many diverse data indicates that the three 

assumptions upon which it is based must be 
correct. In particular, it is most heartening to 
discover that surface condition has not proved 
to be important-at least for R' > O-15. Some 
further commentary on this is in order : 

Cichelli and Bonilla [22] first indicated that 

4mu was 15 per cent higher for “dirty” surfaces 
than for “clean” surfaces. Berenson [23] subse- 
quently showed that while q_ data for flat 
plate heaters were insensitive to surface rough- 
ness, they could be altered slightly by 0,. This is 
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nb c 1 I r g I r I n 

- Predtctron equatron (23) 

r- Range of data from frg.9 

Present da+a open symbols represent data for g/ge2 I 
closed symbols represent data for I-0<g/gez67-I 

4 

BEthanoi data from [Iti [XI Carbon tetrachloride data from [l3] , 

@Water data from [I5 
t 

B Acetone data from [16] 
@Methanol data from 
@Water dota from [IS] 

191 : 

I 1 I I , I I 1 I I I t 
05 IO I5 20 25 30 

Dtmensionless radius, R’ 

FIG. 9. Comparison of prediction with experimental data for 
R’ < 3.0. 

2, - Prediction, equatron (23) 

= Predictron, equation (25) 

Range of data from Figs.8 and 9 

.= 
E 
E 05 

t 

Present data 

6 > 

v Acetone A Isopropanol 

3259/g, 557.3 W Methanol + Benzene 

q Ethanol, 173, I <g/g, C-80 

@ Water, [15], I<g/ge 580.7 

@ Nrtrogen, $ Oxygen, [20], g/&=I 

11111111 .L-_Lli 
6 7 8 9 IO 1, 12 

Dimensionless radius, R’ 

FIG. 10. Comparison of prediction with experimental data 
for very large R’. 
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because the peak heat flux transition is primarily 
governed by a hydrodynamic stability away 
from the heater, and only indirectly related to 
action at the heater surface. Lyon also showed 
that his q_ data for liquid N, and 0, were 
independent of the surface roughness, but that 
severe changes in the chemical and thermal 
nature of the surface could alter qmax by 25 per 
cent or more. 

In the present study, we have collected data 

for many smooth and very clean surfaces, in 
which only 0, might have been subject to varia- 
tion. Only in the very low R’ range de we dis- 
cover a failure of the simple correlation scheme. 
This might imply either technical difficulties in 
obtaining the experimental data or that equa- 
tion (7) is incomplete in the low R’ range. In 
particular 0, or I might be important independ- 
ent variables. The photographic studies (see 
e.g. Fig. 6a) showed that bubble growth and 

- 

5 - 
3 @j-- - predlctlon. 

’ - V,W,O,A data from Fig. 8forff’S007 
equation (23) _ 

g _ predtctfon, 
equotm 125) - 

Oool 
I I1111 I I I III, I I I1111 

005 0.1 05 I 5 IO 20 
Dimensionless radius, R’ 

FIG. 11. General view of the results of the present correlation. 

-Maximum blanket thickness on bottom of wire 
-Approximate man bbnket thickness on bottom of wire 

oh”““‘l’l”““““““““‘,“““,,l 
0 2 

Dimensionless radius, R’ 
3 4 

FIG. 12. Experimental determination of the vapor blanket 
thickness. 
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merger mechanisms govern the vapor removal 
process at very small R’. In this range, both 
viscosity and contact angle may become very 
significant. 

Results of the photographic studies. Our 
analytical model for the transition mechanism 
was based upon considerable study of motion 
pictures and still photographs such as are shown 
in Fig. 6. These showed that as R’ dropped from 
0.15 down to 0.07 the jets gradually vanished. 
Instead, small bubbles grew on the surface and 
merged into larger ones until, at a high enough 
heat flux, the bubble population became so 
crowded that transition occurred. The deteriora- 
tion of a Taylor-instability dominated transition 
into a bubble merger transition was also ob- 
served at R’ z 0.07 in. lihn boiling by Lienhard 
and Sun [24]. Serious bubble-merging is shown 
at R’ = 0.0645 in Fig. 6a, in which transition 
has already occurred at the center and is pro- 
gressing toward the ends. 

The subsequent figures show the existence of 
the merging plane. They indicate that vapor jets 
do not originate from the heater surface, but 
develop somewhere above the heater where the 
bubbles from both the lower and upper halves 
of the heater surface merge. They also show 
clearly that the vapor escape route is through 
vapor jets. 

