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HEAT TRANSFER IN NUCLEATE BOILING, MAXIMUM 
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Abstract-Characteristic boiling curves of the refrigerants (Freon) R12, R113 and R114 were determined 
for pressures up to 30 bar. The test fluids boiled on the outsides of a smooth nickel tube and of a grooved 
tube. 

By application of Stephan’s stability condition stable operating points could be maintained at maximum 
heat flux densitv and in the transition region. Due to the differing slooes of the characteristic boiling 
curves the stability condition in the transition region is easier to fulfil at low pressures than at high pressures. 
By using a test tube with grooves it was possible to favourably influence the shape of the characteristic 

boiling curves with respect to heat transfer and stability. 

NOMENCLATURE 

D, bubble diameter at departure [m] ; 
gravitational acceleration [m/s’] ; 

ii’= d/AT, 
heat-transfer coefficient [W/m’K]; 

Ah/h, uncertainty in heat-transfer coefficient 

[%I; 
k thermal conductivity [W/mK] ; 

PP pressure [bar] ; 

4, heat flux density [W/m’] ; 

r, radius of tube [m] ; 
R 

R;’ 

thermal resistance [m’K/W]; 
roughness (DIN 4762) [ 10P6m] ; 

S, wall thickness [m] ; 

7: temperature [‘Cl ; 
AT = T, - TL, 

temperature difference [K] ; 

w, flow velocity [m/s]. 

Greek letters 

P, density [kg/m31 ; 
5 surface tension [kg/s21 ; 
0, wetting angle [deg]. 

Subscripts 
I, inside; 

* Present address: Dept. of Mechanical Engineering, 
125 Mechanical Engineering Building, University of Minne- 
sota, Minneapolis 55455 Minnesota, U.S.A. 

2, outside; 
cbc, characteristic boiling curve; 
chs, characteristic of heating surface; 

F, fluid ; 

L, liquid; 

r! vapour; 

kV wall. 
1. INTRODUCTION 

IN ORDER to avoid destruction or sudden changes 
from nucleate to film boiling evaporators are 
usually operated well below the maximum heat 
flux density. Irrespective of whether indirect 
fluid heating or direct electrical heating are used, 
it is possible to transfer heat at maximum heat 
flux density and in the transition region between 
nucleate and film boiling without a change of the 
boiling mechanisms as long as a certain stability 
condition is fulfilled that was first derived by 
Stephan [l, 21 and was later also established by 
other authors [3-51. 

The studies that led to this stability condition 
showed that it is useful to know the shape of the 
4, AT-characteristics in the transition region 
between nucleate and film boiling, since it is 
then easier to estimate how closely the maximum 
heat flux density may be approached in cases, 
with no stability in the transition region. More- 
over, means may be devised to influence the 
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boiling process in such a way that the peak of 
the &AT-curve broadens over a wider range of 
the temperature difference AT or that its slope is 
less precipitous in the transition region. By 
such means it is easier to achieve stable boiling 
conditions at maximum heat flux density and 
in the transition region. The aim of this investi- 
gation was therefore to determine for various 
test fluids the &AT-characteristics ranging from 
nucleate boiling to film boiling. Furthermore the 
investigation was to reveal the influence of 
different pressures and of various forms of 
surface geometry. 

Contrary to the large number of test results 
for the range of nucleate and film boiling to be 
found in literature, there is only little experi- 
mental information concerning heat transfer 
in the transition region. Those results published 
were mostly gained at atmospheric pressure. 
In some cases the test apparatus only permitted 
measurements during unsteady operation [6, 71 
or, due to stability problems. only few test 
results were obtained in the vicinity of the point 
of minimum heat flux density [3, 81. 

2. STABILITY CONDITIONS FOR EVAPORATORS 

To facilitate the understanding of the experi- 
mental technique used in this investigation it is 
advisable to first elaborate on the stability 
condition derived by Stephan [l, 23. 

The thermodynamic system to be described 
in conjunction with boiling phenomena con- 
sists of the boiling liquid, the heated wall and in 
some cases the fluid used for heating. It was 
divided by Stephan into two sub-systems. Snb- 
system 1 consists of the boiling liquid and also 
comprises properties of the evaporator surface 
as far as they influence the boiling process (such 
as wettability or roughness). The steady-state be- 
haviour of sub-system 1 during heat transfer 
is described by the q,AT-curve, the so-called 
characteristic boiling curve, which shows the 
heat flux density 4 transferred from the heating 
surface to the boiling liquid as a function of the 
temperature difference AT = T, - T,_ between 
heated wall and boiling liquid. The shape of the 

characteristic boiling curve in the &AT-diagram 
is, as we know, similar for all boiling liquids. 
For sub-system 2 Stephan obtained, from the 
Fourier-Kirchhoff energy equation, a curve in 
the &AT-diagram, which is called the heating 
surface characteristic. The equation for the 
heating surface characteristic during steady- 
state operation is [ 1,2] : 

4 = - &.AT+ $7~ - T,,) + go. (1) 
W W 

Operating points of an evaporator are fixed by 
the points of intersection of the characteristic 
boiling curve and the characteristic of the heating 
surface. Stephan showed. however, that such 
an intersection only then defines a stable 
operating point, if at the respective point the 
gradient of the characteristic boiling curve is 
greater than the gradient of the heating surface 
characteristic. Thus the stability condition for 
stable operating points of an evaporator is as 
follows : 

1 

R,‘- (2) 

If the heated wall is that of a tube, on the outside 
of which a liquid is boiling at a temperature TL 
and along the inside of which there is a mass 
flow at the temperature TF, the thermal resistance 
R, is: 

k W+-lIn2 y1 

R,. = 
h,s s --- rl s 

kw ’ 
(3) 

r1 
r_ 

L 

Correspondingly, for heating through a plane 
wall we have: 

