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Abstract-Heat transfer experiments were carried out concerning the transfer from cylindrical surfaces 
immersed in liquid-liquid spray columns 100 and 200 mm in diameter. Water, formamide, glycerol, 
tetrachloroethylene, tetrabromoethane, toluene and 2-ethylhexanol were used to study the influence of 
physical properties of immiscible liquids over a wide range. Operating conditions (liquid flow rate of the 
dispersed phase, equipment geometry) affect the heat transfer comparatively to a low degree. Physical 
properties of the heating surface were varied to examine the influence of wetting phenomena on the heat 
transfer coefficient. The calculation model presented in this paper is based on equations of the heat transfer in a 
single phase flow over a flat plate. Heat transfer is described by Reynolds number incorporating the relative 
velocity between the drops and the continuous phase, the equivalent diameter and the viscosity of the 

continuous phase. 

INTRODUCTION 

LIQUID-LIQUID spray columns are used in the field of 
reaction engineering and extraction. Many liquid- 
liquid processes require heat transfer between 
dispersed systems and cooling or heating surfaces. Till 
now there have been no investigations about the heat 
transfer between heat exchanger walls and dispersed 
liquid-liquid systems in spray columns. In such 
contactors liquid drops are dispersed into another 
continuous immiscible liquid. These drops, l-10 mm in 
diameter, either rise or fall depending on mass densities. 
The heat transfer process between the transfer surface 
and the liquid-liquid dispersion is described by the heat 
transfer coefficient GI as a function of the superficial 
velocity d, of the dispersed phase. The heat transfer 
coefficient CI is defined as 

0 

tl = A(&-&) 
(1) 

is determined by measuring the heat flux which is 
transferred between the liquid-liquid systems and the 
heat exchanger, divided by the heat transfer area A and 
the temperature difference Bw-eb. Figure 1 shows a 
typical measured curve of the heat transfer coefficient vs 
the superficial velocity Lid of the dispersed phase. The 
curve ends at the flooding point. The superficial 
velocity of the flooding point is reached when the 
dispersed phase begins to displace the continuous 
phase to the top of the column. Figure 1 also shows the 
heat transfer ofasingle phase water flow. The high rates 
of the two-phase heat transfer coefficients in 
comparison with the results of a single phase flow, are 
caused by the intensive mixing of the continuous phase. 
This is induced by the motion of the rising drops. 
Wetting phenomena on the heat transfer surface have a 
strong effect on the heat transfer coefficients. At the end 

of this paper a calculation method is given for the 
special case that the heat transfer surface is completely 
wetted by a thin film of the dispersed phase. 

EXPERIMENTAL SET-UP 

Two spray columns 100 and 200 mm in diameter 

were used to determine heat transfer coefficients, see 
Fig. 2(a). Drops of the dispersed phase were formed at a 
sieve plate mounted at the bottom of the column. They 
rose due to their buoyancy forces. The heat transfer 
probe was axially adjustable and immersed in the 
liquid-liquid dispersion. The bulk temperature was 
measured by thermocouples at several points. A cross- 
section of the heat transfer probe is shown in Fig. 2(b). 
An electrical heating coil was enclosed by a cylindrical 
shell made of copper. The surface temperature of the 
probe was measured by thermocouples soldered on the 
surface. Thin-walled sleeves of chrome-nickel steel 
attached to both ends of the heat transfer part of the 
probe reduced axial heat loss to a minimum. 
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FIG. 1. Heat transfer function measured in a dispersed liquid- 
liquid system (toluene dispersed in water) in comparison with 

experimental results of heat transfer on a flat plate. 
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NOMENCLATURE 

A heat transfer area 

4 cross-sectional area of the heater 
a thermal diffusivity 

c, cp specific heat capacity 
D* equivalent diameter 

& diameter of the heater 

4 hydraulic diameter 

4 drop diameter 

! 
gravitational acceleration 
distance between drops 

LF length of the film 

L, length of the heat transfer area 
1 characteristic length 

md mass flow rate of the film 
s thickness of the film 
u perimeter of the heater 

ti flow rate of the film 

vd superficial velocity 
W velocity 

WS terminal velocity 
velocity of drops in a swarm WSS 

W,,I relative velocity between the phases 

wE terminal velocity of a fluid particle with 
maximum stable size. 