The vapor blanket thickness data required to 
complete equations (16) and (19) was also 
obtained from the photographic study. Since 
we view the vapor blanket from the side, 6 
cannot be measured on the horizontal diametral 
plane. Hence, we had to approximate 6 with a 
measurement of the blanket thickness on the 
bottom part of the cylinder as shown in Fig. lb. 

Figure 12 displays the measurements of 6. 
In an attempt to compensate the fact that the 
blanket is not fully developed at the bottom, 
we have reported the range from the approximate 
mean, to the maximum size of the bubbles 
comprising the blanket. A data point measured 
from an early photograph by Westwater and 
Santangelo [25] is also included. The uncertainty 
of these measurements is on the order of +20 

per cent. No attempt was made to measure 6 in 
the range of R’ < 0.15. 

If we combine the envelope of the data from 
Fig. 11 with equation (16), we can specify a range 
of A, consistent with the qmsx theory, for each 
value of R’. The result is plotted in Fig. 12. 
Virtually all the measurements of 6 fall within 
this envelope. 

The “best lit” empirical equation, based on 
both this envelope and the data for 6, is 

A = [2.54 R’ + 6.48 R’ 

exp ( - 344 JR’)] * - R’ (22) 

in the range: 0.15 < R’ < 3.5. The form of 
equation (22) is chosen so as to give a neat form 

for the qmax/qmaxF equation that we shall develop 
next. 

Completion of the q,,, predictions. The substi- 
tution of equation (22) in equation (16) yields 

4 J!YC = 0.89 + 2.27 exp (- 344 JR’). 
4 

(23) 
maXF 

Equation (23) is plotted in Figs. 8-11 and it 
shows very good agreement with the existing 
data. 

The upper limit of equation (23)-the 
transition point between the two models-is 
determined by equation (21). With the help of 
equation (22), we obtain 

R’ = 3.47 at R’ + A = 4.28. (24) 

The constant value for q,,,,.Jq,,, in equation 
(19a) can now be fixed with the help of equations 
(24) and (22) : 

4 max 3’ 4.28 
__ = --m = 0.894; R’ > 3.47. (25) 
4 max, 

Thus the proper upper bound on equation (22) 
is R’ = 3.47, and the relation between A and R’, 
for R’ > 3.47, can be found by combining 
(19a) with equation (25) to get 

A = 0.233 R’ R’ > 3.47. (26) 

Equation (26), plotted on Fig. 12, is consistent 



THE PEAK POOL BOILING HEAT FLUX ON HORIZONTAL CYLINDERS 1437 

with the few measured values of the vapor and 
blanket thickness in this range. 

3t R’ + ’ Figure 13 shows equation (16) for various _!?!E = -~ = 
values of d and the ~rni-theoretjcal equation qmax~ IC R 

constant * > 

for 4maJhax,. Actually equation (23) differs R’ -I- A > 4.28. 
negligibly from equation (25) for R > 3.47. 
Therefore equation (23) can properly be used 2. About 900 qmaX data for cylindrical heaters 
for the entire range of R’ > O-15. of various sizes, under different pressure and 

1 

FIG. 13. Theoretical peak heat fluxes for various values of d, 
compared with final prodiction. 

We have presented two models for the qmaX 
transition. Actually, there are small aspects of 
the transition mechanisms which are ignored 
in these relatively simple descriptions. The 
range of R’ between l-72, at which (R’ + A) = 
1&/3)/2, and 3.47 is, for example, a transition 
range between two models. As R’ increases 
in this range, the jet-spacing becomes decreas- 
ingly dependent on &. 

CONCLUSIONS 

1. A hydrodynamic model is developed for 
the prediction of qmax on horizontal cylinders. 
The resulting expressions are 

4 6 (R’+ A)+. _mBx=--. R’ + A < 4.28 
4 IlMXp x’J3 R’ ’ 

gravity conditions, and in a variety of liquids 
were correlated successfully on qmax/qmaxF vs. R’ 
coordjnates. 

3. The dimensionless vapor blanket thickness, 
A, is determined by an empirical equation 

A = [2*54 R’ + 6.48 R’ 

exp(-344JR’)]* - R’; R’ < 3.47 

from which we find that R’ = 347 at R’ + A = 
4.28. Therefore, 

A = 0.233 R’ R’ > 347. 

