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hEOTaI(WI-~3MepeHbI MuHuManbHble TennoBbIe ~OTOKU npa KUneHUU BOabl B yCJlOBUHX 

CBO6OJJHOfi KOHBeKqUU Ha l'OpU8OHTaJIbHbIX npOBOJIOYKaX npU AaBJIeHURX OT 1 A0 100 aTa. 

06HapyxeH0, 9TO OKUCJIeHUe nOBepXHOCTU o6paaqa npUBO#lT K BOapaCTaHUlO BeJlUYUHbl 

@,,in.~OKa3aHO,YTOOXJla~~eHUeKOH~OB o6paaqaTOKOnO~BO~aMU npUBOAUT K 3aBbIUleHHblM 

3HaYeHMKM BeJlUYUHbl qmin. B UHTepBaJIe TenJlOBbIX nOTOKOB OT Qmln A0 qmax CyWeCTByeT 

paBHoBecHni TennoBoti noToK (qeq), npu ~0~0p0~ nyabIpYaTblfi A nneHowiniI pemmbl 

KuneHm oAuHaKoB0 ~CT~WUB~I. IIoKaaaHo,4~0 nyanpqaTHiI pewim Kuneum YCTO~IWB K 

KOJIe6aUUHM TeMnepaTypbI nOBepXHOCTu HarpeBa TOJIbKO npU TenJIOBbIX nOTOKaX MeHbIllUX 

paBHOBeCHOl'0. npOBeAeHbI UFJMepeHuR paBHOBeCHOr0 TenJlOBOrO nOTOKa npU aTMOC@epHOM 

AaBJIeHUU Ha rOpUaOHTaJIbHblX ~UJIuHApaX u npeAJlO?KeH MeTOApaCYeTaqeq. 

NOMENCLATURE 

specific heat flux [kcal/m’h] ; 
maximum heat flux in nucleate 
boiling [kcal/m’h] ; 
minimum heat flux in film boiling 
[kcal/m’h] ; 
equilibrium heat flux [kcal/m’h] ; 
temperature [“Cl ; 
saturation temperature [“Cl ; 
= t - t,, difference between test 
section temperature (in a given 
cross-section) and liquid tempera- 
ture [degC] ; 
differences between test section 

4 

I, 
R, 

a, 

0, 

area of a cross-section of a sample 

Cm’] ; 
heat conductivity [kcal/m h 

degC] ; 
electric current [A] ; 
resistance of a sample per metre 
of length [sZ/m] ; 
heat-transfer coefficient [kcal/m2 
h degC] ; 
pressure [atm] ; 
gravity acceleration [m/s] ; 
distance along the sample axis 

Cm1 ; 
specific volume [m3/kg]. 

temperature and liquid tempera- 
ture in nucleate and film boiling INTRODUCTION 

[de&l ; THE REPLACEMENT of a nucleate boiling regime 
differences between test section by film boiling leads to a sharp decrease in.the 
temperature and liquid tempera- heat-transfer coefficient, as a result of which the 
ture in case of qmax and qmin heating surface is usually burnt-out. At present 

[degC] ; there is a large number of experimental works on 
absolute temperature [“K] ; measurement of the maximum heat fluxes 
latent heat of evaporation [kcal/ (q_). The heat fluxes (Imin, at which the transi- 

kg1 ; tion from a film to a nucleate regime occurs, has 
specific weight of liquid and va- been studied very little. It should be noted that 
pour [kg/m31 ; the transition from nucleate boiling to film 
surface tension [kg/m] ; boiling is possible at mean heat fluxes con- 
diameter [ml, perimeter [m] and siderably smaller than qmax. Since the replace- 
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ment of nucleate boiling by film boiling at heat 
fluxes less than qmin is impossible, it is of practi- 
cal interest to know the value of qmin. 

MINIMUM HEAT FLUXES 

Minimum heat fluxes were obtained in pool 
boiling of water on a surface of a horizontal 
cylinder. A test section was located in a tank 
(Fig. 1). The test section was heated by electric 
current. To avoid the premature vanishing of 
the vapour film from the ends of the test section 
cooled by the current leads, the test section was 
made U-shaped (Fig. l), and its ends were in 
the vapour phase [l]. The height of the ends 
projecting from the liquid was chosen such that 
the vertical ends of the test section were slightly 
superheated. In this case the vanishing of the 

FIG. 1. Boiling apparatus. 
L-test section; 2.-tank; 3.--electric magnet; 4.+ore of 

electric magnet. 

vapour film always started at an arbitrary point 
of a horizontal section of the test section. 

