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AM&act-The effects of the diameter and of the orientation of electrically heated wires on their critical heat 
flux, both in saturated pool boiling and in surface boiling, have been investigated. 

A minimum in the peak flux on horizontal wires in saturated boiling occurs at a diameter of 100 v. The 
peak flux at diminishing diameter increases rapidly as a consequence of a corresponding incream in the 
convective heat transfer. A similar effect has been observed in surface boiling, where the slope of the peak 
flux vs. subcooling curves for horizontal wires increases at decreasing wire diameter. 

Generally, the critical heat flux on horizontal wires in pure liquids exceeds the value on vertical wires. 
This is caused by a premature onset of film boiling in the latter case by the formation of vapour slugs at the 
upper end of the heater. Contrarily, the considerably higher peak fluxes occmrmgmcertainbinarymixtures 
(in coincidence with a slowing down of bubble growth at low concentrations of the more volatile component) 
are practically independent of the orientation of the heating element, because the Marangonicffect 
diminishes the possibility of bubble coalescence. 

A quite ditTerent behaviour of the peak flux is observed on wires and strips, which are surrounded by a 
narrow coaxial tube: higher values occur on vertical heating elements now, as the possibility for bubbles 
to escape from the inside of the tube is minimki in the horizontal position. 

Some preliminary investigations 00 the peak flux in saturated pool boiling of aqueous ternary mixtures 
show the existence of a direct relationship to the behaviour of the basic aqueous binary mixtures. 
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NOMENCLATURE 

liquid thermal diffusivity, = kjp,c d, 

[mZ/s] ; 
area of heating surface [m’] ; 
dimensionlessbubblegrowthpara- D, 
meter ; 
coefficient in platinum tempera- 
ture equation [deg C- ‘1; Dry 
liquid specific heat at constant 
pressure [ J/kg deg C] ; L 
coefficient in platinum tempera- 
ture equation [deg C- *] ; e, 
bubble growth constant, for rela- 
tively large liquid superheatings E, 
[m/s+ deg C] ; 
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instantaneous thickness of relaxa- 
tion microlayer, or of equivalent 
conduction layer [m] ; 
mass diflusivity of more volatile 
component in less volatile com- 
ponent [m*/s] ; 
inner diameter of coaxial glass 
tubesurroundingheatingwire[m]; 
diameter of heating wire [pm or 

ml; 
base of natural logarithms (2.718 

\. 
*.*lr 

effective potential drop across 
heating wire [VJ ; 
gravitational acceleration [m/s*] ; 
vaporized mass diffusion fraction 
for individual bubble ; 
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Grashof number ; 
effective electrical current strength 
through heating wire [A] ; 
liquid thermal conductivity [W/m 
deg Cl ; 
equilibrium constant of more vola- 
tile component in binary mixture 
(ratio of mass fractions), = y/x ; 
latent heat of vaporization [J/kg] ; 
length of heating wire [m] ; 
dimensionless number of active 
nuclei generating bubbles on entire 
area A, of heating surface ; 
number of active nuclei on unit 
area of heating surface, or nuclei 
density Cm-‘] ; 
$l%ipgtmJe!3 c- ‘I ; . 
Prandtl number i 
rate of heat flow through unit 
area, or heat flux density [W/m’] ; 
electrical resistance of platinum 
wire at boiling temperature of 
hquid [Q] ; 
electrical resistance of platinum 
wire at superheating 0,&I] ; 
= R(t,), (equivalent) bubble radius 
at the instant cl of breaking away 
from heating surface [m] ; 
= (0, 1 D,)/4R1, dimensionless 
number; 
time elapsed since initial bubble 
formation during adherence [s] ; 
instant at which bubble is breaking 
away from heating surface, or 
departure time [s] ; 
delay, or waiting time between 
formation of succeeding bubble on 
same nucleus and departure of 
bubble [s] ; 
boiling point, or saturation tem- 
perature at ambient pressure [deg 
Cl ; 
boibng temperature of liquid at 
bubbk boundary in binary liquid 
mixture [deg C] ; 

Wo. l)- 

Wo, 11, 

WO.2). 

T,, 

AT, 

& 

x0, 

x0.19 

x0.29 

Y, 

boiling temperature of original 
liquid in binary mixture [deg C] ; 
boiling temperature of original 
liquid at constant xo,2 in ternary 
mixture [deg C] ; 
boiling temperature or original 
liquid at constant xo,r in ternary 
mixture [deg C] ; ’ 
dew temperature of saturated 
vapour in binary mixture, T(y) = 

T(x) [deg Cl ; 
temperature of bulk liquid in 
surface boiling [deg C] ; 
temperature difference between 
dewtemperatureofvapourbubbles 
and boiling temperature of original 
liquidinbinarymixture,orincrease 
in temperature of liquid at bubble 
boundary with respect to original 
liquid, AT = 0 for pure liquid and 
for azeotropic mixture, = T(y) - 

T(x,) = T(x) - Tb,) [de&] ; 
mass fraction of more volatile 
component in liquid at bubble 
boundary in binary mixture, = 
x0/(1 + (K - 0%; 
mass fraction of more volatile 
component in original liquid in 
binary mixture; 
mass fraction of volatile organic 
component at constant xo,2 in 
ternary mixture; 
mass fraction of volatile organic 
component at constant x0, 1 in 
ternary mixture ; 
mass fraction of more volatile 
component in vapour of binary 
mixture. 

Greek letters 
73 coeffmient of cubical expansion of 

liquid {deg C - ‘1; 
% liquid dynamic viscosity [kg/sm] ; 
6 07 superheating of heating surface, or 

initial maximum superheating of 
relaxation microlayer surrounding 
part of bubble boundary [deg C] ; 
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difference between saturation tem- 
perature and temperature of bulk 
liquid in surface boiling or (degree 
of) subcooling, = T - TO [deg C] ; 
frequency of bubble formation on 
nucleus [l/s] ; 
liquid density [kg/m’] ; 
saturatedvapourdensity [kg/m31 ; 
surface tension constant [kg/s21 ; 
angle between axis of heating wire 
and horizontal plane; 
multiplication factor in equation 
for superheating of platinum heat- 
ing wire [deg C] ; 

Subscripts 
b, (for heat flux density) applying to 

direct vapour formation at heating 
surface; 

bi, (for heat flux density) bubble- 
induced contribution, or difference 
between total heat flux and con- 
VCCtiOll contribution, !?w,bi = 

4w - %v, co, %v, b < qw. bf h mixtu=, 

4 qw, bi ill PlllZ liquid ; 
co, (zrbLt hux density) actual con- 

vection contribution or contri- 
bution due to free convection ; 

w value in binary mixture ; 
-9 value for peak flux conditions; 
0, maximum value (exceptions: TO 

and ~0); 
PY value in less volatile pure com- 

ponent ; 

w, value for heating surface. 

Superscript 
* 3 value for surface boiling of sub- 

cooled liquid. 

Numerical constants at atmospheric pressure and 
boiling point 

Water 
a, = 16.9 x lo-* m2/s; 
G = 4216 J/kg deg C; 

c 
l,P’ 

87 

Gr, 

k 
1, 

Nu, 

Pr, 

T 
Y, 
Pl, 
P2, 

Q, 

1 -Butan 
a 

L 
1 
T 

Pl 

P2 

0 

= 24 x 10m4 m/s* degC ; 
= 9.8 1 m/s2 ; 

= 9 [L?]&, = 8643 

x 1O’O [C]e,; 

= 0.6825 Wfm den C ; 
22.56 x i05 J/kg ; 

PI 
= 1965%“,C;p8,; 

ctt - = 1.75; 
k 

1OOdeg C; 
7.52 x 1O-4 degC- “; 
9584 kg/m3 ; 
0.598 kg/m3 ; 
0.0587 kg/s2. 

640 x lo-*m2/s; 
3469 J/kg deg C ; 
01621 W/m deg C; 
5.89 x 10’ J/kg ; 
118degC; 
730 kg/m3 ; 
2.72 kg/m3 ; 
00175 kg/s2. 

Water-1-butanol: x0 = 1.5 x 10m2 
(a/D)* = 13.1; 
C 1.m = 18 x 1O-4 m/s+ deg C; 9 x 

1o-4 m/s* deg C for adhering 
bubbles generated on “complex 
nuclei”; 

D = 9.9 x lo- lo m2/s; 

(&,I, 
= 97 degC; 
= 35 deg C. 

Water-methylethylketone: x0 = 4.1 x 10s2 

(a/D? = 13.2; 
C 1. m = 6 x 10e4 m/s* deg C ; 
D = 9.7 x lo- lo m2/s; 

6 T&Jo 
= 88degC; 
= 18OdegC. 
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Water-ethanol: x0 = 20 x low2 
(a/D)* = 11.4; 
c 1.m = 16 x 10-4m/s)degC; 
D = 12.9 x lo- lo m2/s ; 

&)o 
= 86degC; 
= 35degC. 

tNTRODUCTION 
ONLY a few data of the effect of the orientation 
and of the dimensions of the heating surface on 
the nucleate boiling peak flux density, qW, _, are 
known in the literature. 

The present study includes a systematic in- 
vestigation of this behaviour on electrically 
heated wires both for saturated pool boiling 
and for surface boiling of water and some aqueous 
binary mixtures. The investigated mixtures 
contain a low concentration of the more volatile 
organic component, at which a striking co- 
incidence occurs of a maximal peak flux and a 
minimal bubble growth rate, cf. [l-3]. 

The effect of the inner diameter of a coaxial, 
glass tubesurroundingaheatingwireinsaturated 
boiling is studied extensively. This topic is a 
special case of two-phase flow, approximating 
the conditions of free convection ; the riser 
consists here of the space inside the tube, and 
the downcomer is extended to the entire bulk 
liquid in the boiling vessel (Fig 1) 

The applied construction of the vessel pro- 
vides for a combination with orientation in 
order to obtain a better reproducibility of the 
results, the same heating wire can be used in an 
arbitrary position between horizontal and verti- 
cal, as the axis of the wire can be adjusted by 
operating the drawbars from the outside of the 
vessel. 

A different behaviour of binary mixtures with a 
low concentration of the more volatile compo- 
nent and pure liquids is predicted to occur in 
this case also, as a consequence of the slowing 
down of bubble growth in these mixtures. 

