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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 120 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.
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NOMENCLATURE

area of the vapor jet, ©(R + 9)*;
area of the heater surface per
wavelength, 27RA,;

any undetermined function of ( );
acceleration of a system in a force
field ;

earth normal gravity;

latent heat of vaporization;
induced convection parameter,
Voo Liud);

molecular weight ;

induced convection buoyancy
parameter, I2/R’;

the parachor, Ma*/(p, — p,);
the reduced pressure, system
pressure divided by the critical
pressure, p,;

@5 Ginaxs Gmin, heat flux; subscripts max and
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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, —
Pt

critical temperature ;

velocity of the liquid in the
vicinity of the vapor jets;
velocity of vapor jets. U
critical value of U,

ge 18

9*p{P/M)(8Mp./3RT)?;

an R’ based on R = §;

the vapor blanket thickness on
the horizontal diametral plane;
the contact angle among liquid,
vapor and the heater surface ;
most susceptible unstable wave-
length, 2n(\/3)[a/g(p,; — p,)1*;
liquid viscosity ;
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Ppr Py saturated liquid and vapor den-
sities, respectively ;
o, surface tension between a satur-
ated liquid and its vapor.
INTRODUCTION

Tuis study is a part of an ongoing attempt to
develop general descriptions of the interacting
effects of gravity, g, and heater size upon the peak
and minimum pool boiling heat fluxes, g, and
Gmine This development has generally centered
upon the exploitation of expressions of the form:

qmax (OI' t'Imin) -
Qmaxp(or Qminp)
f(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
minimum 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 {7], 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.
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FUNCTIONAL FORM OF THE g, EQUATION

In [3] it was shown by dimensional analysis
that

dmx _ FIRLLJ(L+ pJp), 00 ()

Amax E

except in that , the contact angle among
liquid, vapor and the heater surface, was ignored.
1ts addition here is legitimate since it is, itself, an
independent dimensionless group which might,
under some circumstances, influence ¢,,,,. The
remaining groups are:

A dimensionless peak heat flux, Guax/Gumaxe-
Zuber’s [5] prediction for the peak heat flux on
an infinite horizontal flat plate

Imax, = 0-131 (\/pg) hfg [Gg(Pf - Pg)]* 3)

is the best estimate of g,  available and it
satisfies the dimensional 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 p, are the saturated liquid and
vapor densities, ¢ is the surface tension between
a liguid 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, I. This
is a second scale parameter defined as

I= J(p;Ra/is). (5)

It is possible to combine I and R’ so as to obtain
Borishanski’s [8] induced convection buoyancy
parameter, N :

N = I*/R’ 6)
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which (like the Prandtl number) is a physical
property instead of a scale parameter.

A vapor density term, /(1 + p,/p,). This
term contributes 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 gy, over the
entire range of p,. 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.

PREDICTION OF THE g,,, EQUATION

The prediction of gy, Will depend upon the
following assumptions:

(1) The contact angle, 6,, will not influence
Gmax Significantly.

(2) Convection induced by the drag of rising
bubbles will not seriously affect q,,,,,, nor wili any
other influence of viscosity be important.

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

(b} Cross-sectional view of o vapor jef.

Fi1G. 1. Model for peak pool boiling heat flux on horizontal
cylindrical heater, (R’ on the order of unity).
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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, I and /(1 + p,/p,) from the
problem and reducing equation (2) to

qmax

= f(R). M

Grmax,
This is the functional form of the g,,,, expression
that we are now seeking to derive.

The primary assumption that must be made is
the idealization of the vapor removal configura-
tion. Our vapor removal hypothesis is sketched
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 cvlinder meree and form vapor

ARlaz: Ui Liiw J Adianall 1LV E Laxke aRS2id

columns. On thxs plane, the liquid is supported
by the vapor in a Taylor-instable interface. The
jets will be spaced on the Taylor-instable wave-
Iength, Ad, given by Bellman and Pennington [9]
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Instead of using Zuber’s assumption that the
radius of the vapor jets is A,/4, we shall assume
that the jet radius is (R + 0) 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

(8)

*This wavelength is chosen in preference to the wave-
length derived by Lienhard and Wong [4] 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, 4, is much smaller than
2(R + 6) and the scale effect should vanish.
Therefore gax/dmax; should approach a con-
stant limiting value in this case. When R’ is on
the order of unity, 4; and 2(R + J) 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 q,,,,, in two stages—one for
R’ on the order of unity and one for R’ large.
The problem of predicting g,,,, when R' <1
will not be undertaken here.