The experiments were carried out in the 
following order. The test section was lifted into 
the vapour phase with an electric magnet and 
was heated there. The heated test section was 
submerged into boiling liquid and film boiling 
occurred on its surface. After the boiling process 
was stabilized, the heat flux was gradually 
decreased. The heat flux decreased up to the 
moment when film boiling ceased. The minimum 
heat flux was considered to be obtained when 
the disruption of the vapour film started on the 
horizontal part of the test section. One experi- 
ment was carried out for l&12 min. For 
verification the special runs were carried out 
in which film boiling was maintained for 30 
min and more at heat fluxes slightly greater 
than qmin. The relative error of the measure- 
ments of a minimum heat flux was - 7 per cent 
to + 4 per cent. 

The dependence of the value of a minimum 
heat flux upon a pressure was studied using 
nichrome wires of 2-2.5 mm diameter. Before 
the experiment the surface of the test section 
was polished or rubbed with fine emery paper 
and was washed by distilled water and alcohol. 
Two series of runs were carried out. At first 
qmin were measured on one and the same 
wire successively at different pressures. How- 
ever, it was found that during runs the test 
section surface oxidized, and this led to the 
increase in qmin. The second series of runs was 
therefore carried out. A number of successive 
measurements of qmin was carried out on 
the test section at a given pressure; on one 
wire were made one after another for 15~-20 
runs and more. This allowed measurements 
of qmin on a pure surface as well as under 
the stabilized conditions on the test section 
surface. The runs were performed at pressures 
of 1, 2, 5, 10, 20,50 and 95-98 atm. The results 
of these runs are presented in Fig. 2. 

With the procedure of successive experi- 
ments on one and the same wire at a fixed pres- 
sure the quantity qmin increases gradually. The 
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4c 60 100 
p, afm 

FIG. 2. Dependence of Q,,,~” on pressure. 
L-author’s data, series I; 2.-author’s data, series II; 3.--data from reference 
[7]; 4.--equation (I); S.-equation (2) from reference [8]; 6.-equation (3) 

from reference [9]. 
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experimental points given in Fig. 3 illustrate a 
change in 4min in the case of the procedure of 
successive experiments on one and the same 
test section. As it is seen from Fig. 3, a great 
increase in qmin is observed at pressures of 
XI-100 atm from run to run. This is due to the 
fact that at high pressures the surface of the 
test section is subjected to a more rapid oxida- 
tion. 

The increase in the value of the minimum heat 
fluxes with oxidation of the surface may be 
explained as follows. In nucleate boiling the 
liquid in contact with a heating surface is super- 
heated, i.e. above the saturation temperature 
and is in a metastable state. The maximum 
theoretical superheating of the liquid (t,) is 
limited by the following the~odyn~ic condi- 
tion : (dp,@~)~ = 0 (after the liquid has achieved 
the temperature t, spontaneous boiling occurs). 
In transition boiling there exists a direct contact 
between the liquid and the heating surface, and 

the surface temperature should be less than t,. 
For a minimum heat flux the heating surface 
temperature is close or equal to t, [2]. How- 
ever, in the case of low wetting of the heating 
surface by the liquid the onset of boiling of the 
liquid and the fo~ation of the vapour film on 
the surface will occur at temperatures lower 
than t, [3]. This means that the temperature 
difference between the wall and liquid for a 
minimum heat flux and also the quantity qmin 
itself decrease with bad wettability. The oxida- 
tion of the surface leads to a decrease in the 
wetting angle [4] and, consequently, also to an 
increase in 4min. 

