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Abstract-Heat transfer is observed as a function of temperature on small horizontal wires in water and 
four organic liquids. When the wire radius is sufficiently small, the hydrodynamic transitions in the 
boiling curve disappear and the curve becomes monotonic. Three modes of heat removal are identified 
for the monotonic curve and described analytically: a natural convection mode, a mixed film boiling and 
natural convection mode, and a pure film boiling mode. Nucleate boiling does not occur on the small 
wires. 

The study was motivated by an interest in predicting the behavior of large heaters at low gravity. The 
application of the present results to such circumstances is therefore discussed. It is proposed that the peak 

and minimum heat fluxes will vanish at low gravity as well as on small wires. 
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NOMENCLATURE 

Biot number, hRj2k,; 
a function of R’; 
acceleration of a system in a force 
field ; 
heat transfer coefficient, q/O,; 

latent heat of vaporization; 
latent heat of evaporation plus 
34 per cent of the sensible heat 
of vapor at heater wall; 
thermal conductivity of liquid, 
vapor and heater, respectively; 
Nusselt number, 2hRlk 
dimensionless velocity, or PC& 
number, defined by equation (8); 
pressure; 
average heat flux on the entire 
heater. Also heat flux on the un- 
blanketed portion of the heater 
when used with qb; 

* This work was supported by NASA Grant NGR/ 
18-001-035, under the cognizance of the NASA Lewis 
Research Center. The paper is extracted from the first 
author’s doctoral dissertation at the University of Kentucky. 

heat flux on the blanketed portion 
of the wire: 
peak and minimum boiling heat 
fluxes, respectively: 
radius of a bubble; 
Zuber’s predicted peak heat flux 
for a flat plate; 
characteristic dimension, usually 
used to denote the radius of a 
cylindrical wire; 
dimensionless characteristic di- 
mension (usually the radials), 

RCg(p/ - ~&‘a]*; 
modified Rayleigh number, equa- 
tion (16); 
temperature; 
heater surface temperature; 
wall superheat, T, - T,,,; 
temperature overshoot, T at 
nucleation minus minimum T for 
q beyond nucleation; 
time; 
speed of vapor patch propagation; 

(l/P,) - (VPJ); 
2011 
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x, xl,, 

Y, 

axial distance coordinate; sub- 
script b denotes reversed coordi- 
nate under the blanketed portion 
of the wire; 
distance measured from solid wall 
into liquid. 

reek symbols 
thermal diffusivity of heater; 
a dimensionless function, 

2ahvJ,T,,,/ATh,,k; 
viscosity of vapor; 
saturated liquid and vapor den- 
sities, respectively; 
surface tension between a satur- 
ated liquid and its vapor; 
temperature measured above T,,,; 

equilibrium temperature in the 
wire, qjh; 
vapor patch triggering tempera- 
ture; 
dimensionless temperatures, O/O, 
and O,,jO,, respectively; 
dimensionless axial parameters 
defined after equation (10). 

General subscripts 

b, denoting conditions related to the 
portion of heater blanketed by 
vapor: 

sat, denoting conditions at saturation. 

INTRODUCTION 

THE EARLY experiments of Nukiyama [l] and 
of Drew and Mueller [2] demonstrated that 
the plot of heat flux, q, against the liquid 
superheat at the heater surface, AT, exhibited 
local maximum and minimum points. This 
discovery set the stage for a program of study 
that has lasted a third of a century. Since heat 
transfer is remarkably efficient near the local 
maximum, great effort has been directed to- 
ward predicting this limiting heat flux. 

In 1948 Kutateladze [3] discussed the 
mechanism that dictated these extrema, and in 
1958 Zuber (see e.g. [4]) provided an analytical 

description of qmax and qmin for an infinite flat 
plate heater. For qmax he found 

4 maXF = G pfh,, Xag(p, - P,)). (1) 

The Zuber-Kutateladze theory says that qmax 
occurs when the vapor jets leaving the surface 
becomes Helmholtz unstable. It also says that 
the jets are arranged on a grid that is sized 
according to the Taylor unstable wavelength 
in the liquid-vapor interface. These instabilities 
arise as a consequence of inertial, interfacial, 
and buoyant forces. 