1. BOILING CURVES 

1.1. Procedure 
In most cases, the heating surface consisted of 

an electrically heated “physically pure” (9999%) 
platinum w&which acted at the same time 
as a resistance thermometer [l, 3). Preference is 
given to ac. heating instead of dc. to avoid 
fouling due to electrolysis. 

In this way, boiling curves, q,(O,), can be 
determined easily, as the heat flux density can be 
calculated from the eIectric power : 

(1) 

The average superheating of the wire surface 
follows from the quadratic resistance equation 
for platinum : 

8 

x bT)e- l~‘-~q~. (2) 

where R,,, = E/I denotes the electrical resis- 
tance of the wire and RT a reference value, i.e. 
the resistance at the boiling temperature T (in 
“C) of the liquid. The wires have previously been 
annealed at red heat in air for 15 min. The factor 

IL(T) = 
1 + BT - CT2 

B-2CT ’ (3) 

where the coefficients in the resistance equation 
B = 3.9788 x 10q3 “C-’ and C = 5.88 x lo-’ 
“C-2. 
Both the effective potential drop E across the 
wire and the effective current strength I were 
recorded simultaneously on universal digital 
voltmeters (accurate to 10 lN) by connecting a 
standard-resistor of maganin (0.03 %) in series 
with the wire. The resistance of the nickel- 
coated copper electrodes or of the flexible 
aluminium supply-wires was taken into account. 

1.2. Water 
1.2.1. Complete curve for horizontal wire 

The boiling curve on a horizontal platinum 
wire for water at atmospheric pressure is shown 
in Fig 2 The transition to the region of film 
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Thermometer To tot01 rcflux conUcn5er 

1 ~__..6_d I ii- WJSS window 

Liquid lercl 

15omctric projection i:2 - 5 

FiG. 1. Boiling vcssci with rotatable electrically heated test 
wire and coaxial glass tube. 

boiling occurs at the critical &,,_ This transi- 
tion corresponds with a decrease in heat flux 
as a consequence of the increase in the resistance 
of the wire. 

Burnout in Mm boiling occurs for similar 
platinum wires at a heat flux, which amounts to 
1.8 times the nucleate boiling peak flux density 
4 W, P,_. A limited number of huge vapour 
bubbles is generated in film boiling. At decreasing 
wire superheating 8, the Leidenfrost-point is 
passed at a minimum heat flux of 0.55 times the 

nucleate boiling peak flux. The reference value 
RT [cf. the right-hand side of equation (2) in 
which the first term is dominating] has been 
increased during fii boiling; this is probably 
due to an inelastic extension of the wire. Conse- 
quently, the values of 0, in nucleate boiling at 
decreasing heat flux, which are based on the 
original value of R, me too high. A conection, 
by which the final value of RT is substituted in 
equation (2) gives satisfactory results, also in the 
region of convection. 
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70 
Pt wire horiz. 

0 

0 'C 
FIG. 2 t+‘ater. Boiling c&e at atmOspheriC prc!wre. 
Figures at curve denote number of active nuclei generating 

vapour bubbles on a square cm of heating area 

1.22 Efjct of orientation on convection and 
nucleate boiling for horizontal ana’ vertical 
wires 

1.2.2.1. Region of nucleate boiling. Figure 3 
shows the boiling curves on the same platinum 
wire, in the horizontal (4 = 0) and in the vertical 
position (4 = n/2), respectively. The peak flux 
density q,,,, P,_ for C#J = 0 is 45 per cent higher 
in comparison to the corresponding value for 
I$ = zf2.Thecontributionq,,,,,i,mU [=qw,P,mu 

- 4r, p,c*.mu, cf. equation (2)], which is due to 
the presence of vapour bubbles, has been in- 
creased with not Iess than a factor of 2.7. 

Apparently, this efkct must be attributed to 
the grow+ of the maximal number of active 
nuclei per unit area or maximal density, -A,, 
which increased from approximately 25 x 10S4 
mS2 to 90 x 10m4 me2. The reduction in the 
maximal number of active sites for the vertical 
position is caused by a premature onset of film 
boiling at the upper part of the wire due to the 

8 0, *c 

nG. I Water. Boiling curves for convection (combination 
of ftec and forced) and nucleate boiling on horizontal and 
vertical wirea Figures at curves denote number of active 
nuclei generating vapour bubbles on a square cm of heating 
area. 

Bottom curves denote corresponding convective heat 
transfer for free convection only; the characteristic dimen- 
sion is placed between parentheses Recommended curves 
are: McAdams [&,I for 4 = 0 and Gcbhart [f&/L,] for 

4 = a/2 

formation of large vapour slugs. In this case, 
the coalescing bubbles originate from nuclei, 
which are distributed over the entire heating 
surface. This behaviour differs strikingly from 
that for a horizontal wire, where bubble coales- 
cence is generally restricted to nearby nuclei 

1.222 Region of convection The region of 
convection (i.e. the lower part of the boiling 
curves in Fig 3) will be considered now: the 
convection is here a combination of free con- 
vection on the wire and forced convection 
arising from moving liquid, which is heated at 
the bottom plate of the boiling vessel (Fig. 1) 
and is flowing normal to the wire, with a velocity 
of approximately 5 x 10e2 m/s At present, the 
experimental convective heat transfer can be 
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compared only with the contribution of the free 1.23. Efict of diameter on boiling curve for 
convection. horizontal wires 

(i) Horizontal wire (4 = 0). McAdams [4] 
presented a graphical relation between Nu 
and (Gr . Pr) for horizontal heating cylinders, 
which is deduced from a very large number of 
experimental data, both on liquids and gases. 
For water, the following equation is recom- 
mended for lo3 < (Gr . Pr) < log: 

Nu = 053 (Gr . Pr)“‘25. (4) 

The diameter D, has to be taken for the charac- 
teristic length in Nu and Gt, whence equation (4) 
is simplified to : 

Boiling curves in convection and nucleate boil- 
ing for water at atmospheric pressure are shown 
in Fig 4, the corresponding heat transfer curves 
for free convection [cf. Section 1.22.2 (i)] in 
Fig 5. The curves in Fig 5 are calculated by 
taking constant numerical values of the con- 
cerning termal properties, i.e. the values at 100°C. 

The maximal density of active nuclei, m,_/A,, 
increases for decreasing D, However, it may be 
useful to consider also the number, m_, of 
nuclei, which are actually active at the entire 
area of the heating surface. This number follows 
by multiplying m-/A, by XL&., , i.e. the values 
for D ,,, = 2OO,lOO, 5O,25 and 10 m by a factor 
of 3,6, 12,24 and 110, respectively, e.g. maximal 
only 3 nuclei are active on the 10 m wire. 

The occurrence of only one vapour bubble 
causes burnout of the 5 p wire, cf. the value 
of the burnout heat flux in Fig 2, and [4]. A 
similar behaviour-but transition to film boiling. 
at a 6 times lower q,,,, p, _ (cf. Section 8 and Fig. 
10 of Part III of [2]) has been observed previously 
for 2OO m wires in water boiling at a subatmos- 
pheric pressure of 0.13 bar (a). In that case the 
ratio R,.,lD, = 55 x 1@/2 x lo-* = 27.5. 

Obviously, the average departure radius 
RI,, of vapour bubbles decreases considerably 
for diminishing D, This behaviour has been 
observed actually, and is in good agreement with 
Van Stralen’s “relaxation microlayer” theory 
for the mechanism of nucleate boiling Therefore, 
it follows from equation (35) of Part I of [2] in 
combination with equations (27) and 28) of 
Part II of [2], that the initial, maximal thickness 
of the relaxation microlayer is given by the 
expression : 

41. 
o.25 G’2s - 

~0.25 (5) 
w 

Actually, however, one has for D, = 5-200 pm, 
and 5°C d B. < 20°C lo- l1 < (Gr . Pr) < 25, 
whence equation (5) is not valid for these thin 
wires. In this range, the proportionality qW ~1 
0; o’25 is replaced by a similar proportionality, 
but with an exponent in the range from -0.25 
to -0.75, cf. Figs. 4 and 5. For (Gr . Pr) - lo- 3 
4W h e;*os instead 0f qW k ep. 

(ii) Vertical wire (4 = x/2). Actually, one has 
to take L, for the characteristic length in this 
case. However, equation (5) is giving now too 
small values However, by taking D, the con- 
vective contribution should exceed the value for 
4 = 0, which contradicts the experimental 
results As the vertical plate solution for natural 
convection is predicting results for cylinders of 
small diameter, which am considerably below 
the proper values, Gebhart [S] collected data 
on various gases including air. Nu is plotted as a 
function of (Gr . Pr)D,/L, where Gr is based on 
D, This approximation seems to give also quite 
satisfactory results for water (Fig 3), as may be 
expected. 

Obviously, the occurrence of a higher nucleate 
boiling peak flux on a horizontal wire is not only 
due to an increased maximal bubble population 
(the main cause), but also partly to a higher 
convective contribution 

d O,P = 

( 1 
%lt~,, 

keo 
= 079 -. 

71 4 
(6) 

W*CO.P 

It is seen from equation (6), that at constant 6, 
= the ratio 

(4,,>,=5pll(~f,p)D,~200Lm 

= (do,p),w =5,m/Vo,phw=zoo,m 

= b.7w.co.p)D ,=20PrlK4w,co,p)&=5pn* 
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220 - 
WOW 
Pt wire horizontal I : 

I 
200 - 

IEO- 

160 

140 

7 

c l20- 

. 

=G 3 loo- 

80 - 

SO- 

40 - 

20 - 

A I IOpn 
,275 

I 0 
* zzo 

/ 

B 0' 'C 

FIG. 4. Water. Boil&g curves for convection (combination of free and forced) and 
nucleate boiling on horizont& wires of various dieters, cf Figs. 5 and 6. Figures at 
curves denote number of active nuclei generating vapour bubbles on a square cm 

of heating area, 
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3 =c 
Flo. 5. Water. Heat transfer”L free convection at atmos- 
pheric boiling point on horizontal wins afvarious diameters, 
D, according to McAdams, taking [I&] as characterisk 

dimensions, cf. Figs. 4 and 25. 