The heat flux density 4, in equation (1) is a func- 
tion of the thermal resistance R,, of the sources 
of internal energy and of geometry. If one assumes 
that the physical properties do not change in the 
relevant temperature range, the characteristic 
of the heating surface represented by equation 
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(1) is a straight line with the gradient: 

Technical evaporators always have characteris- 
tics by which the stability condition in the region 
of nucleate and lihn boiling is fulfilled. In the 
region of transition boiling, however, it is 
usually necessary to take particular precautions 
to obtain stable boiling conditions. One such 
measure, according to Stephan, consists in 
leading a mass flow along that side of the heating 

((1) 

conditions is independent of whether the mass 
flow participates in the heat transfer or not. 
Only the heat-transfer coe&ient h, between the 
mass flow and the heated wall, the thermal 
conductivity k, and the geometry of the wall 
determine the magnitude of the thermal resis- 
tance and thereby the slope of the steady-state 
characteristic of the heating surface. 

The physical objective of the mass flow with 
its stabilizing effect on the boiling process 
becomes clear if one studies the transient 
behaviour of the system consisting of both the 

lb) 

- Mass flow, (h,,r,, -Mass flow, Ch,,T,, 

(a) Indirect heating by a mass flow 

(b) Direct heating wth heat sources !n the wall and StabiJlzation by a rrm$ flow 

FIG. 1. Heated wall. 

wall that is not in contact with the boiling liquid. 
This mass flow can at the same time be used as 
heating medium for the boiling liquid or else, 
as for instance in case of direct electrical or 
nuclear heating of the wall, not contribute at all 
to the heat transfer, cf. Fig. 1. All intermediate 
states, where heating is partly effected by the mass 
flow and partly through heat sources in the wall, 
are also possible. Furthermore, it is possible to 
let both the boiling liquid and the mass flow 
absorb heat from the wall heated by heat sources. 
Thus, it can be generally said: 

4F =z * 20 (5) 
with & being the mean value as to time and 
place of the heat flux transferred by the mass flow. 

The slope of the heating surface characteris- 
tic as the relevant parameter for stable working 

heated wall and the boiling liquid. As a particu- 
larly illustrative example we shall consider the 
case that the heat transferred to the boiling 
liquid is completely generated by internal energy 
sources (Fig. l(b), (iF = 0). The heat flux density 4 
and the temperature difference AT as defined 
above represent only the local and time mean 
values of these quantities. In actual fact, however, 
fluctuations of the heat flux density and thus 
also fluctuations in the temperature difference 
occur due to the periodical formation and separa- 
tion of vapour bubbles from the heated surface. 
These fluctuations have been verified experi- 
mentally by several investigators [Mlf. By 
choosing a mass flow with high specific heat 
capacity, a high heat-transfer coefficient and a 
high flow velocity along the heated wall, we 
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achieve a compensation of such fluctuations. The 
deviations from the average heat flux value are 
absorbed or supplied by the mass flow without 
notable change in temperature. On the time 
average the mass flow does not transfer heat 
provided that its temperature exactly equals the 
local and time mean value of the temperature 
on the surface in contact with the mass flow. 

This stabilization method is therefore equiva- 
lent to providing additional heat capacity for 
the heated wall. Consequently, any calculation 
of stability, as the above considerations show, 
has to take into account the transient behaviour 
of the system. If only the steady-state behaviour 
of the system is considered, there is no certainty 
that the real system behaves as predicted by 
the stability condition gained from a calculation 
for the steady-state system. Kovalev [3, 121, 
in his studies, did indeed obtain a correct 
result for the stability condition without, how- 
ever, taking into account the transient behaviour 
of the entire system in the vicinity of a stable or 
unstable operating point [ 131. ’ According to 
Ouwerkerk [ 141 the stable or unstable behaviour 
during boiling is determined by heat conduction 
along the heated surface. This is inconsistent 
with the above statements, according to which 
the thermal resistance and the heat capacity are 
the governing parameters for stable behaviour. 
The method of measuring heat transfer in the 
regions of maximum heat flux density and transi- 
tion boiling by direct electrical heating and 
simultaneous stabilization of the boiling process 
by a separate liquid has already been described 
by Poletavkin and coworkers [15] and was 
demonstrated with measurements at maximum 
heat flux density. However, the necessary sta- 
bility condition, equation (2), was not observed 
by these authors. 

3. OPERATING POINTS OF AN EVAPORATOR 

Let us first study the point of maximum heat 
flux density (point 1 in Fig. 2) as an operating 
point of an evaporator and consider the effect 
of various possible shapes of the heating surface 
characteristic. We shall assume that the physical 

properties are independent of temperature so 
that the characteristics of the heating surface 
are straight lines. This restriction, although 
not principally necessary, will simplify the 
following discussion. 

di - co 
dAr 

I 

Temperature difference, AT= Tw-c 

FIG. 2. Operating points. 

In the case of direct heating without additional 
measures for the stabilization of the boiling 
process, the characteristic of the heating surface 
is a horizontal line (line B in Fig. 2). Accordingly, 
it has a gradient exactly equal to that of the 
characteristic boiling curve (A) at its maximum 
in point 1. According to the stability condition 
this is an indifferent operating point at which a 
minor disturbance of the equilibrium results 
in a change of the boiling condition to the region 
of film boiling, i.e. to the stable operating point 
2. If, however, an evaporator with direct 
heating is stabilized by a mass flow or, if the 
evaporator is heated by a mass flow only, we 
have heating surface characteristics (C, D) that 
become increasingly steeper the greater the heat 
transfer coefficient h, on the heated side of the 
wall and the smaller the thermal resistance 
s/k, of this wall. The vertical characteristic of 
a heating surface (E) is a limiting case which is 
not attainable. 