The hydrodynamic theory has also been 
formulated for qmax in two finite geometries 
(cylinders [S] and sph eres [6]) and for qmin on 
cylinders [7, 81. For finite geometries it was 
shown independently by Bobrovich et al. [9] 
and by Lienhard and Watanabe [IO] that if 
the characteristic dimension of a body is R, then 

qmaxiqmaxF = OR’) where 

R’ = Rv&Of - PJbl. (2) 

Equation (2) has been shown [l l] to apply as 
long as: the contact angle is small, the system 
is not close to the critical pressure, and the 
viscosity of the liquid is not great, 

Under conditions of very low gravity, or for 
very small heaters, R’ (which characterizes 
the ratio of buoyant forces to surface tension 
forces) becomes small. Figure 1 shows the 

4 max correlation, equation (2) as applied to 
about 900 horizontal cylinder data in [S]. In 
this case, an R’ based on the radius, R, must 
exceed 0.15 if the Zuber-Kutateladze wave 
mechanisms which define qmax are to stay intact. 
For smaller values of R’, surface tension so 
over balances inertia that these mechanisms 
deteriorate, and a sampling of data by Kuta- 
teladze et al. [12], Sun and Lienhard [5], and 
Siegel and Howell [13] no longer correlate on 

qmaxiqmaxF vs. R’ coordinates. 
It was likewise shown in [S] that there is 

still good visual evidence of the wave stability 
mechanisms for all R’ 2 0.12, during film 
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FIG. 1. Deterioration of q ,,,correlation at small R’. 

boiling on horizontal cylinders. But for R’ < 

0.06 these mechanisms cease to be identifiable. 
If equation (2) fails, and the Zuber-Kutate- 

ladze mechanism fails with it, what exactly 
happens to the boiling process at small R’? The 
photographs of Sun [5], of Pitts and Leppert 
[ 141, and of Kutateladze et al. [ 121 for small 
wires provide some clue. Bubbles grow on the 
wire until they are large enough to buoy off 
and there is no evidence of the inertial waves 
that are apparent on large wires. The photo- 
graphs of Siegel and Usiskin [15] and Siegel 
and Howell [ 131 show the same kind of process 

for greatly reduced gravity. The forces of surface 
tension and buoyancy remain important, how- 
ever the process is slowed down and the effects 
of inertia are greatly reduced. Indeed, the 
soundtrack of a movie by Siegel and Keshock 
(associated with [16]) specifically notes the 
reduced inertia effects in boiling under low 
gravity. 

The problem that we face is then this: “If, 
at low gravity or for small wires, inertia becomes 
insignificant and the Zuber-Kutateladze mech- 
anisms fail, what replaces them?” We must 
now ask what the various investigators who 

A cocks to 

6 
thermometer 

rknife-edaes 

manometer 

1 watts 
eater 

source 

FIG. 2. Schematic representation of experimental apparatus. 
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have given qmax and qmin data for low R’ have 
actually observed. Without the inertial wave 
mechanisms it is hard to see how there could 
have been any qmax or qmin points to report. 

EXPERIMENT 

To answer the question raised in the Intro- 
duction we set out to measure the full q vs. AT 
curve for very small wires heating a variety 
of liquids. The apparatus used to do this is 
shown in Fig. 2. 

A small platinum wire, which serves as both 
a resistance heater and a resistance thermo- 
meter, is suspended in the liquid of interest 
and boiling is observed at successive heat 
fluxes. The temperature of the wire was calculated 
from the resistance which in turn was computed 
from the ratio of voltage to current, using the 
method detailed by van Stralen and Sluyter 
[ 171. Since complete details of the experimental 
method are given by Bakhru [18], we shall only 
list a few major features of the tests here: 

The wires were cleaned in soap and then 
rinsed in the test liquid. Reagent grade liquids 
were used in all cases. During actual observa- 
tions the preheater, which was used to maintain 
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FIG. 4. Boiling curve for I-mil platinum wire in acetone 

saturation conditions, was momentarily 
switched off. Since the wires would melt during 
atmospheric pressure runs in water, the water 
runs were all made at pressures in the neigh- 
borhood of 3 in. Hg abs. The maximum probable 
error in q was found to be 2i per cent. The 
maximum probable error in AT varied from 
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FIG. 3. Boiling curye for I-mil platinum wire in benzene. FIG. 5. Boiling curve for I-mil platinum wire in methanol. 
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FIG. 6. Boiling curve for I-mil platinum wire in isopropanol. 