Substitution of the experimental values of Fig. 5 
yields for 8, = 20°C a ratio of 23 x lo”/ 
240 x IO4 = O-10. Equation (45) of Par? I of 
123 yields in combination with the average vaIue 
b = @?I in water (cf Table 1 of Part I of [2]1: 

R 1, p = WWt, $%tf, p = w26 C, , ,@dZ, p (7) 

I-knee, the theory predicts a decrease in RI, p 
from 9*2 x 10s4 m (6. Table 3 of Part II of [2] 
and Appendix-3 of Part III of [Z]), for wires with 
Qv = 200 p to approximately 1 x 10e4 m for 
wireswithD,=5~ 

The ratio R,,JD, increases from a value of 
46 for D, = 200 um to a value of approximately 
50 for D, = 5pm. 

RG. 6. Wuta. Heat transfer in convection (combination of 
free and forced, cf the lawer part of the curves in Fig 4) in 
dependence on diameter of horizontal wire for various 

Une can try to obtain a similar result by 
~t~at~g the ratio of nr_.M, for these wires 
by appiying equation (641 of Part (If) of [2] : 

wlwkx sic- 11 

A,=----. 4nbRf,, 

Equation (8) predicts an increase of m&A, 
with a factor of 100 by decreasing D, from 200 
pm to 5 pm_ Actually, however, a factor of 15 
(corresponding with a decrease- of R,,, with a 
factor of 4) follows from the experimental data 
(Fig 4) Although this is only a rough estimation, 
the effect is explained qualitatively; a deviation 
of a factor of 2-5 is abviously due to the fact, that 
4 _ p._ is pmctkally independent of L, but 
m,,,JA, is inversely proportional to L, 

It is seen by comparing corresponding curves 
in Figs. 5 and 4, that-at 6,, = 15”~the contri- 
bution due to free convection amounts to 58 %, 
&to/, 52x, 39”/, 36% and 46% of the total 
convective heat transfer for D, = 5, 10, 25, 50, 
100 and 200 pm, respectively. The electric power 
of the bottom beater had been kept constant 
during carrying out these experiments. The 
total convective heat tl-ansfer qw, p, ,’ is shown in 
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Fig 7 in dependence on wire diameter for 8, = 
5’10 and 15°C. The curves, straight lines, are 
deduced from Fig 4. It follows from the slope 
of the lines, that one has for the combined 
free and forced convection, that q,,., p, Co - 0; “’ 5 
in the range from 5-200 pm. The value of the 
exponent is in good agreement with the corres- 
ponding average value for free convection in this 
range of diameters [cf. Section 1.2.2.2 (i)]. 

4d=- 

Water 

FIG. 7. Wuter. Nuckate boiig peak flux on various hori- 
zontal wires in dependence on wire diameter. 

1.2.4. E&et of diameter on pe~~uxfoT ~ori~ontul 
wires 

Figure 7 shows the nucleate boiling peak flux 
as a function of wire diameter. The curve shows a 
minimum value for D, = 100 pm. A gradual 
increase of the peak flux occurs for increasing 
larger diameters, up to a factor of 2 at D, = 750 
W 

Strikingly, the peak flux increases very rapidly 
for decree&g smaher diameters, up to a factor 
of 6 at I>, = 3 pm. Apparently, this behaviour 
is due to a corresponding increase in the con- 
vective contribution (Section 1.23. and Figs. 4 
and 5) 

The peak flux on tmoxidised wires is practic- 
ally independent of the composition of the heat- 
metal, as the values for two different alloys 
deviate only slightly from those for platinum 

Cole and Shuhnan [6] studied pool boiling 
of toluene at a subatmospheric pressure of O-16 
bar(a horizontal(lOcm x @3Ocm)zirconium 
ribbons having thicknesses of 125 pm, 250 pm 

and 1250 pm, respectively. Their results on the 
relative critical heat flux in dependence on 
ribbon thickness are in good agreement with 
those obtained previously by Bemath on tubes 
with constant outer diameter: the heat flux 
increases gradually from a low value for in- 
creasing wall thickness, rapidly for thin walls, 
and more slowly for thicker walls. This behaviour 
is attributed to the heat capacity of the heating 
material; a thick wall reduces the possibility of 
premature local burnout This may also explain 
the above mentioned gradual increase of the 
peak flux on wires in the range from 100-750 pm 
(Fig 7) 

At first sight, this result seems to contradict 
the data plotted in Fig 7. But, in fact, one has to 
consider, that in the latter experiments the con- 
vective heat transfer is constant due to the use of 

Water-I-pentanol 

Pt wire horizontal 

___-.__ 
C Firri occurrettce of 

__ .J_. __ _ 
small vattour bubbler 
Wire nearly compte*ly 
covered with small 
vopour bubbles 

FIG. 8. Water- 1 -pentad (1.8 wt % 1 yenta&) Boiling curves 
for convection (combination of free and forced) and nucleate 
boiling on horizontal wires of various diameters Figures 
at cmves denote number of active “complex nucIei” 
generating vapour bubbles on a square cm of heating area. 
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tubes with the same outer diameter or of ribbons, 
also with constant A, As a consequence, the 
peak flux is determined only by the behaviour 
of vapour bubbles, and thus by the capacity of 
the tube material to avoid local burnout Con- 
trarily, the peak flux on very thin wires is de- 
termined by the considerably increased con- 
vection. 

1.3. Binary mixtures 
1.3.1. Effect of diameter on boiling curve for 

horizontal wires in 1.8 wt % l-pentanol 
The boiling curves in Fig. 8 are in certain 

respects similar to those for water (Fig 4): the 
convective heat transfer increases for decreasing 

superheating 8,, = 25”C, cf. also Sections 5 and 6 
of Part III of [2]. Large bubbles, probably 
containing air to a considerable degree, are 
generated on the wire at iow frequencies. At 
increasing heat flux, these bubbles disappear, and 
the wire is gradually covered with very small 
vapour bubbles, generated on “complex nuclei” 
at very high frequencies. Each complex nucleus 
is formed by a number of very nearby active 
sites, generating bubbles, cf. [2]. Bubble coales- 
cence is prevented due to the Marangonieffect 
in this “positive” mixture [23. 

(ii) Curiously, the peak flux on a 100 pm 
wire exceeds the corresponding value in water 
(Fig 4) with only 10 per cent, and is reached at a 

3-o I- 
Water-mcthylethylketane (a,=0 and x0 =4.1x1@) 

., Saturated pool bailirq without tube 

Kanthal wire 

m 

--A--- 

0 

I.0 I I I I I I I I 
0 I 2 3 4 5 6 7 0 

IO”&, m 

FIG. 9. Water-methylethylketone (4.1 wt % methylethylketone). Relative 
nucleate boiling pfsak flux in mixture in comparison to water on various 

wires in dependence on wire diameter. 

wire diameter. The peak flux on a 200 pm wire 
exceeds the corresponding value in water con- 
siderably (a factor of 2.2) more or less in agree- 
ment with previous observations (a factor of 3.1, 
cf. El]). The lower peak flti of the present 
investigation is due to the absence of active 
nuclei on a part of the apparently smooth wire 
surface. 

However, certain curious deviations occur 
for the mixture investigated : 

(i) Bubble formation has been delayed to a wire 

considerably higher critical superheating Prob- 
ably, this is caused by large air bubbles, cf. (i). 

(iii) In considering the low value of the maximal 
density of “complex nuclei” m&A, for D, = 
100, 50 and 25 elm in comparison to water, 
one has to keep in mind, that the actual density 
of active sites is considerably higher. 
1.3.2 Efect of diameter on relative peak flux for 

horizontal and vertical wires in water- 
methylethylketone mixtures 

The ratio qn,w,nux/qW, P,aux for similar wires 
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in 41 wt ‘4 methylethylketone and water is 
shown in Fig 9 as a function of D,, for platinum 
and two different alloys. 

The curve for horizontal wires shows a maxi- 
mum for D, = 300 ~tm, and approximates a 
constant value for D, > 600 pm. For very small 
wire diameters (D, Q 25 pm) premature burnout 
occurs in both liquids due to the formation of 
only a small number of vapour bubbles on the 
heating surface which results in a low ratio of 
1.10. In addition, the data of Fig 10 reveal, that 
the actual maximum peak flux in the binary 
system water-methylethylketone is shifted to- 
wards a higher concentration ofthe more volatile 
component, i.e. from 45 wt % for a MO pm wire 
towards 8~ wt % for a 50 pm wire. This results 
in too low values of the ratio in Fig 9 for thin 
wires. The maximal ratios for D, = 50,100 and 
200 pm following from the data plotted in Fig 
10 are : 2.0, 1.7 and 2-6, respectively. The latter 
value is in quantitative agreement with previous 
observations [ 1,2]. 

The low ratio (1.25) for relatively thick wires 
is probably due to a considerable local exhaus- 
tion of the more volatile component nearby the 
heating surface at peak flux conditions. The 
curve for vertical wires has been investigated 
only for D, 3 200 pm and shows a gradually 
decreasing slope, until a constant ratio of 1.60 
is reached for D, > 450 pm_ More favourable 
ratios on vertical wires in comparison to similar 
horizontal wires are a consequence of the lower 
peak flux in water for 4 = x,/2 than for # = 0 
(cf. Figs. 2 and 11). This is not the case in the 
mixture due to the Marangoni-effect 

Figure 10 shows the peak flux for water- 
me~yle~y~etone mixtures in dependence on 
liquid ambition. For the purpose, to study 
the indeed very curious curve proposed by Pitts 
and Leppert [7] for 90 pm Tophet-A (80 Ni ; 
20 Cr) wires, we investigated the behaviour of 
of 100 pm Nichrome V (80 Ni ; 20 Cr) wires Pitts 
and Leppert observed a minimum g w,=I,m at 3 
wt % me~ylethylketone, which amounts to 
approximately 65 per cent of the value in water. 
A maximum exceeding the value in water with 

only 10 per cent should occur at 7.5 wt % methyl- 
ethylketone. 

Our results are quite difkerent with exception 
for the value in water: a maximum peak flux of 
2.1 to 2.3 times the value in water occurs (on 
clean wires and on wires which are slightly 
oxidized in film boiling, mspectively) at 5-12 wt% 
methylethylketone, a minimum at 3 wt % is not 
observed at all. The absolute value of the maxi- 
mum 4W. nt, mu exceeds the corresponding maxi- 
mum (at 7.0 wt %) for platinum of D, = 100 pm 
with a factor of 20, (2.2 for slightly oxidised Ni- 
chrome V wires), and the maximum (at 4.7 wt %) 
for platinum withD, = 2OO~withafactorofl~5. 