Greek symbols 
a heat transfer coefficient 

ad heat transfer coefficient of the film 

ad, dis heat transfer coefficient between film 
and liquid-liquid dispersion 

%L total heat transfer coefficient 
& volume fraction 

; 
dynamic viscosity 
temperature 

3” thermal conductivity 
V kinematic viscosity 

P density 

AP density difference 

Y1.2 surface or interfacial tension 

9 heat flow rate. 

Subscripts 
b bulk 

continuous 
: dispersed 
1 characteristic length 
max maximum 
W wall. 

Dimensionless numbers 
Nu aD*/l, 

N% “dslid 

Re ddD*/cdv, 

Red vpd/qd” 

Pr v/a. 

Heat transfer coefficients were measured in several 
liquid-liquid systems at various superficial velocities ti, 
of the dispersed phase, see Table 1. 

Table 2 shows the wide range of liquid properties. To 
avoid corrections owing to the temperature depen- 
dence of the liquid properties the temperature 
differences A0 were chosen only in the range 1-3 K. 

Heat transfer measurements were carried out with 
probes ofdifferent lengths ofeffective heat transfer area. 
Results of these investigations are shown in Fig. 3. 
Using probes with a length L, > 100 mm the measured 
data can be used as data representative for long heating 

Heat Transfer 
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-1hermocoucles Soldered 
at ihe Sukface 

Copper Cyilnder 

(b) 

FIG. 2. (a) Arrangement for measurement of heat transfer. 
(b) Cross-section of the heat transfer probe. 

or cooling pipes which are installed in liquid-liquid 
spray columns. 

Certain wetting conditions at the heater surface were 
realized by several treatments. Metallic probes plated 
with copper show hydrophilic behaviour. On the other 
hand hydrophobic properties were achieved by coating 
with PTFE or modified PTFE (FEP). 

EXPERIMENTAL RESULTS 

The shape and the maximum value of a curve of the 
heat transfer coefficient vs superficial velocity of a 

s 0 
2 0 100 200 mm 300 

Length of Heot Ironsfer Areo LH 

FIG. 3. The effect of heater length on the heat transfer from 
vertical heating probes toluene-water, d, = 4 x 10e3 m s-l. 
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Table 1. Liquid-liquid systems range of superficial velocity 0.001 < ii, < 0.02 m s-I 

Dispersed 
phase 

2-Ethylhexanol 
Toluene 
Toluene 
Toluene 

Toluene 

Water 
Water 

Continuous 
phase 

Water 
Water 
Formamide 
Aqueous 

glycerol (60%) 
Aqueous 

glycerol (69%) 
Tetrachloroethylene 
Tetrabromoethane 

Drop Interfacial 
diameter tension 

(mm) (103Nm-‘) 

2.63.7 16 
2.7-10 36 
2.8-5.2 25 

3.7-6 28 

3.65.9 28 
2.5-5.5 41 
2.2-3.1 39 

d, = 2.1.L 7,lOmm[*moal 

Superflclol Velocity vd m2s 

FIG. 4. Variation of heat transfer coefficient with superficial 
velocity. Parameter: drop diameter, toluene-water. 

liquid-liquid system depends on wetting phenomena of 
the heat transferring surface. In the following section it 
is assumed that the heat transfer surfaces are completely 
covered with the continuous phase. Figure 4 shows heat 
transfer curves CI =f(dJ of various toluene-water 
systems. As the drop diameter increases the heat 
transfer improves. The highest values were obtained 
with 7 mm toluene drops. The heat transfer coefficients 
rise from 1650 up to 2750 W mm2 K-’ at the flooding 
point. The average slope of the heat transfer function is 
0.2. Measurements ofrising toluenedrops in water have 
shown that 7 mm drops rise with the highest velocity. 

Experimental heat transfer results of a water- 
tetrachloroethylene column are shown in Fig. 5. The 

Water 998 1 604 4182 7 

Toluene 867 0.67 141 1717 7 

2-Ethylhexanol 833 11 160 2345 134 

Tetrachloroethylene 1621 0.56 158 897 5 

Tetrabromoethane 2960 3.9 89 400 52 

Formamide 1134 3.2 350 2382 25 

Glycerol (60%) 1156 9 390 3760 100 

Glycerol (69%) 1180 16 360 3635 190 
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L 
Water/ Teirachloroethylene 

~ m’~ d, = 100 mm 

d, = 2.5 ,4.3 5.5 mm to 001 

FIG. 5. Variation of heat transfer coefficient with superficial 
velocity. Parameter: drop diameter, water-tetrachloro- 

ethylene. 

scattering of the heat transfer coefficients with the drop 

diameter is small and is caused by the limited accurac) 
of the measuring technique. Water drops in tetra- 
chloroethylene with diameters of 2.5, 4.3 and 5.5 mm 
have the same terminal velocities. The heat transfer of 
the water-tetrachloroethylene system is only l/3 of the 
value of the toluene-water system. 