Our complete raw data are given in the form 
of 13 boiling curves in Figs. 3-14. These have 
been arranged in order of increasing R’ from 
0.0076 up to 0.0806. In each case data are 
presented for both increasing and decreasing 

36 per cent or about S$ “F at the very lowest 
AT’s to 1% per cent or about 13 “F at the highest 
AT’S 
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FIG. 7. Boiling curve for 2-mil platinum wire in water. 
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FIG. 8. Boiling curve for 3-mil platinum wire in water. 

heat flux to expose any hysteresis effects. 
Figure 5 combines data for two wires under 

The major significance of the present study 

identical conditions to assure reproducibility 
of results. 

is readily apparent from these curves. As AT 
is increased on the smaller wires, q rises mono- 
tonically without passing through a maximum 
and minimum. Only as R’ increases to about 

lot 
2-mil pt wire in methanol 

saturated at I atm 

z R’= .01612 
, 

N 
z \ e il transition from 

to patchy 
film boiling 

0 increasing 

. decreasing 
otion 

0 
r 0 . 

0.1 ’ ’ 1111111 1 I 111111 
1520 50 100 500 1000 

wall superheat, AT PFI 

FIG. 9. Boiling curve for 2-mil platinum wire in methanol. 
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FIG. 10. Boiling curve for 4-mil platinum wire in water. 

& does the conventional boiling curve begin 
to re-establish itself. 

Still and high-speed motion pictures were 
made during the boiling process. For small R’, 

the still pictures were similar to pictures 
presented by several previous authors for small 
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FIG. 12. Boiling curve for 4-mil platinum wire in methanol. 

wires at high heat fluxes (e.g. [12] and [14]) as 
well as to those presented for large wires at low 
gravity (e.g. [13] and [15]). The first nucleation 
resulted in a bubble which grew and spread 
horizontally until the wire was partially blan- 
keted with a vapor patch. As q was increased, 
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FIG. 13. Boiling curve for 5-mil platinum wire in methanol. 
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the fraction of the wire covered by vapor 
increased until the wire was totally blanketed. 

The photographs very strongly suggested 
that the blanketed portions of the wire were 
fully covered with vapor and that there was 
no liquid-to-heater contact within them. While 
these patches are properly to be called “Mm 
boiling” they exhibited none of the Taylor 
wave processes. Instead, vapor removal was 
accomplished when buoyancy alone over- 
balanced surface tension, so that fairly large 
bubbles rose in an irregular way. 
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FIG. 14. Boiling curve for IO-mil platinum wire in methanol 

The motion pictures provided details of patch 
growth and collapse. Figure 15 shows a tracing 
made from a IO-frame motion picture sequence 
during the growth of a patch on a 1-mil wire in 
methanol. In the organic liquids that we used, 
patches would rapidly grow in this way and 
then collapse. Thus the vapor patches would 
flicker on and off from place to place on the 
wire. However, the patches were very stable in 
water. They would establish themselves and then 

t=O mi%econds 

t= 2.08 

t = 4.16 

t = 6.24 

t = 8.32 

t = 18.72 

FIG. 15. Vapor patch propagation traced from a ten-frame 
motion picture sequence. Methanol on a 1-mil platinum 

wire, R’ = 0.008, q = 165 000 Btu/ft’h. 

spread steadily as the heat flux was increased, 
until the wire was totally blanketed. 

The boiling curves show that for R' < 0.01 
the monotonic small-wire mechanisms are com- 
pletely established. As R’ is increased from @Ol 
to about 0.03, two phenomena appear: One is 
the onset of hydrodynamic transition in the 
sense that nucleate boiling occurs first, and then 
undergoes a discontinuous transition to film 
boiling. The other phenomenon is a temperature 
overshoot on the rising heat flux curve. The 
resulting hysteresis in the curve becomes quite 
pronounced as R’ is further increased to 0.08. 
The hydrodynamic mechanisms, of course, 
will only be,fully re-established for R' values of 
about 0.12 or 0*15-well beyond the range of 
the present tests. 



We thus have four distinct processes to 
consider in greater detail. They are: 

inside the bubble is given by the Clausius- 
Clapeyron equation as: 

(1) Natural convection from small wires. 