It may be worth noticing that the transition 
from nucleate boiling to film boiling can be 
observed more easily on electrically heated pure 
metals than on alloys This is due to the occur- 
rence of a sudden simultaneous decrease in 
electric current strength and increase in voltage 
drop caused by the ~s~~eo~ increase in the 
resistance of the wire in case of a pure metal with 
a considerable temperature coefficient. Some- 
times, we observed an intermittent transition 
from nucleate boiling to film boiling and vice 
versa on a part of the surface of the Nichrome V 
wire. This was only the case for heat fluxes 
approximating the values given in Fig 10. 

To study an eventual effect of the wire dia- 
meter, also platinum wires of various diameters 
have been investigated (Fig 10). A maximum 
4 w*=.== = 2.0 qw,p,mu w~o~~~at8~% 
methylethylketone for D, = 50 pm ; for D, = 
500 pm, this ratio amounts to 2.4 at 6-10 wt %. 
The peak flux on a nichrome V wire with D, = 
900 pm increases with increasing concentration 
of methyle~y~etone up to a factor of i-35 at 
9 wt %. It was impossible to ~v~~~te higher 
concentrations with those thick wires, as the 
capacity of the total reflux condenser was in- 
suflicient in comparison to the total vapour 
production rate. The liquid concentrations have 
now been determined from the boiling-point 
curve in the ~~ib~~~ia~ However, a 
considerable exhaustion of the more volatile 
component may still occur nearby the heating 
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t Oxidized 

\J Water -methylathylkttoncftme wire is denoted by Mmt figure f 

Pl wtre (horiz.l 

a&&---- 200 
*00*- 100 

NiCr V wire@ONi;MCr)(hOriz:) 

l o-- 50 

- Tophet A(BONi;2OCr) 1060,*90ml(Pitfs-Le~rt) 

I I I I I I 1 I I 1 
2 4 6 6 10 I2 14 16 18 20 

I102x,=) wt. % met~ykthylkatone 

?W. 10. W~~~tkyletkyfketo~. Nucieatc boiling peak 
flux in dependence on liquid composition for horizontal 

wires of various diameters. 

surface, resulting in a shift of the most favourable 21.1. Pure liquids 
concentration towards a higher value. Figure 11-I shows the nucleate boiling peak 

The general trend of Fig. 7 is confirmed by the flux for water and ethanol on a platinum wire in 
data shown in Fig. 10. dependence on the angle 4 between the axis of 

the wire and a horizontal plane. The same wire 
2. EFFECT OF ORIENTAnON OF HEATING has been used in all experiments for one liquid 

WIRE Oh‘ PEAK FLUX in order to obtain a better ~~u~b~i~ of the 

2.1. Saturn pool civil the results The peak flux of water on a vertical 
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wire has been decreased with 28 per cent of the scatter considerably. In addition, the orientation 
value for a horizontal wire, in good agreement of the wire has no significant influence on the 
with Fig 3 (30 per cent), cf. Section 1.2.2.1. For slope of the line. Apparently this means, that 
ethanol a similar decrease of 21 per cent occurs. active nuclei on both horizontal and vertical 

This decrease is really only due to the presence wires are similar, i.e. practically, both are genera- 
of a diminished maxima1 density of active nuclei ting bubbles of the same size and at a constant 
generating vapour bubbles, as is shown in Fig 12 frequency on active nuclei. 
The contribution qv,!i, p, ,,,ax, which ii predicted Actually, one expects that for vertical wires 
to equal the contnbution &,b, p,mu due to the initial (maximal) thickness of the relaxation 
direct vaporization at the heating surface, but 
only so in pure liquids [2], is defined by : 

microlayerd,,, = (12/x)*a*t~,, - dw,co,p = k&j 
cf. equation (6) and Section 1.5 of Part II 

qw,bi,g,maa = %w,p,max - ~v,co,p,max~ (9) ~~~ should be increased in com~~son with 

IW f 
, ,+A 

0 r14 s/2 

FIG. 1 I. Water, ethanol and two aqueous mixtures in saturated pool boiling, (I. II), and in surface 
boiling on wire with coaxial glass tube with inner diameter D, = 2 X IO-’ m, (1111 respectively 
Peak flux in dependence on win! orientation. L, = 5.20 x lo-’ m. (I), Numbers at curves 

denote sequence of experiments with same wire. 

This equals, cf equation (65) of Part II of (2) : 

4 w, b. P. ma 

whence (Iw, bi, p. mu is predicted to be proportial 
to m-/A, assuming a constant departure 
radius R 1, ,, and a constant bubble frequency on 
all active nuclei. 

The experimental results shown in Fig 12 
are in good agreement with this theoretical pre- 
diction: the curve can be approximated by a 
straight line, strut the data for different wires 

horizontal wires (Fig. 11). As a ~on~qu~~, the 
departure time ti should be prolonged, whence 
the bubble frequency 1/(4t,,,) should diminish 
and the bubble departure radius R,., should 
increase according to equation (7). Apparently 
the resulting effect on q,,., p, p - tf, p according to 
equation (lo), is only slight 

However, the prOpOrtiOI%&y qw,bi,p,_ = 

4 w,b,p,_ - m,._/A, is predicted to be valid not 
only at peak flux conditions, but even in the 
entire region of nu&ate boiling f23. This im- 
portant relation is confirmed by the data shown 
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FIG. 12 Warm Maximal heat flux above convection at critical conditions in dcpend- 
cnce on maximal density of active nuclei for various orientations of platinum wires 

with L, = 3.80 x lo-’ - 560 x lo-’ m. 

in Fig 13 both for a horizontal and a vertical factor of 1.8. Obviously, the average product 
wire : tht curve qw, bi, p versus m/A,,, is represented v,,R:, p increases at increasing wire superheating 
by a straight line also, cf. Fig 3. It may be worth 8,, in nucleate boiling. This effect has been dis- 
reporting, that the slope of the line in Fig. 12 
exceeds the slope of the line in Fig. l?with a 

cussed previously, cf Appendix 3 of Part III of 
PI. 

20- 

15- 
: 

: 

P ‘O 

+ 

0 
5- 

water 
PI wire 106Dw*2(m) 

0 cp = 0 (horizontal ) 

l cp*r/2 (vertical) 

0 IO 2a 30 40 50 60 70 00 90 I00 

I04m/Aw. me2 

FIG. 13. Water. Heat flux above convection in dependence on corresponding density of active 
nuclei generating vapour bubbles on horizontal and vertical platinum wire with L, = 

5.20 x 10e2 m 
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Strictly speaking, the results of Figs. 12 and 13 

show only, that qw, bi, p - &/‘A,, whence 4:. p’, p 
- qw,b, p in the entire region of nucleate bolhng 
The theoreticat identity qW, bi, p = q,,,, b,.p has been 
checked previously by using a h& speed 
photographic technique for water boiling on a 
horizontal heating wire, cf. Fig 1 of Part III of i 
[2]. This relation also holds for Q, = z/2 (vertical $ 20 

wires) and for #J = 7r/4, as follows from similar 
experiments (Fig. 14). 

Important additional information has been 0 5 IO 20 25 

deduced from the high speed motion pictures B n, EC -_ 
(Fig. 15) : 

(i) Both for QI = lrj2 and # = n/4, the vapour 
FIG. 14. Water. Boil&g curves for platinum wires with 

bubbles leave the heating surface perpendicu- 
various orientations at atmospbcric pressure Tbc expxi- 
mental contribution q*,* of the direct vapour formation 

larly. After 11 ms, practically at the instant at at the heating surface (which has been deduced from 

which the succeeding bubble is generated on the 
simultaneoue bigb speed motion pictures), equals the entire 

same nucleus, the bubble is rising upwards. For 
incraase qn,6, in heat flux density above th: corresponding 

convective contribution q_c 

Water 

Avero~e asceodinq velocity : @28. ms-’ 
For ‘~‘0 :&9-2 x iOr4 m 

-57 3 

Dlsfonce I0 wore, mm 

5 x3.1 Ins 
?,+?*=I1 ms 
7*/i,. z53 

RG. 15. Warer. Trajectories of vapour bubbles generated 
(# = A12 and # = n/4). 

on vertical heating wire 
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C#J = x/T the distance of the centre of gravity of 
the moving bubble to the heating wire is practi- 
calfyconstantatapproximately3mm.Thiscauses 
a premature onset of local film boiling at the 
upper end of the wire. 

(ii) One has for 4 = n/2: G = 3.10 ms, G = 
7.85 ms, whence c/K = 253, in good agree- 
ment with the theoretical value of 3W (Section 
1.1 of Part II of [23), which is diminished 

t 

WOlW 
loo Pt wire:10~4p200, m 

4p* tad. 

I Woier 

100 c Pt wire : IObLlW=20~ m 

HEAT FLUX 1369 

generally in practice. For d, = n/4 : 7’ = 2.74 ms, 
g = 640 ms, whence g/c = 2.34. 

(iii) Both for C#J = n/2 and # = x/4, bubble 
growth during adherence is in good agreement 
with Van Stralen’s theoretical equation: R(t) = 
bC,B,t* exp - (t&)*. cf. Section 3.6 of Part I o! 
[2]. The average numerical values of the bubble 
growth parameter are: 5 = 067 for 4 = a/2 
and 6 = O-69 for 4 = x/4, in comparison with 

200 

I60 t 

Water -methylethylhetone 

fx, 14.1 XIO-? 

Pt wire: 106&200. m 

t03Q,. m 

0 -14 a/2 

cp* COG. 

Wotar - methyklhylketanr 

PI wire: IO%p2CO, m 

02- 6 IO 14 0 L O ’ Ii 1: 4 

IO’&, m lOsO,, m 

FIG. 16. Wuter, (I), umd water-methylethylketone (4.1 wt % mdtylethylketone), (II), 

Peak flux in saturated boiling in depcndcna on orientation, (I-a and II-a), for various 
diameters of coaxial glaS tube sumxmdiug platinum hdxlg wire of Gircular cross- 
section. Figures at curves in I-a denote number of active nuclei generating v8pour 
bubbles on a square cm of beating arcs Pa& flux in saturated boiling in dcpaxicna 
on tube diameter, (I-b and II-b), for various orientations of wire. Curves in I-b (II-b) 
~deducvdfromcuntesinI_a(II_ofL,o5~ x 10-*m;D,= a:denotcs:wire 

without t&e. 
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b = 0.71 for+ = O(cf. Section3.18ofPartIof[2]). 