From the foregoing presentation we infer 
that an evaporator can be operated at maximum 
heat flux density without running the risk of the 
boiling condition changing over to the region 
of fihn boiling if one succeeds in making its 
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heating surface characteristic (D) so precipitous 
that there is only one point of intersection (1) 
with the boiling curve (A). Such an intersection 
always characterizes a stable operating point, 
independent of whether there is direct or indirect 
heating. If there are further points of intersection 
(3, 4) of which the one in the transition region 
between nucleate and tihn boiling always repre- 
sents an instable operating point (3), it is possible 
to obtain a new operating point (5) by a slight 
reduction of the heat flux density, i.e. by a 
parallel shift of heating surface characteristic 
towards nucleate boiling (F). This operating 
point then lies only slightly below the point of 
maximum heat flux density where minor dis- 
turbances of the equilibrium, however, now do 
not result in a change of the boiling mechanism. 
One can furthermore deduce from the discussion 
above that, independent of the kind of heating, 
stable boiling conditions in the transition region 
are only possible if the two characteristics (A, G) 
have only a single point of intersection (6). This 
is inconsistent with the frequently held opinion 

that generally all points of the characteristic 
boiling curve can be maintained in steady-state 
operation if the evaporator is heated by con- 
densing steam or by a flowing fluid. 

4. EXPERIMENTAL EQUIPMENT 

The experimental equipment is shown simpli- 
field in Fig. 3. Further details are described in 
[16]. The test fluid boils on the outside of a tube 
in a boiling vessel. The vapour subsequently 
condenses in the condenser and the condensate 
flows back to the boiling vessel. The test tube 
may be heated in two ways. Either directly by 
an electrical current, or indirectly by a liquid 
(water) flowing inside the test tube. Both kinds 
of heating can also be combined. In order to 
obtain stable boiling conditions in the transition 
region the slope of the heating surface characteris- 
tic of the test section may be altered by increasing 
or reducing the flow velocity of the liquid within 
the tube and thereby also the heat transfer coef- 
ficient h,. The highest flow velocity during 
measurements was 20 m/s. The test fluids were 

Tempermg chamber 

Air------_____ 

Pressurs regulator 

Thomson bridge 

Resistance standard 

_ Flow measuring 
tank 

Temperature regulator 

Electrical heater 

I- 

1 

Cooling water 

FIG. 3. Experimental equipment. 
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the refrigerants (Freon) R114, R12 and R113. 5. RESULTS 

The measurements were made at pressures The results discussed in the following were all 
between 05 and 30 bar. The test tubes used were obtained with indirect heating. The results for 
a smooth and a grooved nickel tube (Fig. 4). direct electrical heating, with and without a 

The measurements were to yield the average stabilizing liquid flow, will be presented in a 
heat flux density 4 along the heated surface and later paper. 
the average temperature difference AT between 
heated surface and boiling liquid. With liquid 5.1 Smooth tube 
heating the heat flux density was obtained by an Figure 5 shows the characteristic boiling 
enthalpy balance for the heating liquid between curve for R114 at a pressure of 3 bar. The 

Smooth tube Grooved tube 

(Rp=061pm) ( Rp -0.4Zpm 1 

Heated length 560 mm 

Length of testsection 350 mm 

Material Nickel 

FIG. 4. Test tubes. 

the two ends of the test section. The temperature 
difference lay between 0.6 and 1.6 K. In the case 
of electrical heating the heat flux density was 
determined by current and voltage measure- 
ments. The surface temperature could be calcu- 
lated from the average wall temperature. The 
average wall temperature itself was obtained by 
measuring the electrical resistance of the test 
section. A disturbing factor was that this electri- 
cal resistance does not only vary with tempera- 
ture but is further influenced by mechanical 
stresses. The influences due to mechanical 
stresses were taken into account in the evaluation 
since otherwise the results for small temperature 
differences AT would have been affected with 
unduly high errors (for more details on this see 

C161). 

measurements were repeated several times in 
order to verify the reproducibility. One can see 
that the values of the heat flux density, deter- 
mined over a period of 17 days, scatter by 
averagely less than 5 per cent around the solid 
curve. The heat flux densities measured one 
month later, however, lie at considerably smaller 
temperature differences. During the time be- 
tween these differing measurements all other 
experiments with R114 were performed, with 
pressures increased up to 20 bar. It seems 
possible that during this period, particularly 
due to the high boiling temperatures, there 
occured changes in the heating surface affecting 
the wettability or the nucleus formation [7]. A 
visible change could not be detected. Figure 6 is a 
joint presentation of six characteristic boiling 
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5 

4 
3 Symbol Date 

t . 11.2.71. 12.2.71. 

. 10.2.71. 
0 

NE 2 
2 v 22.2 71. 