(2) The inception of boiling. 
(3) The mixed-mode, or combined film-boil- 

ing and natural convection, regime. 

(4) Film boiling from small wires. 

The nucleate and transition boiling regimes do 

not appear in the list since they do not occur 

when R’ is small. 
Of these processes we shall concentrate on 

the last three. Bakhru’s [18] consideration of 
the natural convection data presented in Figs. 3- 

14 revealed that they were generally consistent 
with the results of many investigators, as have 

been correlated by McAdams [19], and that 
their scatter was generally comparable. A few 
points close to boiling inception fell somewhat 

above McAdams curve, probably owing to 
thermocapillary jetting from potential nuclea- 

tion sites. This process is a Marangoni effect 
which has been discussed by a variety of 

investigators (see e.g. Trefethen [20, 211). Such 
jetting was evident in our experiments and is 
discussed at greater length in [18]. For larger 
heaters, on which R’ is small by virtue of low 

gravity, the conventional natural convection 

correlations for cylinders should apply per- 

fectly well. 

If we take the right-hand-side of equation (4) 

as nearly constant over the small temperature 
ranges of interest, then integrate it between 

T,,t and T of interest, and finally introduce the 

Laplace equation (p - psat = 2a/r), we get the 
relation between the temperature in a bubble 

and its radius, r, as 

Now, with reference to Fig. 16, let us consider 
a hemispherical nucleus protruding into a 

THE INCEPTION OF BOILING 

Double equilibrium @‘unstable nuclei 

In 1961, Hsu [22] pointed out that when a 
nucleus bubble protrudes into liquid with a 
non-uniform temperature profile at a wall, 

there are two equilibrium positions that it 
might assume. Brown [23] subsequently des- 
cribed this process for a steady temperature 
profile, in the following way: 

The temperature profile at the wall is given 
in terms of the heat flux and the distance, ~1, 

from the wall, as 

FIG. 16. Equilibrium nucleus radii in a temperature gradient 
near a wail. 

liquid whose temperature is given by equation 
(3). At a point r = y, for which the temperatures 
given by equations (3) and (5) are equal, the 
cap of the bubble will be in equilibrium. How- 
ever, the liquid around the equatorial region 
will be hotter than the gas inside, and evapora- 
tion will occur. This will cause the bubble to 

T = TM, - qyik. (3) 

The rate of change of temperature with pressure ~~ ~~~ 

dT _ Tsatv/y 
dp - h, ’ 

(4) 
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(5) 
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grow a little larger, forcing the cap into cooler 
liquid until a balance is struck between con- 
densation at the cap and evaporation at the 
base of the bubble. Thus the equilibrium radius 
will be just a little in excess of the r for which the 
T’s given by equations (3) and (5) are equal. 

Depending upon the parameters of equations 
(3) and (5), three situations can exist as suggested 
by Fig. 16. If there is no intersection, the shape 
of any liquid-vapor interface that might exist 
in the cavity is determined, not by equations 
(3) and (5), but by such features of the cavity as 
the contact angle and the presence of non- 
condensable gases. If the curves simply fall 
tangent there is a single equilibrium radius, a 
little larger than r2. If the temperature distribu- 
tion in the liquid near the wall is still steeper, 
there will then be two possible equilibrium 
points one of which will be a little larger than 
r3. The other equilibrium radius is smaller 
than the existing site in this case: hence it 
would have been triggered already in the cavity 
depicted. If the cavity were smaller, either site 
could exist. 

The double radii are stable with respect to 
slow changes of 4 (and of the temperature 
gradient) until the smaller radius becomes too 
small for the cavity. The larger radius will 
trigger if its size is somehow altered quickly 
enough that inertia will cause it to overshoot 
its equilibrium. Accordingly the group at M.I.T. 
named these large nuclei, “metastable bubbles” 
and they noted experimental examples of their 
metastable behaviour [23, 241. We shall have 
two occasions in the present discussion to point 
out their influence. 