2 1.2 Binary mixtures 
The average decrease of the peak flux on 

vertical wires in comparison to the value for 
horizontal position has been diminished to 
11 per cent in binary mixtures containing a low 
concentration of the more volatile component 
(Fig 11-11). This is apparently due to the 

Marangoni-effect in “positive” mixtures, which 
minimizes the possibility of bubble coalescence 
[8, 2, 31. As a consequence, the favourable 
effect of obtaining considerably increased peak 
fluxes in these mixtures, is even more pronounced 
on vertical wires : for 4-l wt % methylethylketone 
in comparison to water, the relative peak flux 
increases from a factor of 2Q5 to a factor of 2.4, 
and for 2G wt % 1-butanol from 1.8 to 2.25. 

loo c Water Water 

Kanthal ~trip:~xO~I5xOOZ~lO~~~ Kanthal rtrip:5~00x0~15x~2~10~zm~ 
major diameter horizontal 100 

c 
major diameter vertical 

H l 

10 

I I IIa 

I I I 

0 n/4 r/2 0 7714 r/2 

Q* rod. Q* rod. 

Water Water 

Kanthal rtrip:500x0~lSx002~10‘2m~ 

c 

Kanthal strip:~00xO~I~x0~02~lO~~~ 
I00 major diameter horizontal loo mojar diameter ver.ticat 

OO/ 
Ib l Itb 

02w Oh 
I I I 
6 IO 14 

IO’& m lO”O, m 

FIG. 17. Water. Peak flux in saturated boiling in dependence on orientation, (I-a and II-a), 
for various diameters of coaxial glass tube surrounding KanthI DS heating stripofrectangular 
cross-section. Peak flux in saturated boiling in depexkaca on tube diameter, (I-b and II-b), 
for various orientations of strip. Curves I-b (IIb) are deduced from curves in I-a (II-a). 

L, = 5-00 x lo-’ m; D, = co denotes: strip without tube. 
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2.2 Surface boiling of binury mixtures on wire with 
coaxial tube, cf Section 4.3 

Figure 11-111 shows some results for a binary 
mixture in surface boiling in combination with 
the effects of orientation and of surrounding the 
wire with a coaxial tube. The peak flux increases 
not only with increasing subcooling T-T, (cf. 
Part IV of [2]) but also with increasing slope 
of the wire axis, both on a clean wire and on a 
fouled wire. 

It has been observed previously, that a slight 
degree of fouling increases the- peak flux in 
saturated boiling, cf. Section 6 of Part III of 
[2]. Obviously, this effect may under certain 
conditions be maintained in surface boiling. 

It is seen from Fig. 1 l-111, that the increase in 
peak flux due to subcooling is only slight in 
comparison to the case of a wire without tube. 
One has to keep in mind, that the recorded 
values of the subcooling have been measured 
in the bulk liquid, outside the tube. Apparently, a 
considerable heating occurs of the liquid flowing 
through the tube. The actual local sub-cooling 
of liquid in the tube has therefore been 
diminished considerably. The higher peak flux 
on vertical wires is also due to the presence of the 
glass tube : the velocity of the ascending two phase 
mixture has been increased now, cf. also Section 
3. 

3. COMBINED EFFECTS OF COAXIAL TUBE AND 
OF ORIENTATlON ON PEAK FLUX IN 

SATURATED BOILING 

3.1. Water 
Figures 16-1 and 17 show the combined effect 

of placing a coaxial tube around the heating 
element in water under various orientations for 
a platinum wire and a Kanthal DS (Fe ; Cr ; Al ; 
Co) strip, respectively. The peak flux of water 
boiling on a platinum wire in dependence on 
orientation decreases in absence of a coaxial 
glass tube (i.e. D, = a), in agreement with 
Fig. 11-I ; this is caused by a considerable re- 
duction of the maximal density of active nuclei 
generating vapour bubbles (Fig. 164a). Ap- 
parently, this effect is of less importance on a 

Kanthal heating strip (Fig 17-Ia, IIa). As con- 
trasted with the behaviour of free wires, the 
peak flux on ver&l heating elements (4 = z/2) 
has been increased in case of narrow coaxial 
tubes (cf. Section 2.2 and Fig. 1 l-111). As a conse- 
quence, the peak flux is approximately inde- 
pendent of orientation in a range of intermediate 
tube diameters (cf. Figs 164~ and 17-Ib, Iib). 

The low value (approximately 105Wm-2) for 
horizontal heating elements (r$ = 0), which are 
surrounded by very narrow tubes, is due to a 
premature onset of film boiling caused by the 
presence of only a few vapour bubbles, which 
cannot escape from the ends of the tube. This 
value can be deduced from the transition point 
on the boiling curve between convection and 
initial nucleate boiling, cf. Fig. 3. A horizontal 

9 0. -c 
FIG. 18. Water. Boiling curves at atmospheric pressure for a 
horizontal wire without tube (I), and for a horizontal and 
vertical wire with coaxial tube, (II). Figures at lower part of 
curve (I) denote number of active nuclei generating vapoyr _-. _ 

bubbles on a square cm of heating area, cf. Fig 2. 
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Kanthal strip (Q, = 0) with the major diameter 
vertical is slightly more favourable compared 
with the major diameter horizontal, only for a 
relatively large tube diameter D, = 11.4 x lo- 3 
m. This is due to the formation of bubbles on the 
lower side of the strip in the latter case, which have 
a prolonged departure time. Evidently, corres- 
ponding values for 4 = x/2 must be equal 

The peak flux of major diameter vertical case 
exceeds even the value on a free wire (D, = co) 
slightly (cf. Fig. 17-IIa). Obviously the introduc- 
tion of su&iently wide coaxial tubes has no 
appreciable influence on the peak flux, even 
not for horizontal heating elements 

Figure 18-11 shows complete boiling curves 
for water both on a horizontal and on a vertical 
platinum wire, which is surrounded by a narrow 
coaxial tube. Figure 18-I shows the corresponding 
curve for a horizontal wire without tube, also 
up to the occurrence of a local burnout of the 
heating element. The corresponding 8, = 1770 
- 100 = 1670°C is reached indeed only locally, 
as the average critical value, which has been 
evaluated from equation (2), amounts to & z 
850°C. This deviation is due to an axial tempera- 
ture gradient across the centre and the ends of 
the wire. Similarly to the behaviour in nucleate 
boiling, a vertical wire in film boiling, surrounded 
by a narrow tube is more favourable in compari- 
son to a horizontal wire. In this case, also, the 
relatively large vapour bubbles generated in 
film boiling can escape more easily in the vertical 
position. The heat fluxes are now diminished 
compared to a wire without tube, with a factor 
of 6 to 2 at increasing superheating 

3.2. Binary mixture 
The peak fluxes on a 200 l.uu platinum wire 

for the mixture 4.1 wt % methylethylketone are 
compared with the corresponding values in 
water at the same tube diameter, cf. Fig 16-I 
with Fig. 16-11. The following results: are of 
importance : 

(i) Narrow tubes with 1.9 x lo- 3 m < D, < 
3.1 x 10-3m:thepeakfluxinthemixturehas 
increased with a factor of 2 at 4 = z/2 

(ii) Free wire (D, = x)): the increase amounts 
to a factor of 1.9 at 4 = 0. The peak flux in the 
mixture decreases with only 12 per cent at 
4 = x/2 compared with the value at 4 = 0, 
in contradistinction to 30 per cent in water, cf. 
also Fig 11-I and Section 2.1.1. This favourable 
behaviour of the mixture can be attributed to the 
Marangonieffect 

(iii) Intermediate interval 6 x lOA 3 m < D, < 
10 x 10q3m: qw,m,max = qw.p,nux at 4 = 0; 
relatively large bubbles escape from both ends 
of the tube now, whence the observed indepen- 
dence of peak flux on liquid composition is 
caused by a considerable exhaustion of the 
more volatile component inside the tube 

(iv) Intermediate interval at c5 = n/2: the 
peak flux in the mixture is equal to the value for 
D, = ao, in contradistinction to a corresponding 
average factor of O-6 for water (cf. Section 3.3) 

3.3. Discussion 
For nucleate boiling in tubes, we introduce the 

dimensionless number 

s = +V’t - Dw) = Q - Dw 
2R, 4R, ’ 

(11) 

This number denotes the ratio between the re- 
duced tube radius and the equivalent bubble de- 
parture diameter. S < 1 means, that departing 
bubbles touch the inner tube surface. In this 
case, hardly any vapour bubble can escape from 
horizontal tubes The peak flux is to be expected 
to increase as S > 1 increases_ 
One has for D, < c D, : 

Dt 
S=4R,. (12) 

Roughly speaking, to the neglect of the con- 
vective heat transfer, one can state a criterion for 
the onset of lilm boiling in tubes for different 
liquids : the same critical heat flux in tubes occurs 
at equal values of S. 

Obviously, this criterion simplifies the more 
complex actual situation occurring in some cases, 
which may be due to various casues, e.g. to a 
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considerable exhaustion of the more volatile 
component in horizontal tubes, cf Section 3.2. 
The bubble departure radius R, depends both 
on the bubble growth constant Ci,, (or Ci., in 
mixtures) and on the corresponding convective 
contribution, which determines the departure 
instant t i in equation (7). The average R i, m = 3.4 
x 10m4 m in 4.1 wt % methylethylketone (Table 
3 of Part II of [2]) in comparison to R i. p = 
9.2 x 10m4m in water; Ci,, = 025 Ci,,for this 
mixture. Equal values of S in both liquids are 
thus obtained for tubes with a 2.7 times smaller 
inner diameter in the mixture. 

corresponding peak fluxes (at the same D,) 
on elements of rectangular cross-section exceed 
the values for circular cross-section considerably 
up to a factor of 2.5. 