Similar data were obtained with the water- 

tetrabromoethane system, see Fig. 6. As a result of the 
low thermal conductivity i, and the high viscosity v, of 
the tetrabromoethane used as the continuous phase, 
the maximum of the heat transfer coefficient is reached 

at only 480 W mm2 K-l. Experimental data of the 
2-ethylhexanol-water system show again a small 

Table 2. Physical properties of liquids 

Mass 
density 

(kg& 

Kinematic Thermal Specific heat 
viscosity conductivity capacity 

(IO-6&) (1O-3 Wkl) (&k) 

Prandtl 
number 
Pr 
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d, = 2.2 2.8 3.1 mm [*aal 
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FIG. 6. Variation of heat transfer coefficient with superficial 
velocity. Parameter: drop diameter, water-tetrabromo- 

ethane. 

influence on the drop diameter, see Fig. 7. The heat 
transfer function corresponds well with the toluene- 

water results. 
Information about the effect of the physical 

properties of the liquid is given in Fig. 8. Each liquid- 
liquid system investigated is represented by data valid 
for a certain drop diameter. Regarding the great 
number of possible influencing physical properties pc, 

Pd> ?,> qd, k> Id, cc, cd> Y ,,2 only some remarks are given 
here about the most important parameters. The highest 
heat transfer rates were obtained in the toluene-water 
and 2-ethylhexanol-water systems. Obviously these 
results originate from the high thermal conductivity 
and high specific heat capacity of the water. 
Investigations ofthe heat transfer in bubble columns [ 1, 
21 and gas fluidized beds [3, 43 have shown that the 
main temperature drop in the surrounding of the heat 
transfer surface takes place in a layer whose thickness is 
frequently smaller than the particle diameter. Very 
close to the heating or cooling surface a layer exists 
which mainly contains a continuous phase. Assuming 
similar conditions on the heat transfer surface in a 
liquid-liquid spray column the heat transfer therefore is 
governed by the physical properties and the fluid 
dynamics occurring in the thin layer near the wall. 
Consequently the lowest heat transfer coefficients were 
obtained in the waterrtetrabromoethane system, 

8 
/ Z-Ethvlhexanol i Water 1 

a I 
/ 

I” 10’ “1, /I/.’ 

10-3 2 4 &a 10-z 

Superflclal VetocIty vd m2s 

FIG. 7. Effect of the superficial velocity and the drop diameter 
on the heat transfer coefficient in the 2-ethylhexanol-water 
system; rising velocity of the 2.6 mm drops w, = 0.1 m s- 1 and 

of the 3.7 mm drops w, = 0.12 m s-l. 

[1 0 ~ vs 
.Toluene-aqueous 6 

o svv 
Glycerol / 63%) 

.Woter-Tetrobromo- 

I ethane 3 

P 100 I 

0,001 0.01 004 m3 

Superflcloi Velocity vd m2 s 

FIG. 8. Variation of the heat transfer coefficient with the 
superficial velocity of all liquid-liquid systems used in this 
paper (each liquid-liquid system is presented by only one 

measurement series with a certain drop diameter). 

which has a high viscosity v, and low thermal properties 
A,, c, of the continuous phase. Since convective heat 
transfer is always influenced by fluid dynamics this 
phenomenon must be considered. When a liquid is 
dispersed into a continuum of another immiscible 
liquid a swarm of drops rises or falls depending on the 
mass densities of the two liquids. If the density 
difference between the two liquids and the viscosity of 
the continuous phase is not too large, the liquid-liquid 