4. The resulting equation for qmax on horizontal 
cylinders is 

%laxl9msxF = O-890 + 2.27 exp ( - 344 JR’) ; 

0.15 < R’. 
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5. When R’ < 0.15, the qm, data start 12. J. H. LIEhmRD and W. M. CARTER, Gravity boiling 

deviating from the prediction and scatter widely 

on the qmax/qmaxF vs. R’ coordinates. When 13. 
R’ -c 007, the peak heat flux transition is 
governed by another type of instability in which 
the gravity force is over-balanced by capillary 

1 4, 

forces. 
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LE FLUX DE CHALEUR MAXIMAL POUR L’GBULLITION EN RJ?SERVOIR 
SUR DES CYLINDRES HORIZONTAUX 

R&m&Environ 440 observations originales du flux de chaleur maximal pour 1’6bullition en rbervoir 
dans une large gamme de tailles de gravitb, de pressions rtiuites et de iiquides en tbullition. Ces observa- 
tions et un nombre &gal de renseignements pour d’autres conditions obtenus & partir de la litttrature 
sont corr& avec une pr&cision d’environ +20 pour cent en employant comme coordonn&es le flux de 
chaleur sans dimensions en fonction du rayon sans dimension. 

Une prtvision analytique du flux de chaleur maximal est expos6e. La prCvision dCpend en partie d’une 
“tpaisseur de couche de vapeur”. Des don&s suppltmentaires forment la base d’une expression empirique 
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pour I'Cpaisseur dela couche. J_a substitution dece rkdtatdans 1'Cquation analytiquefournit une tquation 
gtnkrale p&se pour le flux de chaleur maximal. 

DER MAXIMALE WARMESTROM BEIM BEHALTERSIEDEN AN 
WAAGERECHTEN ZYLINDERN 

Zusammenfassung- Etwa 440 eigene Messungen des maximalen Warmestroms beim Behaltersieden 
werden vorgelegt fiir einen weiten Bereich von geometrischen Grossen unterschiedlicher Gravitation, 
fur verminderte Drticke und verschiedene Fltissigkeiten. Diese und eine gleiche Anzahl von Messwerten 
aus der Literatur fur andere Bedingungen wurden korreliert und mit etwa +20 Prozent Abweichung ein 
dimensionsloser Warmestrom iiber dem dimensionslosen Radius aufgetragen. 

Eine analytische Gleichung ftir den maximalen W&rmestrom wurde entwickelt. Diese Beziehung hlngt 
teilweise von einer “Dampfhtillendicke” ab. Zusltzliche Daten liefern die Basis fur einen empirischen 
Ausdruck fur die Deckschichtdicke. Durch Einsetzen dieses Ergebnisses in die analytische Gleichung 

ergibt sich eine genaue allgemeine Beziehung fur die maximale Warmestromdicbte. 

IIPEAEJIbHbIH TEHJIOBOH IIOTOH HPH HMHEHMM Ii EOJIbIII!)M 
OE%EME HA POPII30HTAJIbHbIX IHLJIIIH~PAX 

AHHOTa~llJE-npeJJCTaBJIeH0 IIpllMepHO 440 HenOCpeJJCTBeHHbIX Ha6JIIoAeHMti n0 IIpenW- 
bHOMYTeIIJIOBOMYIIOTOKyupHKHneHLlI4B6OJIbmOM 06YbeMeBIIILIpOKOM ~MaIIa3OHeH3MeHeHHR 
pa3MepoB, ~JIOTHOCTL~,~~BJI~HIUI II pofia It(RzKOCTei%. AaHHbIe 3THx OHbITOB II aKanorwtHbIe 
pe3yJIbTaTb1, Ei3BeCrHbIe 123 JIMTepaTypbI, o606maloTcR C TOqHOCTblO x0 20% 3aBHCHMOCTbIO 
MeHQJ' 6e3pa3MepHbIM TenJIOBbIM nOTOKOM II 6e3pa3MepHbIMH paZRyCOM II KOOpZHHaTaMH. 
Paapa6OTaH aHannTHsecK& MeTon paweTa npeaenbHor0 TennoBoro noToKa. PacqeT R 
HeKOTOpOti CTeneHH 3aBACEiT OT ((TOJImIlHbI CJIOR napa)). AOnOJIHGITeJIbHbIe HaHHbIe CJQDKaT 
OCHOBOti AJIH WIeKTpHYeCKOrO OIIHCaHRJi TOJImllHbI CJIOR napa. nOACTaHORKa 3TOrO pe:l)'.?b- 
TaTa B aHanHTwiecKoe gpaBHeHne n03Bo.w5eT nOJIJ'WITb 0606II&'HHOe ypamresne finfl 

npexenbnoro Tenzoaoro noToKa. 