Obviously, this is due to the circumstance, 
that in the latter case a vapour bubble may be 
surrounded in every direction by neighbouring 
bubbles, thus having many possibilities for 
coalescence. Contrarily, in the former case, a 
bubble generated on a nucleus nearby an edge, 
can coalesce only with neighbouring bubbles 
generated at nuclei on the same lateral face. This 
follows from the fact, that in general bubbles 

Table 1. Water and 4.1 wt % methylethylketone. Data at nucleate boiling peakjlux on electrically heated 
platinum wires (L, = 50 x lo-’ m; D, = 200 pm) inside uertical tubes of various diameter at constant 

ratio SJS, = 2.7 

lO’(D, - D,) IV %v,n,mu 

(m) (Wme2) S, 

24 21 1.47 16 0.55 1.3 
2.9 42 2.13 19 0.79 2.2 
5.7 141 4.17 31 1.54 4.5 
9.8 141 7.14 37 2.64 3.8 

Same data for 4 = x/2 are collected in Table 1, 
cf. Fig 16. Application of the number S seems to 
be most suitable for vertical tubes, for horizontal 
tubes use of this number is not successful as 
stated above, cf. Sections 3.1 and 3.2--(iii). 

The peak fluxes are compared in Table 1 at 
constant D, and D,. We compare the critical 
heat fluxes now at constant values of S > 1: 

4 ,,__ = 31 x lo4 Wmv2 for S, = 1.54, and 

4 w,Ill,_ = 21 x 104Wm-2 for S, = 1.47; 

4 w.p,nuX = 37 x 104 Wmw2 for S, = 264, and 

4 w, In, llllx = 42 x lo4 Wmm2 for S, = 2.13. The 
agreement is reasonably good, if the simplifica- 
tions underlying the theoretical model are taken 
into account It may be worth noticing in this 
respect, that the influence of the Marangoni- 
effect is not incorporated in the theory. 

Also, an eventual influence of the geometry of 
the heating element is not yet established suffi- 
ciently. It is seen from Figs. 16-Ia and 17-Ia, that, 
especially in case of the vertical position, the 

leave the heating surface always perpendicularly 
(cf. [l, 231 and Section 21.1). 

This results in a minimized possibility of a 
premature onset of local film boiling at the upper 
part of the heating element A second reason for 
the occurrence of this effect may follow from the 
larger heat capacity of the Kanthal strips in 
comparison to the thin platinum wire used, 
cf. Section 1.2.4. 

4. EFFECTS OF WIRE DT OF 
ORIENTATION AND OF COAXIAL TUBES ON 

PEAR FLUX IN SURFACE BOJLING OF WATER 
AND BINARY MIXTURE!3 

4.1. Experimental results for horizontal wires 
without tube 

The boiling vessel and the experimental pro- 
cedure have been described previously [3, 93. 
Platinum and Nichrome V wires of various 
diameters have been used 

The most important results are the following : 
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RG. 19. Water-1-butanol and water-methylethylketone. Peak 
flux in surface boiling with f&e convection in dependence 
on subcoolin& at atmospheric pressure. The atmospheric 
boiling point T amounts to: 100 dcgC (water), 97 degC 
(15wt %I-butanol),118degC(l-butanol),88dcgC(4~lwt % 

methykthylkctone) and 80°C (mcthykthylkctone). 
The temperature T, of the bulk liquid haa been measured 

atadiscanaot5cmtothscentnofthebecltingwire. 

(i) The experimental curves q:, ,( T - TO) can 

be represented by straight lines (Figs B-23), 
both for pure liquids and for binary mixtures. 

(ii) The ratio 42, ,,mu/q$,p,_ at constant 
subcooling 6 = T-T, amounts to approxi- 
mately 1.50 for aqueous binary mixtures con- 
taining the most e5kctive low concentration of the 
more volatile component (Figs 19 and 20). This 
is in quantitative agreement with theoretical 
predictions (cf. Section 2.2 of Part III of [2]). 

(iii) The slope of the curve qz, p, ,( T-T,) for 
1-butanol and methylethylketone has been 
diminished to 20 per cent of the value for water 

(iv) The e5ect of “farberizing” a Nichrome V 
wire (i.e. oxydizing in fihn boiling, cf. [ 10, 1,2] is 
slight (15 per cent), and occurs not only in water, 
but also in aqueous mixtures (Figs 20-21). This 
effect is not observed in organic liquids, in 
agreement with a conclusion, which can be 
drawn from the extensive research on the nature 
of this e5ect by Oiden and !korah [ 111. 

(v) The slope of the curve qz,-(To) decreases 
for increasing wire diameter, D, (cf. Figs. 20-23). 

(vi) The choice of the heating metal has no 
important effect on the slope of the q:, ,( T-T,) 
curves, provided wires with the same diameter 
D, are compared (Figs 19 and 20). 

Water-I-bubnol 

1 I I I I 
20 40 60 80 100 

r-r,, Y 

FiG. 20, Water-1-buta&. Peak flux in surface boiling with 
free convection in dependence on subcooling, at atmospheric 

pressure. 
A favourabk effect (approximately 15 per cent) of “farberiz- 
ing” the Nichrom heating wires occurs in water and in 
aqueous mixtures only, cf. Fig 21. The temperature ‘f,‘, 
oftheb~liquidhasbcenmcosuradatadktanccof5cm _._ . . (Figs 19-21). to the cantrc 01 the heating win. 
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FIG. 21. Wuter-1-butand. Peak flux in surface boiiing 
with free convection in dependence on subcooling, at 
atmospheric pressure. The efiect of ‘Yarberizing” is similar 

to Fig 20. 
The temperature ‘I. of the bulk liquid has been measured 

at a distance of 5 cm to the centrc of the beating wire. 

Figure 24 shows the absolute value of the 
slope of the qc, -(T-T,) lines in dependence on 
the wire diameter D, The following results are 
of importance here : 

(vii) Organic liquids. The slope of the curve for 
the two investigated liquids decreases with only 
30 per cent for increasing D, from 200 pm to 

75ocM. 
(viii) Water. In this range of diameters, a 

decrease of a factor of 2.1 occurs ; in the range 
from 25 pm to 750 cun, the decrease amounts 
even to a factor of 35. 

(ix) Binary mixtures. The latter value must be 
compared with a factor of l-9 for both aqueous 
mixtures investigated. 

(x) The favourable behaviour of the mixtures in 
comparison to water diminishes for decreasing 

wire diameter to zero at D, = 50 urn, cf. a similar 
behaviour in saturated boiling on horizontal 
wires (Fig 9). 

Figure 25 shows the corresponding contribu- 
tion q$+,(8, + 0:) of convection to the total 
heat transfer for water at atmospheric pressure. 
The lower part of the curves for various dia- 
meters tallies with the curves which are shown 
in Fig 5. The relative contribution due to forced 
convection, which is a result of the free convec- 
tion on the wire in a boiling vessel of limited di- 
mensions, is in surface boiling much lower as in 
saturated boiling with additional heating of the 
bottom of the vessel. Comparison of Figs. 25 
and 19 for water and D, = 200 pm yields: 

(xi) At large subcoolings, the total qz,- is 
substantially determined by the contribution 

4* ,,, bi,-, which is ultimately due to the be- 
haviour of the vapour bubbles 

4.2 Comparison with theoretical predictions 
A comparison of the results described in 

Section 4.1 with theoretical predictions is 
extremely difficult. This is mainly caused by the 
following : 

(i) The temperature To of the bulk liquid has 
been measured at some distance to the test wire, 
which is acting as a heat source. This results in 
too high experimental values of the subcooling 
s*, = T-T,, especially for relatively large dia- 
meters D, and for high subcoolipgs. 

(ii) The peak fluxes may depend both on the 
diameter D, and on the orientation of the wire, 
especially in pure liquids, cf. Section 1.2.2. 

At least the results (ii), (v), (vi), (viii) and (xi) of 
Section 4.1 are in good agreement with Van 
Stralen’s “relaxation microlayer” mechanism 
(cf. Part IV of [2]), the results(i), (iii), and (vi with 
Zuber’s model [12,13] which is based on hydro- 
dynamic stability in the region of transition 
boiling. The Van Stralen theory has theadvantage 
of predicting the behaviour of both the bubble 
growth and the peak flux in binary mixtures For 
pure liquids, an expression for the relative peak 
flux in pure liquids has been derived, cf. equation 
(17) of Part IV of [2], which, more generally. 
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FIG. 22. Water. hak flux in eurface boiling with free convection on horizontal platinum wires 
of various diameters in dependence on subcooling. at atmospheric pressure. The slope of the 
curve decreases for increasing wire diameter, similar to Fig 20 in combination with Fig 21 and 

to Fig 23. 
The temperature TO of the bulk liquid has been measured at a distance of 5 cm to the centre of 

the heating wire. 

0 
. 

FIG. 23. Water-1-butanol, water-l-pentmol and wutermethylethylketone. peak flux in surface 
boiling with free convection on horizontal platinum wires of various diameters in dependence on 
subcooling at atmospheric prcsme. The abmsphhc boiling point T amounts to: 97 deoC 
(15 wt% 1-butanol), 96 degC (l-8 wt % 1-pentanol) and 88 degC (4.1 wt % methykthylketone) 
The slope of the curve decreases for increasing wire diameter, similar to Fig 20 in combination 
with Fig 21 and to Fig 22 

The temperature TO of the bulk liquid has been measured at a distance of 5 cm to the centre of 
the heating wire. 
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FIG. 24. Waw-l-butad aad watemnethy~ethy&etone. Absolute W&X of the dope of the CUfves 
(straigkt kncs) in Figs. 19-23 in dependen= on diameter of horizomal heating win. 

can be written as follows : 

63 
=F ll-3-’ ( 1 o,- 

(131 

Actually, the function F should be quadratic 
in 8t;/&l#X, as a consequence of the rapid 
increase of 4:. bi, @, - at increasing s&cooling 
6, cf. equation (9) and equations (13) and (16) of 
Part IV of [Z]. It is shown in Fig. 26, that for the 
actual O,,, = 21+5”C, Van Stralcn’s theoretical 
~~oq~,p.IDiO(l~w.P,M = W14JW f &Wo,p,mu) 
u + o*gg &Y~*,,*,) is in good agreement with 
the experimental results on thin wires in 
water at high subcoolings, as m&t be expected. 
As a consequence of the above mentioned causes, 
which result apparently in a ,linear relation 
&nn w O& cf. the experimental result (i) of 

Section 4.1, we propose a simple linear expres- 
sion for the relative peak flux in subcooling: 

(14) 

assuming as previously [2], that O,,, is inde- 
pendent of 6, cf. [ 141 and Section 4.3. The Zuber 
theory [12, 137 predicts also a linear relation, 
which is obviously caused by assuming a con- 
ductive beat transfer mechanism : 

The theoretical factor 24/z = 76 was replaced 
by 53 in order to obtain quantitative agreement 
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RG. 25. Water. Heat transfer in free convection at atmos- 
pheric boiling point on horizontal wires of various dia- 
meters, D, according to McAdams taking [DJ as a 

characteristic dimension, cf. Fig. 5. 

with experimental data on subcooled water and 
ethanol. 