Thermal resistance of a layer of oxides may 
be another possible reason leading to an in- 
crease in q&n* The vapour film, surro~ding the 
test section, is subjected to the oscillatory mo- 
tion and the liquid periodically approaches the 
heating surface. In places where the vapour 
film becomes thinner, heat transfer to a liquid 
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FIG. 3. Dependence of qmin on the number of the measurements (N) 
I.-p = 1 atm (24 January 1964); 2.-p = 5 atm (31 January 1964); 3.-p = 20 
atm (4 February 1964); 4.-p = 50 atm (24 April 1964); 5.-p = 95 atm (9 April 

1964). 

should increase. Film oscillations occur with a 
relatively low frequency (20-30 cps), therefore 
at individual points the temperature of the 
oxidized layer surface may essentially decrease. 
A local temporary decrease in the temperature 
of the oxidized surface may lead to a contact 
between the liquid and surface at a mean surface 
temperature considerably greater than t, 

Thus, if the test section is covered with a film 
of oxides with low heat conductivity, a periodic 
contact of a liquid with a heating surface may 
start at mean values of a heat flux higher than 
those on a pure surface. 

The visual investigations carried out on the 
test sections at atmospheric pressure have 
shown that the transition from film boiling to 
nucleate boiling is somewhat different on pure 
and oxidized surfaces. On the test lengths with a 
pure non-oxidized surface when the heat flux 
decreases down to qmin and with the onset of 
transition boiling there occurs a rapid cooling 
of a sample and the replacement of a transition 
by a nucleate regime. (The transition boiling 
regime may be easily found visually since in 

transition boiling the vapour film undergoes 
intense oscillations.) 

If initially qmin was measured on a test section 
at high pressures, and the sample surface is 
oxidized, then in the case of a decrease in the 
heat flux transition boiling occurs on discrete 
portions of the sample. After some time transi- 
tion boiling changes into film boiling. Such 
successive changes of regimes may occur for a 
very long time. In the case of a further decrease 
in heat flux, transition boiling persists for a 
longer period. After some heat flux is reached, 
film boiling is finally replaced by transition 
boiling, and later by nucleate boiling. 

As is seen from Fig. 2, over a pressure range 
of l-100 atm the quantity qmin increases with 
pressure. As a first approximation it is possible 
to assume that on a pure surface made of nich- 

rome qmin increases with pressure as follows : 

4 min = 18.5 x lo3 x JP*. (1) 

The measurements of the minimum heat fluxes 
made in the course of the present work have 
shown that the relation qmax/qmin somewhat 
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decreases with an increase in the pressure. For 
a pure surface this relation is equal to -50 at 
atmospheric pressure and decreases up to - 22 
at a pressure of 100 atm. The obtained relation 

%nax/%nin agrees with the available relations for 
other liquids. Thus, in the experiments [S] for 

cc1, %mu/%nin = 22-28 and for n-pentane 
- 16-33. In reference [6] for methanol q,,,,/ 
qmjn = 31. 

The data [7] are presented in Fig. 2. In that 
study the quantities qmin were measured on a 
horizontal graphite rod 2.2 mm in diameter. 
The ends of the rod were fastened to copper 
current leads which were immersed in the 
boiling liquid and were at the temperature of 
the liquid. Film boiling began to vanish at the 
ends of the test section cooled by the current 
leads for heat fluxes higher than qmi~ As seen 
in Fig. 2 the data [7] are 5-8 times higher than 
the real values of qmin. 

The comparison of the obtained results with 
the equations proposed in references [S] and 
[9] is also given in Fig. 2. In the formula [S] 

4 min = h . kz . r ,/(sr”) ~b(y - r”)] ; 

kl = 014 (2) 

the value of the constant k2 = 0.17-0.22 is 
chosen to fit the results of the measurements of 
qmin obtained for some liquids. These runs are 
made on the test section, whose ends are cooled 
by the current leads. As is seen from Fig. 2, the 
values Of qmin calculated by formula (2) are 5-8 
times higher than the real values. 