. 23.2 71 

IO’ 
I I11111111111 I 111111111111 I I IL 

I 2 3 4 56 8 Id 2 3 456 6 IO2 2 3 

Tempemiure difference A T, K 

FIG. 5. Characteristic boiling curve for R114, p = 3 bar. 

curves for R114 at pressures between 3 and 20 density, as first established by Chichelli and 
bar. Since the curves partly lie very close to each Bornilla [ 171, is clearly recognizable. The maxi- 
other, the measured points are not shown in the mum value first increases with growing pressure, 
diagram. The experimental data are listed in reaches its peak at 9 bar and then decreases 
Table 1. The presentation of Fig. 6 demonstrates again at higher pressures. Moreover, one finds 
the improvement of heat transfer to be expected that the temperature difference AT at which the 
in nucleate boiling with increasing pressure. The maximum occurs diminishes with growing 
influence of pressure on the maximum heat flux pressure. The shape of the curves in the transi- 

5- 

4- 

3- 

NE 2- 

2 

.6 105-- - 

.G 6_ 

i :- 

z 4- 
5 

t 3- 

: 
2- 

IO41 ’ ’ ’ ““1 “‘11 1 1 11 1111 Illll 1 1 I I 

I 2 3 456 6 IO’ 2 3 4 56 .Sld 2 3 

Temperaturn difference AT. K 

FIG. 6. Characteristic boiling curves for R114 p = 3-20 bar. 
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5 

4 Symbol Dote 

3 . 29.4 71 

0 29 4 71 

IO’ 11 ~~111111111 I11111 IllIll I ,,I_ 

I 2 3 4 56 810’ 2 3 4 56 818 2 3 

Temperature difference A T, K 

FIG. 7. Characteristic boiling curves for R113. p = 0.5-l bar. 

tion region may at first sight lead to the conclu- 
sion that the slope remained roughly the same at 
all pressures. This impression, however, as will 
be discussed later, arises only due to the loga- 
rithmic scale. We further notice in Fig. 6 that 
the characteristic boiling curves apparently 
converge in the region of film boiling. This 
would mean that heat transfer in film boiling 
is independent of pressure. The bibliography 
does not give us clear information concerning 
the pressure influence in film boiling. Both, such 
data that indicate an influence of pressure 
[18, 191 and such independent of pressure 
[20, 211, are to be found. Possibly the critical 
pressure ratio is the governing factor [22]. 

For R113 the characteristic boiling curves 
were determined at 0.5 and 1 bar (Fig. 7). As we 
know, this substance is less stable against 
thermal decomposition than, for example, R114 
or R12. Therefore one soon finds deposits on the 
heating surface which cause a decrease in heat 
transfer. For this reason the measurements 
with R113 were performed within a shorter 
period and only at low boiling temperatures. 
Yet, it can clearly be seen from the measured 
data that the temperature differences grew 
during the repeated tests and, accordingly, heat 
transfer became worse. After these tests the 

heating surface was covered with a thin grey 
coating. 

The tests with R12 at pressures of 7,14 and 30 
bar are shown in Fig. 8. A peculiarity in com- 
parison with the other tests occurred at a pressure 
of 30 bar. At this pressure it was no longer possible 
to obtain steady-state operating points in the 
transition region. After exceeding the point 
of maximum heat flux density there occurred a 
sudden transition to a point near the minimum 
heat flux density. A similarly abrupt transition 
was recorded in the opposite direction from film 
boiling to nucleate boiling. Obviously the sta- 
bility condition was not fulfilled. In order to 
verify this, the characteristic boiling curves for 
R12 were plotted in Fig. 9 with a linear scale. 
For a given heat flux density the characteristics 
of the heating surface were calculated by equa- 
tions (1) and (3) for the conditions of the experi- 
mental apparatus and were made to intersect 
with the characteristic boiling curves in Fig. 
9. One can now see that at pressures of 7 and 14 
bar stable operating conditions are possible 
because the characteristics of the heating surface 
are steeper than the characteristic boiling curves. 
The flow velocities of the water inside the tube 
were 5 and 20 m/s. At 30 bar, however, the 
characteristic boiling curve in the transition 
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‘t 

IO’ ’ “““““I’ ’ ’ ““ll1’11’ ’ “I_ 
2 3 4 56 8 IO’ 2 3 4 56 8 IO’ 2 3 

Tempemture differenceA T. K 

FIG. 8. Characteristic boiling curves for R12, p = 7-30 bar. 

region is steeper than the characteristic of the 
heating surface; consequently there are no 
stable operating points. The statement made by 
the stability condition therefore corresponds 
to the observations in the experiment. 

The diagram with the linear scale also demon- 
strates that the characteristic boiling curves in 
the transition region become steeper with in- 
creasing pressure. Stable boiling conditions 
in this region are therefore more difficult to 
achieve at high pressures than at low pressures. 

5.2 Grooved tube 
Figures 10 and 11 show the results for a grooved 

tube when boiling R114 at pressures of 3 and 6 
bar. Curves 1 and 2 for the grooved tube present 
the same measurements. They only differ in the 
choice of the reference area for the heat flux 
density and the wall temperature. In the case of 
curves 1 the reference area for the heat flux 
density 4 is that of a smooth tube with the same 
outside diameter d,, i.e. the increase in surface 
area due to the grooves was not taken into con- 

~empw,tum dmxmce AT, K 

FIG. 9. Characteristic boiling curves for R12, p = 7-30 bar 
(linear scale). 
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G 
I 

2- 
I Grooved tube.4 with (1, OS reference diameter 

2. Grooved tube, ireferred to the total outside surface 

3. Smooth tube 

IO”. ’ 1 lllilf11111 ’ 1 jllllllllll ’ “L 
2 3 4 56 810’ 2 3 4 56 810’ 2 3 

Temperature difference A T, K 

FIG. 10. Characteristic boiling curves for R114. grooved 
tube. p = 3 bar. 

sideration. The wall temperature T, is also 
referred to the diameter d,. In case of curves 2 
the heat flux density is referred to the total outer 
surface, and the wall temperature to the tube 
diameter at the base of the grooves. For compari- 
son the curves 3 show heat flux densities of a 
smooth tube. 