spray column will have a homogeneous structure. This 
means that the velocity of the drops and the volume 
fraction of both liquids are equal in the whole column. 
In contrast gas fluidized beds and bubble columns 
usually have a heterogeneous structure. A part of the 
fluidized gas rises through the bed in the form of large 
bubbles or bubble agglomerates. In many cases the 
velocity ofthese bubbles is considerably higher than the 
superficial velocity of the gas. In a homogeneous 
liquid-liquid system the volume fraction sd of the 
dispersed phase increases with the superficial velocity 
d,. The swarm velocity, i.e. the rising velocity of drops in 
a swarm, is identical with the average relative velocity 
w,,, between the drops and the continuous phase. 
Rearranging the equation of continuity, the relative 
velocity w,,, can be written as the ratio of the superficial 
velocity t;, and the volume fraction sd 

vd 

The relative velocity characterizing the fluid dynamics 
in homogeneous spray columns can be calculated by 
using an expansion diagram as shown in Fig. 9. The 
volume fraction &d is plotted vs the ratio d,/w,. 
Experimental data of several liquid-liquid systems are 
correlated by equation (3) 

“d 
PEE 2 

d’6,. (3) 
WS 

The terminal velocity w, of single drops rising in an 
immiscible liquid can be calculated by different 
procedures [S, 63. 
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Toluene-aqueous 
Glycerol q [I (d,=3.7. 6 mm) 

Witer-Tetrabromo- I 

Toluene-Farmomlde 4 id,=35 mm) 

Toluene-Water o l id, = 4 10 mm) 

Water-Tetrachloro- 

FIG. 9. Volume fraction vs I&/W, ratio (w, is the terminal 
velocity of a single drop in an infinite medium). 

EXISTING CALCULATION METHOD 

As mentioned above there are no methodical 
investigations about the heat transfer between heating 
or cooling surfaces and dispersed liquid-liquid systems. 

In connection with a comprehensive investigation 
about the heat transfer from solid heat transfer surfaces 
to dispersed two-phase systems Mersmann [7] 
presented some experimental data obtained in toluene- 

water and water-tetrachloroethylene systems. He 
established a calculation method for the maximum heat 
transfer in dispersed systems based on a diagram 
containing the controlling dimensionless groups of 
heat transfer. The Nusselt number formed with the 
particle diameter was plotted vs the product of the 
Archimedes (A,) and the Prandtl number (Pr,) of the 
continuous phase. Ifthe product Ar, - Pr, exceeds IO6 it 
was possible to approximate the measured results by a 
straight line with the slope l/3. The particle diameter 
then cancels. According to refs. [7-91 the maximum 
heat transfer coefficient amounts to 

where we is the terminal velocity of a fluid particle with 
a maximum stable size. The maximum depends on the 
physical properties of the continuous phase. The 
dispersed phase influences the heat transfer only by its 
density. Equation (4) can be used for the design of heat 
transfer equipment of liquid-liquid spray columns in 
the case when the operating conditions are near the 
flooding point. Experimentaldata ofthis work [lo] can 
be described by equation (4) with an accuracy of about 
+40%. Taking into account that there are uncertainties 
to determine the exact flooding point and considering 
the few data which are available, equation (4) for the 
calculation of maximum heat transfer coefficients is 
useful. This equation does not take into account the 
influence of the drop diameter and the superficial 
velocity of the dispersed phase. Nevertheless these 
parameters are important as shown in Figs. 4-7. In the 
following section a simple heat transfer model is 

presented. This model takes into account that the two 
influencing parameters, the relative velocity w,,, and 
the average distance between the rising drops, vary with 
the superficial velocity. The influence of the drop 
diameter affecting the terminal velocity will be 
considered too. 

HEAT TRANSFER MODEL 

In a liquid-liquid spray column a swarm of drops 
rises to the top and induces intensive motion and 
mixing of the continuous phase. Hence temperature 

gradients in the bulk ofthe system are not observed. As 
mentioned above the temperature boundary layer is 
small in comparison to the drop diameter. 

The heat transfer process is mainly controlled by 
fluid dynamics close to the heat transfer surface. In the 
case of gas fluidized beds the solid particles touch the 
heat transfer surface due to the low density ratio pJpd. 
In a bubble or spray column the heat transfer area is 

covered by the continuous liquid phase. The density 
ratio p,/p, in bubble columns or gas fluidized beds is 
much higher than in liquid fluidized beds or spray 
columns [S]. Till now there have been no experimental 
investigations about the structure of such layers but it 
can be assumed that these layers in bubbles and spray 
columns are nearly free of fluid particles. 