The formula by N. Zuber [9] 

qmin = k.ry”l p’(y;.; ““1 (3) 

(k = 0.176 &‘/(r’ + y”)] or 

k = 0~1090~144) 

gives satisfactory agreement with the runs at 
atmospheric pressure but essentially overesti- 
mates the value of qmin at high pressures. Prob- 
ably such a considerable divergence is explained 
by the fact that the treatment of the changes of 

boiling regimes as hydrodynamic crisis is in- 
adequate. In such an approach the cessation of 
film boiling is treated as a result of a loss of 
stability of the vapour phase motion. Since it is 
supposed that there is no contact of the liquid 
with the heating surface before the stability of 
the boundary layer is disrupted, the replace- 
ment of the boiling regimes is completely un- 
related to the conditions on the heating surface. 
However, our experiments show that the state 
of the heating surface, especially, the contact 
angle of wetting is essential. It is natural to 
suppose that for the poorly wetted surfaces 

4 min may be quite small. Therefore, a conclusion 
suggests itself that, in general, the hydrodynamic 
stability of a boundary layer in a case of boiling 
on ordinary surfaces with good wettability does 
not limit the value of the minimum heat flux. 

EQUILJBRIUM HEAT FLUXES 

Consider a temperature distribution over the 
length of a metallic rod of infinite length. Electric 
current I flows through the rod. This means that 
in the body of the rod there are uniformly 
distributed heat sources. The heat flux density, 
averaged over the length of the rod surface, will 
be: q = 0.86 Z2R/nd. The experimental studies 
show that at the rod surface simultaneous 
nucleate and film boiling may exist. Changing 
the current intensity it is possible to choose such 
a heat flux, averaged over the length q,9(qmin <. 
qes < q,,,.J, at which the interface of the boiling 
regimes will be in equilibrium [l]. If the heat 
flux on the rod surface q is increased (qeg < q < 
q,.,,.J, the interface of the boiling regimes starts 
moving to nucleate boiling, and film boiling 
spreads over the whole surface. If the heat flux 
(qmin < q < qe,) is decreased, the gradual move- 
ment of the interface of the boiling regimes leads 
to the cessation of film boiling over the whole 
surface of the rod. For each liquid at a given 
pressure and the prescribed conditions on the 
test section surface, the equilibrium heat flux 
(qe,) will be unique. 

With simultaneous film and nucleate boiling 
on a surface the surface temperature over the 
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rod length differs by hundreds of degrees. At 
the interface of the regimes there will be con- 
siderable transport of heat through the body of 
the rod. The simultaneous stable existence of 
boiling regimes is possible only if heat balance 
is gained for all the portions of a sample. (The 
amount of heat released by the sources dis- 
tributed over the rod body and supplied 
through the rod by heat conduction should be 
equal to that released by a boiling liquid from 
a surface [lo]. Since the dependence of the heat- 
transfer coefficient on the temperature difference 
is known, it is possible to find the heat flux 
(q.J, at which for any element of the surface of 
an infinitely long rod the heat balance is 
satisfied. Assume that the temperature over the 
cross-section of a rod is constant. For the ele- 
ment of the rod with the length dx the heat 
balance equation will be : 

d2 c&l __-__- 
dx2 fll 

q;=o. (4) 

Here q = (0.86 PRj~nd) is the heat flux averaged 
over the length. The heat-transfer coefficient 
(a) has a very complex dependence on a tem- 
perature difference. To a first approximation 
the boiling process may be divided into three 
regimes: nucleate (al), transition (a2) and film 
(Q). For nucleate boiling(8 < &,,,) it is possible to 
assume : a1 = Aq”, for transition boiling 
(&,,, < 0 < e,,,,) we assume: aZ = B8” and for 
film boiling (0 > f$,,) we assume aJ = const. 
Since each boiling regime is described by its 
own dependence a = f(e), then for each boiling 
regime the temperature field over the rod length 
will be described by its own equation. From 
equation (4) it is not difficult to obtain : 

gi= &,/[$[(Q-q)dB] (5) 

where 

i = 1,2,3 a1 is nucleate boiling, 
a2 is transition boiling, 
a3 is film boiling. 

Assume that one end of the rod is occupied 
by nucleate boiling; another, by film boiling 
and between them there is a region of transition 
boiling. Far away from the transition region, 
where there is no transport of heat through the 
rod (de/dx = dZBjdx2 = 0), the temperature 
in the regions of nucleate and film boiling 
respectively will be equal to : 

e1 ,4 0 = Z. (6) 
a1 a3 

It we take into account that at the boundaries 
of the regimes at the points where the tempera- 
tures are t?,, and 8,,, the derivatives on the left 
and on the right are equal, then the system of 
equations (5) and (6) leads to the equation : 

4 
2-n 

a3 

q2 - A(2 - n) = 

2a,(l - n) & e 
2-n A eml 

+ 
2Pa3 

m-2 x (e;;m - e;;m) - age&. (7) 

For water boiling at atmospheric pressure on 
the surface of a horizontal cylinder 5-15 mm in 
diameter it is possible to assume : 

4 max = 1.1 x lo6 kcaljm’h; A = 2.6; n = 0.7 
qmin = 3 x lo4 kcaljm2h ; B= 109; m=3.12 

a3 = 220 kcal/m2h degC. 