Nucleation* hysteresis 
In all cases, nucleation occurred in the present 

tests at temperatures well in excess of that 
predicted by equations (3) and (5) for rz. Further- 
more nucleation always began at temperatures 

* We use the word “nucleation” to denote the inception 
of bubble growth whether it leads (as in the case of small R’) 
directly to film boiling or (as in the case of larger R’) to 
nucleate boiling. 

a good deal larger than those at which it stopped. 
Thus a “metastable bubble” undoubtedly gave 
rise to nucleation, and nucleation terminated 
when the temperature fell below the triggering 
temperature for the cavity. The disparity be- 
tween the two points is called “nucleation 
hysteresis”. 

Temperature overshoot hysteresis 
The phenomenon of temperature overshoot 

is well known. In prior studies, we have each 
noted independently [24, 251 that when nuclea- 
tion occurs the temperature sometimes drops 
back before continuing to rise with q. Then, the 
decreasing heat flux traverse usually drops to 
the right of the nucleation heat flux and meets 
the convection regime with much less dis- 
continuity. Several other authors, all the way 
back to Corty and Faust [26], have noted this 
hysteresis. In the present case the magnitude 
of the temperature overshoot diminishes with 
size as is demonstrated in Fig. 17-a plot of the 
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FIG. 17. Influence of heater size on temperature overshoot. 

temperature drop at inception, AT,,, against 
wire size. 

It is commonly argued (see e.g. [26, 271) that 
the overshoot occurs because the first nuclea- 
tion triggers many adjacent sites and a sudden 
onset of widespread boiling cools the heater. 
Before the first boiling occurs, the larger 
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nucleation sites which would normally have 
triggered inception, are initially filled with 
liquid and they do not function at low tempera- 
tures. But as the heat flux is decreased, the sites, 
having filled with vapor and begun to function, 
will continue to function down to low tempera- 
tures, thus shifting the return traverse to the 
right and causing a hysteresis. That the tempera- 
ture overshoot vanishes with decreasing wire 
size simply reflects the fact that there are fewer 
and fewer large sites on finely drawn wires. 

Thus the nucleation hysteresis should be the 
same for large wires at low gravity as for these 
small wires. But the temperature overshoot 
hysteresis, on the other hand, could not be 
expected to vanish on large wire-s at low gravity 
the way it does here. 

MIXED-MODE BOILING 

Vapor,fLont propagation 
Figure 15 suggests an important aspect in the 

growth of a vapor patch, namely that it spreads 
with a constant velocity. This behavior was 
reproducible in many motion picture runs for 
wires in methanol and it was evident in the 
other organic liquids, but not in water. Since 
this spreading behaviour is a primary feature 
of the mixed-mode regime we wish to look at it 
in detail. 

Figure 18 shows the advancing vapor patch 
in a coordinate frame that moves with the speed 
of propagation, u. Thus the liquid-vapor inter- 
face is fixed while the wire moves into it with 
a speed, II. Defining 0 s T - Tsatr we can write 
the equilibrium wire temperatures under the 
patch and in the liquid as 8,, and 8,, respectively. 

We propose to determine the propagation or 
“triggering” temperature B,,, that is consistent 
with an observed propagation speed. This will 
then help to reveal the mechanism of propaga- 
tion. In particular we wish to know whether 
the interface propagates at the Leidenfrost 
temperature or at a nucleation temperature. 

The heat conduction equation for the wire 
is easily obtained from the familiar fin equation 

L h,, heat transfer coefficient,h 1 

FIG. 18. Steady-state representation of advance of a vapor 
patch. 

as long as the transverse Biot number, hRjk, is 
small : 

(6) 

where 9 here designates the local heat fiux. It 
will be less in the unblanketed portion of the 
wire since the temperature (and electrical re- 
sistance) are lower in that portion. Equation 
(6) will apply to either the blanketed portion 
of the wire (hereafter designated with the 
subscript, b) or to the unblanketed portion. The 
boundary conditions are 

dt? de, 

-I -I dx X=O= dx _i); 
O(0) = e,(o) = 00. (7) 

The dependence of the propagation velocity 
upon system variables is given by LI = II (cc, 9, q,, 
k,,, R, h, h,, 0,) where 8, and O,, are dependent 
variables since they equal q/h and qbjhb respec- 
tively. There are thus 9 variables expressible in 
4 dimensions, so the problem reduces to 5 
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independent dimensionless groups. For these 
we choose : 

Q, s 8, = e”; U 

qih 0, Pe = a,i(2hjk,R)’ 

h 
b. qb 

h’ 7’ 
(8) 

The first group is a dimensionless triggering 
temperature. The second group is a kind of 
P&let number involving the familiar fin con- 
stant , I(2hjk,R). It compares the propagation 
capacity of the vapor front to the conduction 
capacity of the wire. The Biot number, Bi, is 
typically on the order of 10e3 in the present 
problem, and should therefore exert no in- 
fluence other than assuring us that radial 
conduction can be ignored in the total problem. 
Thus we anticipate a functional equation of the 
form : 

00 = @ o(Pe, h,jh, qbiq). 