The continuous phase layer is locally disturbed by a 
drop rising in the vicinity of the surface. A drop 
approaching the surface displaces the continuous 
phase and reduces it to a thin film which remains on the 

surface. When the drop has passed this layer thickens 
again. As a result the flow of the continuous phase in 
this layer depends on the velocity and frequency of the 
drops. The relative velocity w,,r is assumed to be an 
appropriate velocity characterizing the fluid dynamics 
caused by the rising drops. Considering the swarm of 
drops the distance h between the drops depends on the 
volume fraction Ed and on the drop diameter d, and is 
given as 

\ 

As the drop distance h decreases the continuous phase 
layer is more frequently disturbed and the heat transfer 
is improved. Increasing distance h causes the layer to 
grow to a large thickness, and heat transfer gets worse. 
Due to this effect the heat transfer process should be 
influenced by a characteristic length depending on the 
drop distance h. It was found that a modified hydraulic 
diameter, here called equivalent diameter D* [equation 

(611 

is an appropriate length to describe experimental data 
by groups of dimensionless numbers. Kast et al. [ 1 l] 
developed this equivalent diameter to condense 
experimental heat and mass transfer data in packed 
beds. 
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FIG. 10. Nusselt number vs Reynolds number, toluene-water 
system with different drop diameters. 

MODEL APPLIED 

Experimental data obtained in the present investiga- 
tion now will be described by dimensionless numbers. It 
is convenient to plot a Nusselt number vs a Reynolds 
number with the Prandtl number as a parameter. The 
Reynolds number is formed with the relative velocity 
W rel, the kinematic viscosity v, and the equivalent 
diameter D*. The Nusselt number contains the 
experimental heat transfer coefficient c(, the equivalent 
diameter D* and the thermal conductivity 1”, of the 
continuous phase. As an example the experimental 
toluene-water data obtained in the present investiga- 
tion are plotted in Fig. 10. A certain influence of the 
drop diameter on the Nusselt number is observed. The 
curve shows the well-known correlation of the heat 
transfer on a flat plate proposed by Gnielinski [12] 
for use in the transition range lo3 < Re < 105: 
(Re = W&J,) 

Nu, = &‘Ju: ,am + Nu:turb) (6) 

with 

NU ,,,am = 0.664Re”’ Pr”‘, Re, < lo3 (7) 

0.037Re0,” Pr 
NU 1 

L’urb = 1 +2.443Re;“.’ (pr2i3_ 1)’ Re, > 103. 

(8) 

Subscript i indicates that the dimensionless numbers 
are formed with the length I of the plate. The Reynolds 
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FIG. 12. Nusselt number vs Reynolds number, Pr, = 7,25,52, 
100. 190. 

number in equations (7) and (8) is formed with the 
superficial free tlow velocity. Measured data obtained 
with the smallest drop diameter, d, = 2.7 mm, 
correspond well to the curve calculated by equation (6) 
with Pr, = 7. Experimental Nusselt numbers of water- 
tetrachloroethylene (see Fig. 11) and water- 
tetrabromoethane(see Fig. 12) show similar behaviour. 
The experimental data deviate from the calculated 
curves with increasing drop diameter. 

Data of both toluene-glycerol systems are in good 
agreement with equation (6), see Fig. 12. 

Discussing the heat transfer model it was assumed 
that the relative velocity w,,, characterizes the fluid 
dynamics in the vicinity ofthe heat transfer surface. The 
relative velocity depends on the terminal velocity w, of 
single rising drops. In contrast to solid particles the 
terminal velocity of which increases steadily with 
increasing diameter, the terminal velocity of a fluid 

particle reaches a maximum as a certain diameter is 
exceeded. An oscillating drop dissipates a part of the 
available potential energy by the pulsing motion of the 
drop surface. Hence such a drop rises slower than a 

solid sphere with comparable physical properties 
because of the increased drag coefficient of the drop 
compared with non-pulsing solid particles. The 
disposable energy is dissipated by the rising velocity. 

Assuming that the dissipated energy of rising particles 
affects the heat transfer rate, the relative velocity of 
rising drops cannot be the only appropriate quantity in 
describing heat transfer. Figure 13 shows the plot of 
dimensionless terminal velocity of solid spheres in 

FIG. 

1 

Wotw/ Ietrochloroethylene 

10’ 
d,=2.5.13 55mm[raal 

103 10’ 

Re,. 