By comparing curves 1 and 3, one finds that, 

with the same outside tube diameter, heat 
transfer in nucleate boiling is considerably 
improved by grooving the tube. If one compares 
curves 2 and 3, one is surprises at first glance to 
find that in the region of nucleate boiling heat 
transfer from the grooved tube at a pressure of 
3 bar is better than from the smooth tube, 
whereas it is about the same at a pressure of 6 bar. 

s - 
4 - 

3 - 

2 - 
/i 

E 

2 
IO5 - 

.d *_ 
t” 
c” 6 
8 5- 

2 4- 

6 3 

P 
2 - 

P I Grooved tube, ,j with d0 (1.~ reference diameter 

2 Grooved tube, 4 refefMdtOthe tOtO OUtSide SUrfaCe 

3 Smooth tube 

IO4 / 111111111111 II fIlll(lllJl 11 Ii 

/ 2 3 4 56 8 lOi 2 3 456 S102 2 3 

Temperature difference A< K 

FIG. 11. Characteristic boiling curves for R114, grooved tube. 
p = 6 bar. 
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This behaviour is partly in accordance with 
observations by Gorenflo [23], who determined 
the heat transfer from tinned tubes of various 
dimensions to boiling Rl 1. Gore&o found that, 
with a clearance between the tins equal to twice 
the bubble diameter at departure, heat transfer 
is lower than with tubes having either smaller or 
a larger clearance between the tins. He ascribed 
the improvement of heat transfer at larger 
clearance to the more favourable flow condi- 
tions between the fins. The improvement at 
smaller clearance is assumed to be caused by the 
influence of the growing bubbles on the boundary 
layer on both sides of the fins. 

The test tube for the measurements shown in 
Figs. 10 and 11 had a clearance of06 mm between 
the fins. The bubble diameter at departure [24] 

D = 0-01468J[g(,L20 Dv)] (6) 

results, with 8 = 35” [ZS], to 058 mm at 6 bar 
and to 065 mm at 3 bar. Consequently, at a 
pressure of 3 bar a bubble, before it departs from 
the surface, penetrates to the surface of the op- 
posite fm and completely disrupts its boundary 
layer. This process certainly produces a con- 
siderably better heat transfer than ifa bubble with 
smaller diameter is not able to break through the 
opposite boundary layer. Although the bubbles 
at departure do not have a fixed diameter and 
although equation (6) is only valid for a bubble 
in static equilibrium, whereas actual bubble 
diameters at departure vary by a distribution 
law, the above statement certainly remains 
valid since at a pressure of 3 bar more bubbles 
with a diameter of over 0.6 mm are formed than 
at a pressure of 6 bar. Gorenfl o’s measurements 
in the region of nucleate boiling always showed 
a higher heat transfer for finned tubes (relative 
to the total outer surface) than for the smooth 
tube, which Gorenflo attributed to additional 
convective influences around the finned tubes. 
Contrary to this, Fig. 11 shows no difference 
between the two tubes at a pressure of 6 bar. 
It may be assumed that in this case, on account 
of the very small clearance between the fins, 

the supply of liquid to the heated surface is 
blocked by the vapour flowing off, so that 
additional convection does not become effec- 
tive. 

According to the Figs. 10 and 11 the maximum 
heat flux density is approximately the same for 
the grooved tube and for the smooth tube (curves 
1 and 3). The increase in surface area due to the 
grooves has no influence because the supply of 
liquid into the narrow grooves is disturbed by 
the vapour. This result is in good accordance 
with the tests by Burck and coworkers [26], 
who determined the influence of surface rough- 
ness on the maximum heat flux density in flow- 
ing water. The largest peak-to-valley height in 
the test was 0.3 mm. The authors estabhshed that 
at low velocities the maximum heat flux densities 
did not differ from that of a smooth tube. 
Bondurant and Westwater [27] on the other 
hand, found that the maximum heat flux density 
of finned tubes, depending on the dimensions of 
the tins, may be up to almost twice as large, as 
that of a smooth tube with the same outside 
diameter. The size of the tins and the clearance 
between them were, however, much greater 
in those experiments than with the grooved 
tube investigated here. These fins also permitted 
all three modes of boiling, i.e. nucleate boiling, 
transition boiling and film boiling, to be present 
on the tins at the same time. The authors point 
out that a reduction of the clearance between the 
fins will only cause an increase in the m~imum 
heat flux density as long as the boiling processes 
do not influence each other and that a further 
reduction of the clearance finally has to lead to 
the results for a smooth tube. With respect to 
stable boiling conditions at maximum heat flux 
density and in the transition region, the most 
important result of the work by Bondurant and 
Westwater and of the present investigation is 
that the shape of the characteristic boiling curve 
can be positively influenced if the surface is 
equipped with tins or grooves, By such means 
the peak of the curve can be broadend over a 
larger range of the temperature difference AT 
and in the transition region it is flatter than the 
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curve for the smooth tube. As measurements by 
Berenson [8] and Nishikawa and coworkers 
[lo] show, the shape of the characteristic boiling 
curve can be influenced in the same way if the 
surface is oxidized or contaminated or if a 
surface-active agent is added to the boiling 
liquid. 