The analytical problem then reduces to a 
pair of coupled ordinary differential equations : 

Q”+p&‘-Q= -1 (9) 

631 - Pe 

= - e,,je, 

with boundary conditions: 

Q(m) = 1; @b(m) = $; 
b 

O’(0) = - 

@(o) = @b(o) = 0, (10) 

where the dimensionless dependent variable is 
5 = xJ(2hjk,R) or eb 5 xbv~(2hbjk,R). The solu- 
tion is straight forward and the result is 

’ - 1 1 ; J(1 + 4/PeZ) J 

(11) 

Equation (11) will (by way of an example) now 
be compared with methanol data for a I-mil 
platinum wire (Figs. 5 and 15). To make the 
comparison we take the blanketed and un- 
blanketed conditions to correspond approxi- 
mately with the points at either end of the 
mixed-mode regime in Fig. 5. Here, h = 1475 
and h, = 654 Btu/ft2h”F, so h,/h = l/2*26. The 
temperatures at the end points are such that 
qbjq = 1.95. 

Figure 19 displays equation (11) for this 
qbjq and for three values of h,jh: 0, $, and the 

1.0 1.5 2.0 2.4 

dimensionless triggering temperoture.8, 

FIG. 19. Influence of triggering temperature on vapor 
front velocity. 

value of l/2.26 given above. It is clear from the 
curve that the relation between the dimension- 
less propagation velocity, Pe, and the triggering 
temperature, O,,, is not too sensitive to h,jh. 
In this case the average value of u was found 
to be about 0.86 ft/s (cf. Fig. 15 where u = 
0.83 ft/s) which gives Pe = 2.48. The correspond- 
ing value of O,, is 1.19, so the vapor front 
propagates by virtue of a triggering temperature 
only 19 per cent higher than that which gives rise 
to the first nucleation. 

The triggering temperature for methanol is 
thus comparatively low-a typical nucleation 
temperature-and definitely not the Leiden- 
frost temperature. Figure 15 bears this out in 
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that the front appears to be moving by triggering 
a succession of new bubbles immediately ad- 

jacent to it. The patch spreads until so much of 
the wire is insulated and heated-up that the 

resistance rises, throttling the current. This 

reduces the heat flux and the patch must again 
retreat. The result is the rapid, and apparently 
random, growth and collapse of patches on the 

wire. 

Non-propagation @‘the vapor ,fLont 
One of the liquids used in the present study- 

distilled water---did not show the propagation 
of the vapor patch. The patch (or patches) 

formed in water and spread in direct proportion 
to 4. The flickering behavior was not present 

as it was in the various organic liquids. 
To see why this should be, we might first 

recall (Figs. 3-14) that the nucleation hysteresis 
was far less pronounced in water than in the 

organic liquids. But nucleation hysteresis should 
depend on the presence of “metastable bubbles”. 

Let us therefore equate T as given by equations 
(3) and (5) and set j’ = r. The result can be 

solved for r, whence: 

(12) 

where 

A c 2ohof,T,,,ikhf, AT. (13) 

The ratio of the two possible radii given by 
equation (12) will be real if nucleation occurs. 