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

A _71:(R+5)2=(R+(5)2

Il
Ay 2Rl 2RI,

The heat flux, ¢, 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, 4,, we can
write an energy balance in the form

A (R + 8)?
q=pghy, UqA_; = pghs U, 2R2,

)

(10)

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

(R + 8)?

= —_— 10a
qmax pg hfg Ugc 2Rld ( )
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 ([10], p. 473),
the minimum wavelength that will be capillary-
instable is one circumference, or 2n(R + 9), in
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length. This will be the major disturbance in the
jet and will be Helmholtz-instable when U,
reaches a value U, such that ([10], p. 462)

pf + pg 4
2R + &) = 2=n . (11
) pfpg [(Uf + Ugc)z] ( )

Thus, if we neglect the velocity, Uy, of liquid
in-flow, and assume p, < p,,

(2
Vs =\/ [p,(R T 6)]'

Substituting equation (12) into equation (10a)
gives the equation for the peak heat flux on a
horizontal cylinder

(12)

_(R+9? o
e = 2RI, P ’h’”/ [p,(RT 5)]' "

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

A= [glp; — py)lol? (14)

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

Amax = {% (‘\/pg) hfq[ag(pf - pg)]*}

6 (R + 4}
Sk o i

The first group on the right-hand side of equa-
tion (15) contains a constant which has been
balanced against the second term so that it
matches Zuber’s flat plate prediction, gy, . Thus

Gmx 6 (R + 4%
qmax;: - nZ(\/S) R,

(16)

where 4 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 ¢, 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 + &) are spaced on the wavelength,
A4 But 4; and the spacing between jets will
decrease as R’ increases. According to the
previous analytical model, the jets will touch
one another when (R’ + 4) reaches 2n(,/3)/2.

(b) [Xd—ZR*S)] cannot be much less
than 2 (RA+38)

{¢) R4A2428 suggested model for 7'~

F1G. 2. Variation of jet spacing as R’ changes.

However, we did not see this happen in the
present investigation of pool boiling.* Therefore,
the preceding model should fail at some (R’ + 4)
smaller than =,/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, 4,,
is greater than twice the jet diameter, 4R + §),

* It was observed by Vliet and Leppert [11] that, in a strong
forced convection boiling system, no jetting occurred. The
vapor appeared instead to cover the whole wake region of
the cylinder.
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as shown in Fig. 2a. As R’ increases, the difference
between 4; and 4R + &) becomes smaller. We
believe that, when R’ is very large, the open
space between two jets will be equal to 2(R + )
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, 4, 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—vaporinterface. 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 + §), but that the distance
between centerlines of jets is 4R + J) instead of
44 Finally, we use 4, instead of 2rn(R + §) for
the left-hand side of equation (11) and obtain

2no
U, = —
’ \/(paﬁ“)

in the place of equation (12).
Combining equations (8) and (17) with equa-
tion (10a) gives

_|= &ff99(or — p,)
Imax = |:24pghfq \/( p:

[3_*(R’ + A)] 8)

a7

n R
or

G TR + 4)

qmaxF B T R’
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’,
PR +4)_ 6 R+
n R /3 R

. (19)

(20)
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This gives, for the transition between the two
analytical models,

R + A4 = 428. 21

Finally, the expression for g,,, at very large
R’ should become
Gmax 3R + 4
" m R

= constant,
qmaxF

R +4 2428 (19a)
where the dimensionless vapor blanket thickness
still must be determined. Once 4 is known at
(R" + A4) = 428, the constant in equation (19a)
can be fixed.

The jet diameter reaches 4,2 at (R' + 4) =
n(y/3)/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 A, until (R’ + A4)
reaches 4-28. Thus (R’ + A) = 428 is actually
the upper bound for a transition which might
occur gradually over the range n(,/3)/2 <
(R + 4) < 428.

We now need to provide experimental verifi-
cation of three kinds: Photographic evidence is
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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 g, data. And § 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 g,,,,, 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 3-5 in. wide, 3-5 in. high and 7 in. long
with two 1 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, § in. thick, was glued around the
test capsule to minimize the heat losses during
the experiments.