6. OBSERVATIONS OF Tm BOILING PROCESS 
IN THE TRANSlTION REGION 

On account of photographs Westwater and 
Santangelo [ZS] came to the conclusion that 
in the transition region there is no contact 
between the heating surface and the boiling 
liquid. On the other hand Berenson [S] could 
show with his experiments that there is in fact 
temporary contact between heating surface 
and liquid. Berenson described the boiling 
process in the transition region as a combina- 
tion of unstable nucleate boiling and unstable 
film boiling with both boiling mechanisms 
existing alternatively at every point of the 
heating surface. The same results were obtained 
by Stock 1291, who also performed measure- 
ments in the transition region. Kesselring et nl. 
[ll] and Nishikawa et al. [lo] experimentally 
determined the temperature fluctuations on the 
heating surface at all points of the characteristic 
boiling curve. They found that the greatest 
temperature fluctuations occur in the upper half 
of the transition region near the point of maxi- 
mum heat flux density. These temperature 
fluctuations are explained by the short contact 
between heating surface and liquid. With rising 
tem~rature of the heating surface the tempera- 
ture fluctuation become smaller and finally 
disappear even before the point of minimum heat 
flux density is reached [ 111. Accordingly in the 
lower part of the transition region the liquid no 
longer touches the heating surface. Observa- 
tions of the author and photographs of the boil- 
ing process also indicate that already before 
reaching the point of minimum heat flux density 
there exists on the heating surface a continuous 
vapour film that is no longer broken by the 
liquid. The liquid-vapour interface, however, is 

still in vigorous motion, which can be recognized 
from the ragged lines of reflected light in Fig. 12. 
On the other hand, in the region of film boiling 
an almost smooth interface can be observed 
(Fig. 13). 
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FIG. 13. Film boiling, R113, = 1 bar, 4 = 28 p 000 W/m2, AT = 104 K. 

[fdng page 16221 



HEAT TRANSFER IN NUCLEATE BOILING 1623 

17. 

18. 

19. 

20. 

21. 

22. R. J.‘ S~ON~U and K. J. B~u~ursrua, Experimental 
effects of pressure, subcooling, and diameter on thin- 
wire film boiling ofliquid nitrogen, Adv. Cryogenic Engng 
16,416-425 (1971). 

23. D. G~RENFLO, Zum Warmeilbergang bei der Blasen- 
verdampfung an Rippenrohren, Diss. T.H. Karlsruhe 
(1966). 

24. 

25. 

W. FRITZ, Berechnung des Maximalvolumes von 
Dampfblasen, Whys. Z. 36, 379-384 (1935). 

26. 

27. 

K. STEPHAN, Beitrag zur Thermodynamik des W&me- 
iibergangs beim Sieden. Abhandl. des Deutsch. Kiil- 
tetechn. Vereins Nr. 18. C. F. Milller, Karsruhe (1964). 
E. BURCK, W. HUPSCHM~DT and E. DE CLERCQ, Einfluss 
kilnstlicher Rauhigkeit~ auf die kritische W&me- 
s~omdichte bei erz~ngen~ Konvektion, Atomkern- 
energie M(5), 305-308 (1969). 
D. L. BONDURANT and J. W. W~T~ATER, Performance 

of transverse tins for boiling heat transfer, Chem. Engng 
Prog. Symp. Ser. 67(113), 30-37 (1971). 

28. J. W. WE~TWATER and J. G. SANTANGEU), Photographic 
study of boiling, Ind. Engng Chem. 47, 1605-1610 
(1955). 

M. T. C~CH~LI and C. F. B~NILLA, Heat transfer to 
liquids boiling under pressure, Trans. Am. Itrst. Clrem. 
Engrs 41,755-787 f 1945). 
P. Pmcmam and U. GRIGULL, Filmverdampfung an 
waagerechten Zylindem, Wiirme- und Stoffiberfragung 
3,75-84 (1970). 
R. D. WRIGHT, L. D. C~urlu~n and C. P. CULVER, 
Nucleate and film pool boiling of ethan~thylene 
mixtures. A.I.Ch.E. JZ 17(3). 626-630 (19711. 
U. Gut&~ and E. AB&ZIC, Heat-transfer from a 
wire in the critical region, Proc. Ins&. Mech. Engrs 
182(31), 52-57 (1967-68). 
E. ABADZIC and R. J. GOLDSTEIN, Film boiling and free 
convection heat transfer to carbon dioxide near the 
critical state, Int. J. Heat Mass Transfer 13, 1163-1175 
119701. 

29. B. J. STOCK, Observations on transition boiling heat 
transfer phenomena, ANL-6175 (1960). 

APPENDIX 

Table 1. Rlf4 test data 

Date Ah/h 
E%l 

p = 3 bar 

22 Feb. 1971 46600 
62 700 
87 900 

150500 
174900 
197 300 
216600 
231200 
131200 
211300 

6.68 
I.60 
8.37 
9.93 

1076 
11.62 
12.74 
14.31 
16.60 6.6 
20.08 7.2 

12.9 
9.8 
7.2 
8.3 
7.2 
6.5 
7-2 
6.7 

Table l-continued 

p =3 bar 

191300 

23 Feb. 

26 Feb. 

67000 
159600 
177 200 
212 900 
233 500 
224 600 
199600 
162200 
116400 
92500 
68 200 
40700 
35800 
33 100 
32 050 
30600 
30 700 
29400 
32 500 
36700 
36 800 
77900 

103 700 
155900 
175 700 

21.81 

744 
10.08 
10.95 
12.81 
14.80 
17.10 

7.9 

9.9 
8.5 

;I:; 

5.7 
5.8 

20.70 64 
24.50 7.7 
29.20 10.6 
32.50 
38.05 ;:; 

43.10 9.4 
47.40 105 
52.00 10.4 
5790 10.5 
6480 14.3 
73.60 13.9 
84.20 13.8 
9630 14.3 

108.90 14.7 
123.20 14.7 

6.92 108 
762 
8.98 ;:z 

9.70 7.6 

p=6bar 

5 March 108 100 564 95 
169 700 6.89 83 

216000 8.24 258 000 10.30 ;:; 