11. Nusselt number vs Reynolds number, water- 
tetrachloroethylene, Pr, = 5. 

FIG. 13. Dimensionless terminal velocity of solid spheres and 
drops vs dimensionless particle diameter. 
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comparison with our own measurements of rising 
drops (symbols) depending on the dimensionless 
particle diameter. There exists a relationship between 
the experimental data for heat transfer represented by 
symbols in Figs. l&12 and the dimensionless terminal 
velocityofFig. 13.Thedatain Fig. 13 agreealso with the 
curves (e.g. 2.7 mm drops in water, 2.5 mm water drops 
in .tetrachloroethylene, etc.) in Figs. 10 and 11. 
Measured data, which deviate from calculated curves in 
Figs. l&12 (e.g. 7 mm toluene drops in water, 5.5 mm 
water drops in tetrachloroethylene, 3 mm water drops 
in tetrabromoethane) and have a tendency to higher 
Nusselt numbers exhibit lower velocities in comparison 
with the curve of solid spheres, see Fig. 13. 

The terminal velocity of solid spheres comprises the 
whole energy of motion available to improve the heat 
transfer rate. Hence a correct term 

Ws, solid sphere 

ws, liquid drop 

was introduced to enlarge the Reynolds number. The 
effect of this term disappears in the case of small rigid 
fluid particles, e.g. d, < 2.5 mm toluene drops in water. 
On the other hand Fig. 13 shows that the corrected term 
can amount to 1.3, observed by out own experiments 
with water drops in tetrachloroethylene. This factor 
may explain the insufficient accuracy of equation (4) 
which does not take into account the diameter and the 
shape oscillations of drops. Experimental Nusselt 
numbers vs the corrected Reynolds number Re_,,, are 
shown in Fig. 14 for all liquid-liquid systems. 

It can be seen from this figure that a good correlation 
exists between experimental Nusselt numbers plotted 
vs the corrected Reynolds number with the curves 

calculated by equation (6). 

WE-ITING PHENOMENA 

All experimental data presented above were 
obtained with heat transfer surfaces completely 
covered with the continuous phase of liquid-liquid 
systems. Drops rising in the continuous phase may 
touch the heat transfer surface but do not adhere to the 
surface. For example this behaviour is caused by the 
hydrophilic property of the copper surface in the 

Muene-oq Glycerol 110 

Water-Ietrobramoethone 

FIG. 14. Nusselt number vs corrected Reynolds number. 
Parameter: Prandtl number of the continuous phase. 

mm ( ‘I- ; 

FIG. 15. Film thickness on a vertical heat transfer surface vs the 
superficial velocity. Parameter, length of the film 15,. 

toluene-water system. Another situation can be 
achieved if a hydrophobic FEP surface is used in the 
same toluene-water system. (FEP is a fluorinated 
hydrocarbon with a chemical structure similar to 
PTFE.) In this case toluene drops, which touch the 
surface form a thin film covering the whole surface of 
the probe. This film creeps up along the surface. The 
total heat transfer coefficient denoted at,, between the 
FEP-surface and the dispersion will then be influenced 
additionally by the thickness s of the film and by the 
physical properties of the dispersed phase. It is assumed 
that the total heat transfer resistance l/cc,,, is composed 
of two resistances according to 

1 1 1 -_=-+_ (91 ~ I 

%I t(d ud,dis 

ctd denotes the heat transfer coefficient of the film 
formed by the dispersed phase. md,dis describes the heat 
transfer coefficient between the film and the liquid- 
liquid dispersion. 

To evaluate the heat transfer coefficient ad the film 
thickness s on a vertical surface was determined 
experimentally by an electrical conductivity probe 
attached to a micrometer. There is a considerable 
difference in the electrical cond&tivity of water and 
toluene or other organic liquids. When the tip of the 
probe reaches the organic film a step of electrical 
conductivity is observed. The film thickness s was 
measured at various superficial velocities Cd. Figure 15 
shows experimental data observed at three different 
vertical positions. The film thickness is constant along 
the surface and increases as the superficial velocity dd 
rises. It is assumed that the film is formed only by drops, 
which rise below the vertical projection of the cross- 
section area A, of the heat transfer device. 

The film flow rate vd can be estimated as 

tid = ii, *A,. (10) 

Subscript d is used to indicate that the film is formed by 
the dispersed phase. 

The Reynolds number of the film flow is defined as 

where u is the perimeter of the heater. 
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influence of thin films covering heat transfer surfaces in 
liquid-liquid spray columns. 