In this case the solution of equation (7) for an 
equilibrium heat flux gives a quantity 107.2 x 
lo3 kcal/m2h. 

Note that when deriving equation (7) we used 
the dependence a = f(0) which is observed in the 
experiments on isothermal heating surfaces. 
Therefore, the solution obtained will be satisfied 
the better, the smaller the temperature gradients 
over the length, i.e. the greater the product 
fn of this rod. 

Equilibrium heat fluxes were measured with 
pool water boiling on the surface of a horizontal 
cylinder at atmospheric pressure. Wires located 
horizontally and the tube made of nichrome 
12 mm in diameter served as the test sections. 
The test sections were fully submerged into 
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boiling water. The test section was 300 mm in 
length. It was heated by electric current. The 
current intensity was chosen so that the inter- 
face of the boiling regimes may remain stable 
for a long period of time (for one hour). The 
heat flux was calculated from the current in- 
tensity and the electric resistance of the test 
section. The resistance of the test section was 
found as the arithmetic mean of the resistances 
with film and nucleate boiling. The error of the 
measurements of an equilibrium heat flux did 
not exceed f4 per cent. 

The results of the measurements are presented 
in Fig. 4. With an increase in the test section 

2 3 4 56 IO 

d, mm 

FIG. 4. Dependence of qeq on a sample diameter. 
I.-author’s data; 2.-data from reference [ll] ; 3.data 

from reference [7]. 

diameter from 0.5 to 12 mm the quantity qe4 
decreases approximately three times. Some 
scatter in the quantities of the equilibrium heat 
fluxes (for a given diameter) is explained by the 
fact that the equilibrium heat flux is somewhat 
greater on the oxided surface of a sample. It 
should be noted that the quantity qes calculated 
by equation (7) fairly agrees with the results of 
the measurements on the tube 12 mm in diameter. 

In Fig. 4 are presented the results of the 
measurements of qmin obtained at atmospheric 
pressure [7]. As has been mentioned, in these 
experiments the ends of the test sections were 
cooled by the current leads. The slipping off of 
the vapour film from the ends of the test section 
started at the heat fluxes considerably greater 
than qmin. It is possible to assume that from the 

central part of the test section the vapour film 
slipped off at the mean heat fluxes similar to 

4 eq. As is seen from Fig. 4 the results of the 
measurements [7] satisfactorily agree with our 
measurements of qeq obtained on the wire 2 mm 
in diameter. 

In Fig. 4 is also presented the heat flux [ 1 l] 
for which film boiling ceased on a horizontal 
nichrome wire. The ends of a wire were sub- 
merged in the boiling liquid and were cooled 
by the current leads. The quantity obtained as 
a result of this measurement satisfactorily 
agrees with qeq obtained on the wire 05 mm in 
diameter. 

Note that the equilibrium heat flux cannot be 
identified with qmin. It is not correct to consider 
it to be equal to q,,,,, either. Let us assume that 
nucleate boiling is maintained on the rod sur- 
face. Also assume that apart from the heat 
released by the sources uniformly distributed 
over the length, a certain amount of heat is 
supplied to some element of a surface. For 
example, heat may be transferred by conduction 
through the rod from an adjacent section of the 
surface thermally insulated from a liquid. If 
the heat flux is gradually increased, then at the 
boundary with a thermally insulated section 
film boiling will appear for very small mean 
values of the heat flux. As soon as the heat flux 
exceeds qeq, film boiling will spread over the 
whole surface. Undoubtedly, the equilibrium 
heat flux measured in such a way cannot be 
identified either with qmax or with qmin. 