267 400 1340 243 300 17.35 ;:; 

200900 20.57 5.8 
146200 25.45 7.7 
93000 32.16 11.6 
68400 35.60 7.2 
39 300 42.65 14.7 
30 500 7080 13.3 
31900 82.30 12.6 
33 800 93.90 12.3 
36400 104.50 116 

6 March 73900 4.59 12.2 
90900 5.57 10.9 

111400 600 85 
153 100 6.72 86 
189900 7.55 7.9 



p = 9 bar 

9 March 57 200 
86 900 

123400 
170 500 

10 March 90 100 
155 900 
190 500 
230 700 
254 600 
280 900 
288 700 
270 700 
154200 
148 500 
112900 

75 900 
56 900 
47 400 
37 700 
30 300 
30 800 
31600 
35000 
35 400 

p = 12bar 

14 March 

16 March 

78000 
97700 

147 300 
173300 
202000 
145 100 
168 500 
195 900 
213 100 
242 700 
252 700 
273 300 
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Table l-continued 

3.53 IO.0 
4.43 9.8 
4.78 9.8 
5.75 9.4 
4.64 114 
5.62 9.2 
6.24 7.9 
7.50 7.8 
8.61 7.0 

10.60 6.5 
12.52 5.8 
15.97 5.9 
24.3 1 9.7 
25.10 7.4 
27.98 11.8 
3@90 14.9 
33.60 12.3 
35.60 15.6 
41.70 13.3 
63.20 13.0 
73.70 12.6 
84.10 12.3 
91.30 11.5 
94.70 Il.3 

p = 15bar 

19 March 

20 March 

p = 20 bar 

22 March 

271000 
242 900 
137400 
87 500 
55 800 
42 500 
38 900 
28 600 
27200 
34 000 

3.34 12.9 
3.66 Il.1 
4.31 10.3 
473 9.1 
5.43 9.1 
4.23 11.0 
4.85 9.5 
5.49 9.2 
5.99 8.9 
7.09 8.1 
7.9 I 7.6 
9.65 6.9 

11.46 6.7 
14.93 7.1 
20.32 14.7 
24.93 16.9 
28.18 15.8 
31.85 16.4 
37.15 17.5 
65.53 166 
74.80 16.9 
84.80 14.7 

23 March 

88 400 2.77 15.5 

142 500 3.85 13.9 
166 700 3.95 12.5 
213 900 5.20 12.2 
233 600 6.04 10. I 
246 500 7.23 9-2 
246 200 9.90 8.8 
220 600 11.69 9.5 
139000 16.81 14.4 
126 200 17.31 15.1 
87800 19.12 21.8 
53 700 22.36 22.7 

46 800 23.98 15.2 
32 400 28.84 11.4 
30 400 32.68 11.X 
26 500 65.59 14.9 
28 300 73.83 14.5 
76 400 1.76 18.6 

102 400 3.10 15. I 
148 100 3.76 134 
192 700 4.55 12.1 
221500 5.38 10.6 

86 400 
122800 
152200 
181600 
198 800 
109 400 
129 900 
174900 
191200 
203 200 
201000 
150200 
195 400 
126400 
63 800 
54 700 
33 700 
31700 
25 300 
22 700 
20900 
24 500 

2.45 16.9 
2.91 14.3 
3.38 Ii.7 
4.30 13.3 
5.24 12.0 
-‘,64 
5.13 

17.6 
14.9 

4.08 l?.? 
4.82 10.7 
5.57 9.X 
5-65 9.Y 
9.22 Il.3 
5.48 ICkl 

10.12 13.1 
13.97 23.9 
15.59 16.3 
17.76 23 x 
19.49 16,2 
23.83 18.5 
43.18 16.4 
49.11 16.9 
55.30 149 



Table 2. R12 test data 

date CWi4n21 
Ah/h 

[Xl 
p = lbar 

10 April 

13 April 

66000 4.38 13.6 
104400 5.06 12.1 
120800 5.38 10.6 
169800 6.05 10.3 
213900 6.72 9.4 
170900 6.30 9.0 
255 300 7.95 7.9 
286 600 8.94 7.0 
304 700 10.80 64 
320 600 12.06 6.0 
317700 13.59 5.9 
316800 1494 5.9 
305 900 16.71 60 
295 300 18.45 6.2 
273 900 20.48 6.5 
239 300 24.34 7.4 
202 400 27.31 8.6 
173 100 29.66 10.0 
152200 32.17 11.3 
133 700 34.68 7.6 
110200 36.68 9.1 
85 500 40.34 11.6 
57 500 43.72 11.1 
49 600 46.39 8.1 
43 900 51.11 8.5 
46 300 52.93 9.7 
38400 83.72 13.5 
41 200 102.55 12.6 
44300 115.0 11.2 
47 900 133.24 10.0 

p = 14bar 

19 April 

20 April 

44800 1.98 19.6 
53 300 2.24 17.2 
82 200 2.62 16.6 

108 300 2.95 14.1 
161900 3.31 12.1 
150800 3.34 11.9 
113000 3.08 15.5 
167 600 3.61 11.7 
216600 4.37 10.0 
269 400 5.55 8.5 
301400 669 7.6 
320 900 8.33 7.1 
339600 9.22 6.2 
348 500 10.44 5.9 
356 000 12.77 5.5 
324 200 17.30 5.7 
310 800 1840 5.9 
214600 24.05 8.3 
171700 2660 102 
123 700 29.11 13.8 