Nichrome wire heating elements, ranging in

eiectrode Solder
Heater wire
A
e — NN

Alternate mounting for heavy gage wires

Brass electrode
/ Capsule wall

Set screw

r— Heater wire

Copper lead

Nylon titting

Tied with thin copper
wire and soldered

Nylon fitting

Washer

Fi1G. 4. Configuration of cylindrical heater wire attachment.
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FiG. 3. A test capsule.
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FiG 6. Photographs of nucleate boiling at ¢ just below gmax.

(a) g/ge=1, R=0-0040 in., methanol, ¢g=158 000 Btu/ftzh, R'=0-0645.
(b) g/ge=1, R=0-0255 in., benzene, ¢=110 200 Btu/ft2h, R’'=0-388.
() g/ge=99, R=0-0127 in., methanol, g=330 000 Btu/ft2h, R'=0-642.



FIG. 6. continued.

(d) g/ge=14-7, R=0-0200 in., isopropanol, =235 000 Btu/ft>h, R'=1-281.
(¢) g/g.=26'8, R=0-0320 in., methanol, g=311 000 Btu/fth, R’=2-68.
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size from 0-0050 to 0-0810 in. dia., were mounted
as shown in Figs. 3 and 4. For wire sizes larger
than gage 16, the wires were soldered directly
to a tapered brass lead, as shown in Fig. 4. All
wires were at least 6 times longer than the “unit
cell”.

A centrifuge shown in Fig. 5 was designed
and built to operate at speeds up to 360 rpm,
which corresponds with a gravity of about 100
times earth normal gravity. The centrifuge
facility is described in detail, in [12].
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Before each test the wires were cleaned with
soap and hot water, and then rinsed with
acetone.

The preheater was used to bring the liquid to
its saturation temperature and maintain it there
for at least 10 min. It was then turned off to get
rid of both bubbles and convective currents,
and to avoid any effects of electric fields. The
current in the nichrome heater was then in-
creased steadily until the transition from nucleate
to film boiling was observed: The voltage or

/Comera
Observation side HJ ) 1 Service side
Comera din
\g Arm : - ] Counterweight
Copsule \ - I —
\Smelg%r:d First mirror
o
o 1 t - 1
)
Bearings
Ui ght e Motor drive
1 .
| s =
o ¥ :
>Power slip rings
Blower Upper seal
Strobe light ___——Thermocouple slip rings

Fi1G. 5, Cross-sectional view of complete centrifuge 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
photographed. 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 q,,,, 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 00645 up to 4-375.
Five of these photographs are included in Fig. 6.

About 440 ¢, .. 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, Guay/dmax, and R’ were about +4-4
per cent and +2-9 per cent, respectively.

PRESENTATION AND DISCUSSION OF RESULTS

Correlation of Qqydata. A total of about 900
dmax data were collected in this study. They were
obtained both from the present experiments and
from other sources. The observed g, were
divided by Zuber’s g, , 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 [1], 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 +20 per
cent except when R’ < 0-15.

The correlation curve from [1] has also been
included. This curve was originally presented on
(@max/®) 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 (g, in
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[14] were multiplied by (o/g,,.¢) 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.

4'0Illl|]lll||lll|¥ll‘|’lvll

~—Water

o
3]

LSS L SN AL L B

30

25

.~ Methanol

| A SR S BT U A RS i

20

Gma X10ABU/FH )

T i S

os|-

TSI B ST T ST B AN G R S A
5

Dr % 103

F1G. 7. Zuber’s g, prediction for flat plate heaters

Figure 9 shows our data for a larger range of
R'. Data given by Adams [15], Carne [16],
Costello and Heath [17], Cumo et al. [13],
Frea and Costello [18] and Pramuk and West-
water [19] are also included. All these data
correlate consistently I Guay/dmax, VS R’ CO-
ordinates.