Thus: 

Equation (14) is plotted in Fig. 20. Values of 
n based on the inception point for the smallest 
wire in each of the five liquids have been 
calculated and plotted on this curve. It turns 
out that the ratio rbiJrlittle ranges between 
about 60 and 130 for the organic liquids but 
it is only about 4 for water. Thus there are many 
large “metastable bubbles” in the organic 

0 
0 0.1 0.2 

A 

FIG. 20. Radius ratio of equilibrium bubbles at inception for 
various liquids on small wires. 

liquids. These tend to be triggered by the 
disturbances associated with the advancing 
vapor front, so the patch keeps over-running 
itself and then collapsing. Since any metastable 

bubbles in water differ relatively little from 
ordinary nuclei, the front can trigger only the 
nuclei very near the vapor-front and the 

advance is stable. 
Using Fig. 7 we find h,jh = Q for water on a 

2-mil wire. Entering equation (11) with this 

value and a zero propagation speed (i.e. Pe = 0) 
we find 0, 1 6.6 or (since 8, 2 70 “F) 19” 1 
462 “F. The front can thus be at any temperature 
up to 19 = 462 “F but it still is not triggering 
nuclei. Thus, without large metastable bubbles 
on the wire, only those nuclei immediately 
adjacent to the vapor-front will be triggered. 
Furthermore 8, is too low to trigger a Lieden- 
frost front. This is why the patch doesn’t move 
in this case. 
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Large cylinders at low gravity would behave large wires at low gravity or small wires under 

like those described here with two possible higher gravity. 

changes: (1) The Biot number might become It is, of course, possible to tit an empirical 
large enough to make the heat conduction curve to the data in Fig. 21 and obtain higher 
problem two-dimensional. This would require 
a considerably more complicated set of predic- IC I I I Illllll I I I IIIIL 

tive relations than we have offered, possibly 

without great change in the results. (2) With 

more nucleation sites on the cylinder, 8, would 
probably tend to be lower than it is on small 
wires. 

z 
FILM BOILING -- 

*0 

Bromley [28] provided the first analytical CL 

‘;: 
prediction of heat transfer from cylinders in 3 

1950. He found that: 

where: 

Nu/(Ra*)* = 0.62 (15) 

Ra* = P,(P~ - P,) h,*, sW3ic1 k, AT. (16) 

In 1962, Breen and Westwater [29] provided a 
semi-empirical modification of Bromley’s equa- 
tion. For 2R’ < 0.8 they recommended: 

0. I I 

dimensionless diameter, 2R’ 

Ntr/(Ra*)* = 0.372(2R’)’ + 0.274/(2R’)+. (17) FIG. 21. Correlation of heat transfer data for film boiling 

Finally, in 1967 Baumeister and Hamill [30] 
on small wires. 

derived the following relation 

Nu/(Ra*)* = 0.373 
1.088 t 

(2R’) + 3.68 + (2R,)2 
I 

. accuracy than either equation (17) or (18) will 
give. For example 

(18) Nuj(Ra*)* = 0.7/(2R’)’ (19) 

The present film boiling data have been will fit the data nicely. 
plotted on Nu/(Ra*)* vs. (2R’) coordinates in 
Fig. 2 1, and the preceding three expressions have 
been included for comparison. Bromley’s pre- CONCLUSIONS 

diction is, of course, low for small R’ and the (1) The local maxima and minima in the 
other two expressions were developed with the boiling curve which are dictated by hydrody- 
objective of improving it. Equations (17) and namic instabilities vanish for all R’ d 0.01. The 
(18) are a little high and a little low respectively, region 0.01 < R’ < 0.15 is a transition regime 
but either is in reasonable agreement with the in which the hydrodynamic mechanisms re- 
available data. Since Baumeister and Hamill’s establish themselves. 
expression is based upon an analytical rationali- (2) Nucleate boiling also vanishes when R’ 
zation that applies to wires of any size, the becomes small. 
correlation in Fig. 21 should bevalid for either (3) Natural convection and film boiling on 



2024 NANIK BAKHRU and JOHN H. LIENHARD 

small wires (or on larger cylinders at low gravity) 
are predictable by conventional methods. 

(4) The nature of a monotonic boiling curve 
between first nucleation and full fIrn boiling 
has been traced in detail and many of its features 
have been done for the constant electrical 
current case on small wires. The region is one 
in which film boiling and natural convection 
coexist on the wire. If the parameter A is on the 
order of a few hundredths or less, patches of 
film boiling flicker on and off over the wire. If 
A is larger than one or two tenths, the patches 
are steady and grow only with increasing heat 
flux. The analytical descriptions of the mixed- 
mode regime can generally be applied to large 
cylinders at low gravity as well. 
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(5) Values of q,,, hitherto reported by many 
investigators (e.g. [12-141) for q maxat R’ < 0.03 
have probably been either q at the inception 
of film boiling, or values of q for which the 
temperature first began to increase rapidly, or 
possibly values of q for which the heater first 
glowed red. In any case, such data are not 
meaningful since there is no longer a real local 
maximum to measure. 
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EBULLITION A PARTIR DE PETITS CYLINDRES 