Table 2-continued 

p = 14bar 

20 April 61600 35.16 13.8 
58 500 37.60 1@3 
50 800 47.18 13.7 
46 500 65.53 13.5 
42 700 88.70 13.5 
42 800 10005 13.0 
46 300 10710 12.2 

p = 30 bar 
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22 April 91400 1.70 20.3 
136200 241 16.5 
155200 260 15.0 
156600 3.10 13.6 
185200 437 11.3 

23 April 103 100 1.81 19.7 
147400 283 14.5 
180 500 421 10.8 
33 800 1267 21.7 
31100 12.97 22.9 
30 700 15.06 17.5 
30 200 20.10 17.2 
25 900 31.84 14.7 
27 800 37.60 13.7 
28400 45.03 13.1 
28 700 55.10 12.5 
29 800 64.20 12.0 
31300 71.30 11.5 

- __.___ -___ 

Table 3. R113 test data 
___~ 

Date 
Ah/h 
[%I 

p = 1 bar 

29 April 

30 April 

66400 12.65 14.0 
86 800 13.74 10.9 

107 200 1479 8.9 
148400 16.85 10.7 
170800 19.14 9.3 
178 100 2@79 8.9 
47000 12.21 14.5 
86Oco 14.18 13.7 

116300 15.47 lo,3 
173000 19.70 9.6 
174800 22.54 9.5 
154 100 26.90 10.6 
120000 31.10 13.3 
112600 33.10 14.3 
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r_ 
p = 1 bar 

Table 3-continued 
_ 

30 April 102900 35.20 9.5 
90600 36.10 10.6 
74900 39.20 12.7 
61600 42.10 10.9 
54 500 45.10 12.1 
41800 48.00 13.3 
31400 58.20 16.1 
27 500 60.50 18.5 
27 300 69.10 13.7 
29 100 75.60 13.3 
26 100 84.40 13.0 
26 200 93.30 12.5 
31300 102.80 10.7 
30 900 116.60 12.6 

p = 0.5 bar 

2 May 81600 17.59 11.7 
101100 18.82 9.6 
127 700 21.19 12.0 
137 300 22.82 11.2 
76 400 17.67 11.9 
67000 16.86 13.6 
40 900 15.34 12.6 
33ooo 14.45 15.5 

3 May 139 200 23.60 10.7 
120900 21.65 12.4 
102 700 20.06 14.3 

p = 0.5 bar 

73400 
52400 
37600 
30 100 

4 May 116500 
137700 
132 480 
124700 
108 900 
100300 
89 200 
71800 
66 500 
55 300 
46 100 
42 100 
37 600 
36 700 
34 800 
32 300 
28 400 
30400 
28 100 
30 300 
33 800 

18.28 9.8 
17.21 13.4 
16.27 12.8 
15.46 15.8 

20.18 9.4 
23.12 12.2 
25.51 12.7 
28.21 13.4 
30.80 15.1 
32.50 10.4 
34.70 11.6 
37.90 13.8 
40.60 15.1 
43.80 9.2 
53.10 Il.1 
59.80 11.6 
66.80 12.3 
78.60 12.0 
88.00 12.2 
99.60 12.2 

108.80 14.9 
119.40 14.9 
130.10 14.3 
139.10 13.0 
149.50 12.3 

TRANSFERT THERMIQUE EN EBULLITION NUCLEEE, FLUX THERMIQUE MAXIMAL 
ET EBULLITION DE TRANSITION 

R&arm&-Des courbes caracteristiques de I’ebullition de refrigerants (Freon) R12, R113 et R114 ont 
Cte dCterminCes a des pression jusqu’a 30 bar. Les fluides Ctudits bouillaient sur la face externe dune tube 
lisse de nickel et dun tube rainurb. 

Par application de la condition de stabilite de Stephan, des points stables de fonctionnement ont pu 
&tre maintenus a une densitt maximale de flux thermique et dans la region de transition. Due aux pentes 
differentes des courbes caracttristiques d’tbullition, la condition de stabilim dans la r&ion de transition 
est plus facile a rtaliser 21 des pressions faibles qu’a de hautes pressions. Par utilisation d’un tube d’essai 
rainure, il a tte possible d’influencer favorablement la forme des courbes caracteristiques d’ebullition 

relativement au transfert thermique et a la stabilite. 

WARMEUBERGANG BEI BLASENVERDAMPFUNG, MAXIMALER 
~ARMESTROMDICHTE UND IM UBERGANGSBEREICH ZUR FILMVERDAMPFUNG 

Zusamme&aaaung-Siedekennlinien der Kaltemittel (Freon) R12, R113 turd R114 wurden fiir Driicke 
bis zu 30 bar emittelt. Die Fltissigkeiten verdampften an der Aussenseite eines glatten und eines mit Rillen 
versehenen Rohres aus Nickel. 
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Uut~B~~c~~htig~gd~ S~~i~~~in~gvon Stephan konnten bei maxim&r W~~tromdichte 
und im ti~rg~gs~reich stabile ~~e~punkte eingestellt werden. wegen der unt~sc~~lc~en Steigung 
der Siedeken~ini~ ist die S~bi~i~ts~n~ng im ubergangs~rei~h bei niedrigem Druck leichter ein- 
zuhalten als bei hohem Druck. Durch die am Verdampferrohr angebrachteu Rillen konnte die Form der 

Siedekennlinien beztiglich des Wibmetiberganges und der Stabilimt gtiunstig beeinflusst werden. 

HEPEHOC TEHJIA B HEPEXOAHOM PE’HCMME J?IAEPHOPO HHIIEHHFI B 
YCJIOBMFIX MAKCBMAJIbHOPO TEIIJIOBOI’O HOTOHA 