Theoretical predictions following from equa- 
tions (14) and (15) are compared in Table 2 with 

experimental values. The Zuber theory gives 

satisfactory results for pure liquids, the predicted 
absolute values of q$,n.mu in mixtures are too 
low; e.g. the theoretical q$__ = 9-4 x lo6 
W/m* for 1.5 wt % 1-butanol, and qz,.,, ,,,= = 
9.3 x lo6 W/m* for water, both at 0;: = lOO”C, 
whence q* W,rn,mu = 42. p. aI=* Contrarily, the Van 
Stralen theory [2] predicts a ratio of 1.47 in 
quantitative agreement with the experimental 
data. It may be worth reporting, that the simpli- 
fied equation (14) yields also satisfactory ratios 
both for pure liquids and for binary mixtures, 
provided that the same 60,P,_ is taken instead 

of $0, In. mu in the latter case. Quantitative agree- 
ment of the absolute heat fluxes in mixtures can 
be obtained by introducing the factor of 1.47. 
This factor is based on the effect of slowing down 
of bubble growth in mixtures Equating (14) 
and (15) yields a valuable expression for the 
critical superheating 8,, p, _ in nucleate boiling : 

e x P2l O*p*- = %(kp 
(16) 

The bubble growth constant for pure liquids 
amounts to [15, 16, 171: 

C 
12 + (kp& 

l,P= 7 0 -z--’ 
(17) 

Substitution of (17) into (16) yields : 

Table 2 Water-l-butanol Comparison of experimental and theoretical slope ofcwve q&_/qw,_in dependence on subcooling 
at atmospheric pressure. Constant munetical values of the thermal quantities (values at armoapheric boiling point) are aeetimed 

lO’n(“C-‘) 

Experimental 

lo-’ q*,_ (War ‘) 

Liquid Zuber, equation (15) Fig. 19 Fig. 21 10%.P,nu (“C-l) Zuber Experimental Van St&en 
Equation (14) theory (D, = 2OOpm) theory 

(factor = (factor = (D, = (D, = 
76) 5.3) 200 Pm) 750 pm) 

water 7.52 5.21 9.0 3.3 4.8 109 67 63 
1 -butanol 5.1 3.1 3.4 1.4 2.9 44 44 33 
1.5wt % 
l-butanol 8.4 60 9.0 5.2 4.8 100 169 157 
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--- Pt wire : 0, * 25 and 50pm 

PI -_- wire : DW * 2OOpm 
NiCr V wire : &* 220pm 1’ 

/ 

-- NiCr V wire : &=75Opm 
/ 

Thtcr. / 
‘/ 

%p*mu= (y&J&.&J* 

taking ?I “v o-o.5o ie, P -, a proportionklity, 
which can be &UC& h combination with the 

x t”“~~ ,,gi 
results &own in Figs. 4 and 25. FinaIfy, it may 

(18) be worth reporting, that the ratio ~~,~~-($~)/ 4* 
W, P,mu(O$) = 1.47 is decreased considering 
* 

The critical superheating in binary mixtures %V,n,mu(&! + ~O*,,mJ&VA% + &,mu). 

with a low cancentration of the more volatile However, for 1.5 wt % l-butanol this correction is 

component follows from the value in the pure not substantial as 6&, - exceeds a,, R - with 

less volatile component by adding an amount only 3°C. 

TP - T,f2] at the same values of the parameters. 
It may be worth noticing, that the derivation of 4.3. Eflects of orientation and of coaxial tube on 
the equations (16) and (18) is semi-empiricaL peakftux in surf&e bailing 

In equations (16) and (X8), the parameter In Figure 27-1, the peak flux to water in 
n = V@%,mu has been taken. It follows from surface boiling is cu~parcd for horizontal (cf. 
Table 2, that a better approximation for thin Fig, 22) and vertical platinum heating wires ; the 
wires in water is obtained by taking n = 1.9. The latter values were reported by Mosciki and 
effect of the wire diameter can be established by Broder [ 141. The critical ‘0,. ,,,.X, observed by 
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Fko. 27. Wuter. Peak flux in surface boiling with free con- 
vection both for horizonti and vcl-thi wiies in dependence 
on subcoo~ at 8Mospheric pm; (I): wires without 

tube; (II): wires surrounded by coaxial tube. 

these workers, was independent of t$. Figure 
27-11 shows the corresponding curves in case of 
placing a narrow coaxial tube around the wires. 

The behaviour is similar to that in saturated 
boiling of pure liquids : 

(i) Wires without tube: the peak fluxes on 
horizontal wires (4 = 0) exceed the correspond- 
ding values on vertical wires considerably (up to 
a factor of 3, cf. Figa 22 and 27-I). 

(ii) wires surrounded by a narrow coaxial tube : 
the vertical position gives more favourable 
results; alI absolute values are diminished con- 
siderably in comparison to case (i). Comparable 

results of Figs 27-11 and 11-111 (Section 2.2) are 
in good agreement 

It is seen from Fig 27-11, that for a horizontal 
wire, the peak flux 4:. p,_ in surface boiling 
approximates the value q,,,, p,mu in saturated 
boiling already at a subcooling 03 = 7°C. 
Obviously, this is due to a rapid warming up of 
the entire quantity of liquid inside the tube to the 
boiling temperature. 

5.THEPEAKFLuxINsAmTEDFoOL 
BOILING OF TERNARY MIXTURES 

To our knowledge, no experimental data are 
known in the literature on the dependence of the 
critical nucleate boiling heat flux on the liquid 
composition in aqueous ternary mixtures West- 
water [ 181 describes results for the non-aqueous 
system benzene - toluene - xylene by Pelham. 
The peak. flux in the most favourable miscible 
mixtures exceed the values in the pure excess 
component with only 20 per cent. This result is 
in good agreement with the relatively low in- 
crease (up to 35 per cent), which can be obtained 
in organic binary mixtures with a more volatile 
component The latter effect has been discussed 
previously, and is explained by Van Stralen’s 
“relaxationmicrolayer” theory on themechanism 
in nucleate boiling, cf. Section 4 of Part III of [2]. 
Much higher maxima (up to a factor of 3) occur 
in aqueous binary mixtures at a low concentra- 
tion the more volatiIe component [l, 21. At this 
concentration, a maximum AT/G,, occurs, result- 
ing in a maximal slowing down of bubble growth 
[1+2-J ; this leads to the ‘boiling paradox”, cf. [2]. 

5.1. Water-ethanol-l -butanol 
Figures 28 and 29 show the peak flux at 

constant mass functions of one of the organic 
components in dependence of the mass fraction 
ontheremai&gorganiccomponentThebottom 
curves represent AT/G, for the corresponding 
aqueous binary systema The boiling vessel has 
been described previously [l, 91. Both the maxi- 
mum at 3 wt % 1-butanol and the maximum at 
12 wt% ethanol in the corresponding binary 
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athonol- I- butonol 
(I-&I-& ho., 1 
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Y so- jo/yy, j 
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~lO%,.~, wt.% I-butonol 

ho. 28. Water-e&utol-I-butanoL Nucleate boiling peak 
flux on horizontal platinum heating wires (L, = 50 x 10S2 
m; D, = 200 pm) in saturated pool boiling at atmospheric 
pressure of tctnary mixtures (at various constant mass 
fractions of ethauol) in dependcna on mass fraction of 
I-butanol cf. Fig 29. Bottom curve represents AT/G, for 

the binary system water-I-butanol. 

systems are increased by adding a suitable 
quantity of ethanol or I-butanol, respectively. 
The mixtures containing 2-3 wt % l-butanol 
and 8 wt % ethanol in the range of complete 
miscibility show the highest maximum, but the 
increase amounts to only 11% in comparison 
with the corresponding maximum for 0% ethanol 
Obviously, the concentrations of this most 
favourable ternary mixture can be deduced from 
the AT/G&urves for the aqueous binary systems. 

5.2 Watevl-butanol-rqethylethylketone 
Figure 30 shows the peak flux in water-l- 

butanol-methylethylketone mixtures at constant 
mass fraction of 1-butanol or methylethyl- 
ketone, respectively. This ternary system has been 
chosen, because both basis aqueous binary 
systems show a very high maximal peak flux at 

2 wt % l-butanol or at 4 wt % methykthylketone, 
respectively, which exceeds the value in water 
with a factor of 2.5 [l, 2,3]. The ternary mixture 
containing 2 wt % l-butanol and 4 wt % methyl- 
ethylketone in the range of complete miscibility 
shows the highest peak flux indeed, in agreement 
with the behaviour of the system water-ethanol- 
I-butanol, cf. Section 5.1. Also, in this case, the 
increase is restricted to only 15 per cent in com- 
parison with maximal values in the correspond- 
ing aqueous binary systems. 