It is necessary to consider the practical appli- 
cation of the concept of the equilibrium heat flux. 
When calculating industrial installations cooled 
by a boiling liquid it is necessary to choose a 
safe heat flux. In the industrial installations the 
heat fluxes similar to qmax are not allowed. This 
is due to the fact that in operation some fluctua- 
tions of the parameters of a process (pressure, 
local heat fluxes quality of a boundary layer, 
etc.) are observed. Such variations of the 
parameters may cause a transition to film 
boiling at the mean values of the heat flux con- 
siderably smaller than qmax. 
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It is therefore necessary to know at which 
heat fluxes nucleate boiling is stable. The 
equilibrium heat flux appears to divide the 
interval qmin to qmax into regions of stable 
nucleate and film boiling. This can be illustrated 
by some examples. 

Let nucleate boiling with heat flux q be 
maintained over the whole surface of a suffi- 
ciently long horizontal rod. Assume that on 
some section as a result of fluctuations of any 
parameter the rod temperature increased tem- 
porarily and transition to film boiling occurred. 
If q > qeq, then the sections of the surfaces near 
the boundary of film boiling will be heated, and 
after some time film boiling will spread over 
the whole surface. If q < qeqr then the hotter 
section of the surface will be cooled due to the 
heat outflows through the rod, and nucleate 
boiling will be restored. This means that nu- 
cleate boiling is stable only for heat fluxes 
smaller than the equilibrium ones. It may be 
also shown that for q > qe4 film boiling is stable 
to considerable random local falls of surface 
temperature. 
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Abstract---Minimum heat fluxes in pool boiling of water on horizontal wires at pressures from 1 to 100 atm 
were measured. It was found that the oxidation of the test section surface leads to an increase in qmi,,. It 
was shown that cooling of the ends of a sample by current supplies leads to the overestimated values of 
qmin. Within the range of the heat fluxes from qrnin to qrnn. there exists an equilibrium heat flux (q_), for which 
nucleate and film boiling regimes are equally stable. It was shown that nucleate boiling is stable to tempera- 
ture oscillations ofa heating surface only at heat fluxes smaller than the equilibrium one. The measurements 
of an equilibrium heat flux at atmospheric pressure on horizontal cylinders are carried out, and the method 

for calculating qcq is proposed. 

RCsum&Les flux de chaleur minimaux dans I’Cbullition en rCservoir d’eau sur des fils horizontaux B des 
pressions de 1 B 100 atm ont CtC mesurks. On a trouvC que I’oxydation de la surface de la section d’essai 
conduit B une augmentation de qmin. On a montrt que le refroidissement des extr&mit.% d’un &chantillon 
par les amenCes de courant conduit B des valeurs surestimkes de qmin Dans la gamme des flux de chaleur de 
qmin a qmax, il existe un flux de chaleur d’bquilibre (q.,J, pour lequel les rCgimes d’&bullition nucl%e et par 
film sont tgalement stables. On a montri: que l’tbullition nucl&e n’est stable par rapport aux oscillations 
de temperature d’une surface chauffante seulement B des flux de chaleur infbrieurs au flux d’kquilibre. On a 
mesurC le flux de chaleur d’kquilibre g la pression atmosphCrique sur des cylindres horizontaux, et l’on 

propose une m&hode pour calculer qeq. 

Zusammenfm-Fir Drucke von 1 bis loo0 atm wurde die minimale WLrmestromdichte an Drlhten 
bei freiem Konvektions Sieden in Wasser gemessen. Es ergab sich, dass das Oxydieren der Drahtober- 
t&he zu einem Anstieg von qmin und dass das Abkiihlen der Drahtenden durch die Stromzufiihrungen zu 
zu hoch bestimmten Werten von qmin fiihrten. Innerhalb des WLrmestromdichtebereiches von q,,, und 
q,,, gibt es eine Gleichgewichts wlrmestromdichte (q..), bei welcher Blasen- und Filmsieden nebenei- 
nander stabil sind. Es konnte gezeigt werden, dass B&ensieden gegen Temperaturschwankungen der 
Heizoberfllche nur bei Wlrmestromdichten keliner als 4.” stabil bleibt. An horizontalen Zvlindern wurden 
Messungen der Gleichgewichts wlrmestromdichte bei ,&i-mosphlrendruck durchgefiihrt ;nd eine Berech- 

nungsmethode ffir q., vorgeschlagen. 