Figure 10 shows our data for high R’ and
additional data from [15] and [17]. The data
appear to approach a constant value of ¢,n,4/qmax ..
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 O,



THE PEAK POOL BOILING HEAT FLUX ON HORIZONTAL CYLINDERS

1433

”L T | ] | | T
4
i = prediction, equation (23)
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(=]
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e L {0 Benzene 6=1;0001035 p, <0-0197 ]
| VY Acetone numbers in symbols represent number of data i
represented by symbol, if more than one
05— £\ Isopropanol closed symbols represent present data .
- O Water .0S 6 < 45-2,00123< p, S0-0216 -
B Represents uncertainty for a single data point, 4
L_ or variability of several data points
o <
| I | | J 1 |
0 01 0-2 03 04 05

Dimensionless radius,

R

FiG. 8. Comparison of prediction with experimental data
for R" < 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 correlation. 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’ > 0-15, but
when R’ < 015, 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’ > 0-15. Some
further commentary on this is in order:

Cichelli and Bonilla [22] first indicated that
dmax Was 15 per cent higher for “dirty” surfaces
than for “clean” surfaces. Berenson [23] subse-
quently showed that while ¢, data for flat
plate heaters were insensitive to surface rough-
ness, they could be altered slightly by 6.. This is
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max,

q

q

Dimensionless peak heat flux,

max

o
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—— Prediction equation (23)

= Range of data from fig.8
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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 g,,, data for liquid N, and O, were
independent of the surface roughness, but that
severe changes in the chemical and thermal
nature of the surface could alter g, by 25 per
cent or more.

In the present study, we have collected data
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for many smooth and very clean surfaces, in
which only 8. 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 8, or I might be important independ-
ent variables. The photographic studies (see
e.g. Fig. 6a) showed that bubble growth and
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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’ =~ 0-07 in. film boiling by Lienhard
and Sun [24]. Serious bubble-merging is shown
at R’ = 00645 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, ¢
cannot be measured on the horizontal diametral
plane. Hence, we had to approximate § with a
measurement of the blanket thickness on the
bottom part of the cylinder as shown in Fig. 1b.

Figure 12 displays the measurements of &.
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] isalso included. The uncertainty
of these measurements is on the order of +20

KAUO-HWA SUN and JOHN H. LIENHARD

per cent. No attempt was made to measure d 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 g, theory, for each
value of R'. The result is plotted in Fig. 12.
Virtually all the measurements of  fall within
this envelope.

The “best fit” empirical equation, based on
both this envelope and the data for 4, is

A=[254R + 648 R’
exp(—344 /R — 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 Gpmax/Gmax, €quation that we shall develop
next.

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

qﬂﬂﬁ = 089 + 227 exp (- 344 /R).
Equation (23) is plotted in Figs. 8-11 and it
shows very good agreement with the existing
data.

Thz 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' =347 at

(23)

R+ 4=428 (24

The constant value for gugy/dmax, 10 €quation
(19a) can now be fixed with the help of equations
(24) and (22):

_ 31428
T 347

qmax

= 0-894; R > 347. (25)

qmaxF

Thus the proper upper bound on equation (22)
is R’ = 3-47, and the relation between 4 and R/,
for R’ > 347, can be found by combining
(19a) with equation (25) to get

4 =0233R R’ > 3-47. (26)
Equation (26), plotted on Fig. 12, is consistent
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with the few measured values of the vapor
blanket thickness in this range.

Figure 13 shows equation (16) for various
values of 4 and the semi-theoretical equation
fOr Grax/dmaxe- Actually equation (23) differs
negligibly from equation (25) for R > 347.
Therefore equation (23) can properly be used
for the entire range of R' > 0-185,
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and
IR 4+ 4
Jmax = 3_ R .*: = constant;
q}'ﬂaxF r R
: R + 4 > 428

2. About 900 g,,,, data for cylindrical heaters
of various sizes, under different pressure and
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Fi1G. 13. Theoretical peak heat fluxes for various values of 4,
compared with final prodiction.

We have presented two models for the g,
transition. Actually, there are small aspects of
the transition mechanisms which are ignored
in these relatively simple descriptions. The
range of R’ between 1-72, at which (R’ + 4) =
m/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 4,

CONCLUSIONS

1. A hydrodynamic model is developed for

the prediction of g,,,, on horizontal cylinders.

The resulting expressions are
Gmex _ 6 (R + 4
qmaXp nz\/ 3 R ’

R' +A4<428

gravity conditions, and in a variety of liquids
were correlated successfully on ¢pay/Gmaxe VS R’
coordinates.
3. The dimensionless vapor blanket thickness,
4, is determined by an empirical equation
4 =[254R + 648 R’
exp(—344,/R)* - R; R <347
from which we find that R = 347atR + 4 =
4-28. Therefore,
A4=0233R" R > 347
4. The resulting equation for g,,., on horizontal
cylinders is
Gmax/Gmaxy = 0-890 + 227 exp (— 344 \/R));
015 < R
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5. When R’ < 015,

the g, data start

deviating from the prediction and scatter widely
on the ¢uu/dmexr VS- R’ coordinates. When
R < 0:07, the peak heat flux transition is