R&urn-On analyse en fonction de la temperature le transfer? thermique sur des petits fils horizontaux 
immerg&s dans I’eau et dans quatre liquides organiques. Quand le rayon du fd est sufisamment petit, les 
transitions hydrodynamiques dans la courbe d’ebullition disparaissent et la courbe devient monotone. 
Trois modes d’hacuation de chaleur sont identifies a partir de la courbe monotone et sont analytiquement 
dtcrits: un mode de convection naturelie, un mode mixte d’ebullition en film et de convection naturelle 
et un mode pur d’tbullition en film. Lebullition nucl&e ne se produit pas sur les petits lils. 

Le but de cette etude est la prevision du comportement de grands chauffoirs pour une faible gravitation. 
L’application des resultats presents a de telles circonstances est discutee. On propose que les flux 
thermiques maximum et minimum s’bvanouissent aussi a faible gravitation comme pour des lib minces. 

SIEDEN AN DUNNEN DRilHTEN 

Zmarnmenfassnng-An dunnen horizontalen Drlhten in Wasser und vier organischen Fliissigkeiten 
wird der WIrmetlbergang als Funktion der Temperatur untersucht. 

Wear der Drahtdurchmesser g&lgend klein ist, verschwinden die hydrodynamischen Ubergange in 
der Siedekurve und die Kurve wird monoton. Drei Arten des W&metransportes wurden fur die monotone 
Kurve gefunden und analytisch beschrieben: eine Art der freien Konvektion, eine gemischte Art von 
Filmsieden und freier Konvektion und eine Art reinen Filmsiedens. Blase&eden tritt an dtinnen Drihten 
nicht auf. 

Die Arbeit wurde angeregt durch das Interesse am Verhalten grosser Heizflichen bei geringer Schwer- 
kraft. Die Anwendung der vorliegenden Ergebnisse unter solchen Bedingungen wird daher diskutiert. Es 
wird vorausgesetzt, dass die maximalen und minimalen Wrirmestromdichten sowohl bei geringer Schwer- 

kraft, als such an dunnen Drlhten verschwinden. 

KHIIEHHE HA IIOBEPXHOCTB HEBOJIbIIIklX HIIJIHH~POB 

Arrrraaqusr-Ha6nroRancB TenJtOOTBOA OT Ke6onbrtrBx l’OpMBOHTaBbHbIX npOBOJIOYeK B BOAe 

II seTbIpeX OpraHEWeCKHX ?-KHAKOCTRX B BPBACHMOCTB OT TeMnepaTypEL npH AOBOJIbAO 

MZlJfbIX paHHyCaX npOBOJIOqKIl IIC9e3alOT rHApO~HHaWi9eCKHe nepeXOAbI, H KpHBaH CTPHO- 

BUTCH MOHOTOAHOfi. AHaJIuTH~eCKH ycTaHoBneHJ4 Ii OnUCaHbITpK cnoco6aoTBonaTenna~nH 

cnyBafi u0K0~0~~0Zt ~pK~0t-i: ecTecTBemian KoKBeKqm, cnfemamfoe nneK0wioe Knneme c 

‘3CTeCTBeHHOti KOHBeKnHeg K YACTO nBeHOuHOe KKneHKe. ~yBbtpbKOBOt? KHneHBe Ha TOHKEIX 
npOBOBOBKaX He npOUCXO@rT. klCCJK?AOBaHHe BbtaBaHO KHTepeCOM , npOHBJIfIeMbIM K paCqeTy 

6onbmax HarpeBaTeJreP npn Manot rpaBnTaqm. nO3TOMy 06CywAaeTCR npH?deKeme 

HaCTOHJWiX pe3yJlbTaTOB KTaKHM CJly'laRM.~pe~nOJIaraeTCH,'ITO IlYIKOBbIe H MHHHMaJIbHbIe 

TenJIOBbIellOTOKkiIlCYe3aIOTnpll MElJIOi rpFiBMT3qKH,TaK tKe KaKH HZtTOHKEiXnpOBOJIOYKaX. 