Evidently, the relative volatility of both or- 
ganic components has been decreased for the 
ternary mixtures in comparison with the binary 
systems. This follows also from a comparison of 
the corresponding boiling points in Fig. 31, 
which shows, that the slope of the T(x,)-curve at 
constant low mass fraction x0 diminishes by 

a 
(102xo,,= 1 wt. X ethanol 

nG. 29. Wuter-ethrmnoCl-bwano~ Nucleate boiling peak 
flux on horizontal platinum hasting wires (L, = 50 x 
10-2m;D,~#10~)insaturatedpoolboilingataMos- 
pheric pressure of ternary mixtures (at various coustant 
mass hctions of I-butanol) in depcnden~ on mass fraction 
of ethanol, CE Fig 28. Bottom cum represents AT/G, for 

the binary system water-ethanol. 
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RG. 30. Wafer-l_butanoCmethylethylketone. Nucleate boil- 
ing peak flux on horizontal platinum heating wires (L, = 
54I x lo-’ m: D, = 200 pm) in saturated pool boiling at 
atmospheric pressure at ternary mixtures at various con- 
stant mass fractions of one of the organic components. 
Bottom curves represent AT/G, for the basic aqueous binary 

systems. 

adding a third volatile component. The AT/G,,- 
curve for a binary system can be derived graphic- 
ally from the equilibrium-diagram at constant 
pressure, whence AT/G, is dependent on the 
slope of the T(x,)-curve, cf. Fig. 2 of Part II of [2] 
and Fig. 7 and equation (73) of Part I of [2]. 
Consequently, the maximal value of AT/G,, has 

been decreased in ternary mixtures. But, on the 
other hand, two (1ower)contributions to the total 
resulting AT/Gd have to be considered. Apparent - 
ly, this results in a slight increase of the maximal 
slowing down of bubble growth Viz., one has the 
following asymptotic approximation for spheri- 
cally symmetric bubble growth in initially 
uniform superheated binary mixtures [2, 31: 

12 3 
R&) z c,,, e,t* = F 0 

(19) 

As the numerical value of (u/D)* for water- 
I-butanol and water-methylethyl ketone mix- 
tures at atmospheric boiling point differ only 

I Wafer -I- butanol -methylethylkefone 
(I-10.,-x& (x,,) (x02) 

200 

loj_J-&Y+ 

lo2xlJ,=o;o~9; 

75 I I I I I 
, 1,6;2+ 

0 2 4 6 e IO 12 14 

1021,.,.102x,.* 

FIG. 31. Water-l-butmd-methylethylketme. Boiling-point 
curves at atmospheric pressure for ternary system at 
various constant mass fractions of one of the organic 
components Bottom curves represent AT/G, for the basic 

aqueous binary systems. 
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2 per cent, one can substitute the total AT/G,, 3. S. J. D. VAN S’IRALHN, The growth rate of vapour 

in ternary mixtures into the denominator in bubbles in superheated pure liquids and binary mix- 
tures-Part I, Theory; Part II, Experimental results, 

the right-hand side of equation (19). Obviously, 
the resulting maximal AT/Gd in ternary mixtures 
exceeds both the individual maxima in the basic 
aqueous binary mixtures, but is smaller than 
the sum, cf. equation (72) of Part I of [3l. 
This results in a slightly increased slowing down 
of bubble growth and hence in an increased 
peak flux [2] in suitably chosen ternary mix- 
tures compared to binary mixtures. 
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More exact theoretical predictions may be 
possible only if complete equilibrium data, 
including the vapour composition, shall be 
known in the literature. Also, an eventual 
dependence of the diffusion constants on con- 
centration may be of some importance. 
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ReLes effets du diam&rc et de l’orimtation de fh &au& &ctriquement sur kur flux de chaleur 
critique ont ttt ttudi& B la fois en tbullition satur& en r&crvoir et en &ullition de surface. 

Un minimum du lIux de pointc sur des tils horizontaux dans l’tbullition sat& se produit pour un 
diam&rc de 100 @. Le flux de pointc augmente rapidcnunt hmquc k diam&re diminue cotnrnc con& 
qucna d’une augmentation correspondante dans lc transport de chakur par convection. Un cfkt similairc 
a ttt obaervb dans I’Cbullition de surface, oti la pcnte du flux de chakur en fonction dcs c~urbes de sow+ 
refroidi swment pour dcs flls horizontaux augmentc lorequc k diam&te du fil diminuc. 

G&n&akmcnt, le flux de chaleur critique sur dcs ftls borizontaux dans dcs liquidn purs d6pa.w la valeur 
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sur des tik verticaux. Coci ut caulk par un d&narragc pr&mat& de I’&bullition par film dans lc dernior 
cas par la formation da bouchons de vapaur B l’cxtr&niti sup&ieurc du chauffoir. 

Aucontraire,lcs&sxdc.ch8kurconGi6rablcmmt ph~~Clev~scproduisantdanscertahstn&~~gcs 

un comportement tout B tit d#Jrent du flux de pointe cst obwrvk sur les Gls et les rubaus, qui sent 
sn~puuatube~nrpprochl5:desvrkun,tlevcesaeprtsententrmintmurtsurdaclcmantrde 
chauffb verticaux, car la pomibilit6 pow lea bulks de s’&happer & l’intcrieur du tube cat minimis& dans 
la position horizontala 

Qua&as mchcr&a p&is&a& sur b flux de pointc dans l’tbuflition satur& en r&rvoir de mtlanges 
aqucux temaircs montrent I’exiatence d’una relation dire& avcc le comportemant des mClangcs aqueux 

binaires. 

21-y-Die Einflt& dg Durchmessers urxl der Orientiarung von eiektrisch b&e&en 
Drphten auf&n kritischan wlrmastrom bai 3ch&rsicden im SiIt@ngszuatan~ sowia ki ObcrfllLchcn- 
siedcn, wurden untaraucht. Ein Minimum im Maximalwarmcstrom tritt an horizontalen D&ten bci 
ges&ttigtemSiianoinem Druchmeuer von 100 m auf. Bei Vermindsroog da Dm steigt der 
maximale W&rmestromraschaninFoigeainesen~ Anwachmnsdas konvektim Wgrmetmns- 
portcs. Ein Hhnlichar Etrskt wurda beim -ieden beobochtet, wo die Steigung dcr Kurven des 
maxiamb Wgrmastromes Dber dam UnlarMhhmgsgrad fPr horizontale DrHhte mit abnehmendan Draht- 
durchmara zunimmt. 

Im~gemeiwafibertri~da~~W~r0manw~htarDr~in~~igkoitkndto 
Wert l& se&a&e Dr&te. Dies wird hervorger&n durch ein fri&citiges Einscm dea Fiiicdcns im 
zweiten Falie, da sich Dampfbalkn am obamn Ende des Hcizdrahtes ausbilden. Im Gegcnsatz dazu sind 
die bet&h&h hbhcren maxim&n WInnaatr6me in bestimmten Zweistoffgcmischen(zugIeich vcrbunden 
mit aincr VwAQurung im %aawadutum bci gcriqcr Konzentration drr l&h@#&htigca Kouiponente) 
praktisch unabh&ngig van da Orienzienmg des Hai&omentes. da der Marangoni-&ekt die Mdglichkcit 
zum~wa&enbcaintrgchtigt. 

Ein ganz andares Vabrlten dcs e W&mestromes wurde an Driibtan und B&&II bcobachtet, 
dievoncinsmsn~aohrkouirlurmchlouarw~:~~WenetnctennunMdenscalvtchten 
Hcizclementen auf, da die M6giiieit @r die Blasen, aus dam Roh&neren N entwcichen, in dcr waagc- 
rechten Lage am geriugsten ist. 

Einigc vorknitcadc Untersuchungcn fiber den maximalen WHrmestrom bei gcs&tigtem Siaden von 
w&r&en Dmistoff-L6sungcn zeigea die Existcuz cincr dirckten Be&hung N dem Verhaiten der grund- 

legee&n ZwcistofIllisungen. 

Ann~-~ccne~o3azanocb a.unRHkie mameTpa B 0paeHTaqkiH 3neKTpuqecKw Harpevbzx 
npoeonoseK Ha KpnTHqecHHIt TennoBoR ~OTOK KaK npn Hacbtnletnioar Kmneiiau B OTKPHTOM 
oheme,TaK ii npkt KHnenIUf,Ha noeepxHocTR. 

MLIHHM~M K~HTWWCKOIW T@nJxOBOrO nOTOK Ha rOpP30JiTaJIbHbtx npOMUIOWcax npH 
HacbnuefiHoM KHnewin goc~wranw npu wiarwrpe npo3onoqHH 100 pM. C yrdeirameitxer 
HnaMerrpa KpxTswecKHlf T~IUI~B~& II~T~K 6h1cTp0 yB0~HPUBtW?Cff aa c4m yBe.amemm A~JIK 
KOHB~KTKBHO~O vennoobareaa. AH~~JIO~HSKU~ ~@&HCT HaBnxoAaacR: npw HxneHWH Ha noaepx- 
HOCTW, HOrAa HeKJIOH KpHBOti Ha rpa#iKe UKpHTHWCKH# TenJIOBOft nOTOK- KpHBbte He- 
Aorpesa, ~a ropnaofmwbwdx npoBonoveK yeenuwisaswn c yMeHburexmev AmaveTpa 

npOBOJIOKH. 
BooBqe, aenm4xtia KpHTnrecKoro TennoBoro noToKa ~a ropnaoHTanbHHx npoBonoqKax 

npH KHnewisi ~K-X H(HAKOCT~~~ 60onbufe ero 3Haweiiswi Ha BepTnKanbiiux nposoono9Kax. 
B noc.vegHesl cn~aeaToBnraHsat?TcRpawiHM HacTynnewem nneeowioroKnneHHfiBpeaynb- 
TaTe o6pasoBanrR naposatx npo6oK Ha Bepxweln KoHue HarpesaTenfi. B npoTnBonec a~ovy 
3HaqKTenbHO 6OJIbLIIKe KpHTA'IeCKSie TenJIOBbIe nOTOKIi B HeKOTOpIdX 6HHapHHX CMBCRX 
(o~~ospeMe~~oc3aaae~ne~~eMpocTany3~pbKanprr~n3KnxKon~e~Tpaun~x6oneeneT~ero 
KoMnoHeHTa), npaKTn4ecKn He 3aewcfrr 0T 0pneHTawH HarpeBaTenbHoro aneMeHTa,TaK KaK 
3@f~?tcT &paHrOHH CKHSKaeT BO3YOHuiOCTb CTOJIKHOBBHWI Ily3HpbKOB. 

CoaepweifHo npyroe noeexeane kcpxmrecKor0 Tennoiwo noToKa Ha6n#OAa&rc~ Ha npoeo- 
n04KaX n nonocKax, OKpyiiWHH%lX y3KOii KOaKCHaJIbHOti vpy6~0fi: 6onbmkte aHa’leHnx 
HMeKlT MeCTO Ha BepTHtGWlbHbiX HU'p4SWT+?~bUKX WIeMeHTaX,TaK KaK npil rOpH80HTaJIbHOW 
nonomeHw ynaneHne ny3ISpbKOB iiaHyTpH TpY6KH BaTpyAHReTCA. HeKoTopble npep(aapa- 
TWlbHbIe KCCJlefiOBaHMR KPHTKWCKOrO Tl?UJIOBoI'o nOTOKi3 npil HaCblqWiHON KHneHWH B 
6OnbrrrOK obsere BO~XTpeXKOUKOHe~HsurpaC~BopoBCB~~nbcTBy~O CyIlWCTBOBaKkln 

npK~Oi# aaBnCnKOcTK ero OT nOBeAenHR OCHOBH~IX BOAH~IX (inHap_x CMeC&. 