..... Tames dxremss ~F demodanlalzes

EUVCIHCU Uy allUlllCl Lype vl lllbldUlllly lll WIllLll
the gravity force is over-balanced by capillary
forces.

o
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11.
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LE FLUX DE CHALEUR MAXIMAL POUR L’EBULLITION EN RESERVOIR
SUR DES CYLINDRES HORIZONTAUX

Résumé—Environ 440 observations originales du flux de chaleur maximal pour I’¢bullition en réservoir
dans une large gamme de tailles de gravités, de pressions réduites et de liquides en ébullition. Ces observa-
tions et un nombre égal de renseignements pour d’autres conditions obtenus 4 partir de la littérature
sont corrélés avec une précision d’environ +20 pour cent en employant comme coordonnées le flux de
chaleur sans dimensions en fonction du rayon sans dimension.

Une prévision analytique du flux de chaleur maximal est exposée. La prévision dépend en partie d’une
““épaisseur de couche de vapeur”. Des données supplémentaires forment la base d’une expression empirique
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pour ’épaisseur de la couche. La substitution de ce résultat dans I’équation analytique fournit une équation
générale précise pour le flux de chaleur maximal.

DER MAXIMALE WARMESTROM BEIM BEHALTERSIEDEN AN
WAAGERECHTEN ZYLINDERN

Zusammenfassung— Etwa 440 eigene Messungen des maximalen Wirmestroms beim Behiltersieden
werden vorgelegt fiir einen weiten Bereich von geometrischen Gréssen unterschiedlicher Gravitation,
fiir verminderte Driicke und verschiedene Fliissigkeiten. Diese und eine gleiche Anzahl von Messwerten
aus der Literatur fiir andere Bedingungen wurden korreliert und mit etwa + 20 Prozent Abweichung ein
dimensionsloser Wirmestrom iiber dem dimensionslosen Radius aufgetragen.

Eine analytische Gleichung fiir den maximalen Wirmestrom wurde entwickelt. Diese Beziehung hingt
teitweise von einer “Dampfhiillendicke” ab. Zusitzliche Daten liefern die Basis fiir einen empirischen
Auscruck firr die Deckschichtdicke. Durch Einsetzen dieses Ergebnisses in die analytische Gleichung

ergibt sich eine genaue allgemeine Beziehung fiir die maximale Warmestromdichte.

MMPEIEJBHBIN TEIJIOBONA IIOTOK TP KUIIEHUU B BOJILIIOM
OB BEME HA T'OPU3OHTAJIBHBIX IIMWJINHIPAX

Auvorauus—IIpeacraBieno npumepHo 440 HenocpegcTBeHHBIX HAGJIIONEHMI MO npemeds-
BHOMY TEIJIOBOMY IIOTOKY IPU KUIEHUH B 0ONIBIIOM 00beMe B ITHPOKOM AMANa30He N3MEeHeHUS
pasMepoB, ILNIOTHOCTH, NABJIeHHMA U pofa mugKocreii. [JaHHBIe 3TUX OHBITOB M AHANOTMYHbIE
Pe3yIbTATHl, UBBECTHEIE U3 JIUTEPATYPHI, 0GOGIIAITCA ¢ TOYHOCTBIO 70 209, 3aBUCUMOCTBIO
MeKIy 6e3pasMepHBIM TENIOBBIM TIOTOKOM M (e3pasMepHBIMH PajUycOM U KOODXMHATAMH.
Paspaboran aHaIUTHYeCKMr MeTOJ{ pacyeTa NpefeJdbHOT0 TEILIOBOrO MOTOKa. Pacyer B
HEKOTOpOil cTerneHu 3aBHCUT OT «TOJIIMHEL CIIOS1 mapa». JomoJHHUTebHEIE JAHHBIE CIIYIKAT
OCHOBOW IJIA BJIEKTPUUYECKOTO OMMCAHMA TOJIIMHBI CJIOA nmapa. [JogcTaHOBKA BTOrO pe3y.Ib-
TaTA B AHAJTUTHYECKOEe VPAaBHEHME [03BOJAET IOJIYYUTh 0000IeHHOe ypaBHeHWe A
pegebHOTO TEIIOBOTO TIOTOKA.