A& 0.01 0.001 0.01 

superflclal Velmty “0 

FIG. 16. Comparison between experimental and calculated 
data of the total heat transfer coefficient between the surface 
and the dispersion, toluene-water (left), 2-ethylhexanol-water 

(right). 

1. 

5. 

6. 

Using Nusselt’s equation [ 131 

Nu, = O.O942Re, Pr t (12) 

valid for short films, the heat transfer coefficient tld can 
be calculated. (The characteristic length 1 is equivalent 
to LF.) The total heat transfer coefficient at,,, is obtained 
byequations(9) and(l2)with theassumptioncc,,,, = CL. 
Figure 16 shows experimental data of a,,,, in 
comparison with calculated values for toluene-water 
and 2-ethylhexanol-water. The heat transfer decreases 
with increasing superficial velocity. Experimental data 
can be correlated well by this method. Heat transfer 
coefficients a obtained for heat transfer areas without a 

coveringfilm ofdispersedphaseareplottedin theupper 
diagram. Figure 16 demonstrates the excessive 

8. 

9. 

10. 

11. 

12. 

13. 
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PHENOMENES DE TRANSFERT THERMIQUE DANS DES COLONNES DE BROUILLARD 
LIQUIDE-LIQUIDE 

R&me-Des exgriences de transfert thermique concernent des surfaces cylindriques immergies dans des 
colonnes de brouillard liquide-liquide de 100 et 200 mm de diamirtre. On utilise eau, formamide, glycerol, 
tetrachlor&thyltne, tirtrabromoethane, toluene et 2-tthylhexanol pour Studier, dans un large domaine, 
I’influence des propri6tts physiques des liquides non miscibles. Les conditions optratoires (debit du liquide de 
la phase disperske, giomdtrie de l’itquipement) affectent faiblement le transfert thermique. Les propri&s 
physiques de la surface chauffante sont vari&es pour examiner l’influence des phtnomtnes de mouillage sur le 
coefficient de transfert thermique. Ce modtle de calcul pr&.enti ici est bast sur des equations de transfert 
thermique dans un tcoulement monophasique sur plaque plane. Le transfert thermique est dtcrit par un 
nombre de Reynolds incorporant la vitesse relative entre les gouttes et la phase continue, le diam&re 

equivalent et la viscositt de la phase continue. 
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Zusammenfassung-Messungen zum Wlrmelbergang zwischen einem zylindrischen Heiz-element und einer 
Fhissig-Fhissig-Dispersion wurden an Kolonnen mit 100 und 200 mm Durchmesser durchgefiihrt. Als 
Fliissigkeiten kamen Wasser, Formamid, Glyzerin, Tetrachlorlthylen, Tetrabromethan, Toluol und 
2-Athylhexanol zum Einsatz, urn den EinfluB der physikalischen Eigenschaften von nichtmischbaren 
Fliissigkeiten in einem weiten Bereich zu variieren. Betriebsbedingungen, wie z.B. die Volumendichte der 
dispersen Phase und such die Geometrie der Kolonne beeinflussen den Warmelbergang relativ wenig. Die 
physikalischen Eigenschaften der Heizflbhe wurden variiert, urn den EinfluB von Benetzungsphlnomenen 
auf den Warmeiibergang zu untersuchen. Die Berechnungsmethode dieses Aufsatzes stiitzt sich auf 

Warmeiibergangsgleichungen fur die einphasige Striimung iiber eine Platte. 

IlBJlEHMIl TEflJlOflEPEHOCA B XHflKOCTb-)KHflKOCTHbIX KOJIOHKAX PACHbLlA 

AHHOTauHR~~~~KCllepHMeHT~;~LHOMCCjleUOB3~CII ,e,l"OnepeHOCO, ~M~MH~pM~eCKHXI~OBepXHOC~el.Haxo- 

IvlllIMXCR B xaulKOC,b-;I(U,lKOCT"blX KO.~OHK2IX pacnblna iwaMerpOM 100 I4 200 MM. &In HCCTe30BaHMH 

B(I‘,RHMII B IUMpOKOM ilMil,lii.lOHe(])H.)MqeCK)(X CSOtiClB HeCMeL"HBiiK)"WXCII WU,KOCT&i HC~lOJIb30B&7I(Cb 

~O;la, @0p~aMnn, ratuepMH. reTpaxnop3lMneH. TeTpa6poM3TaH. IOny3H. 2-3TWIreKCiiHOJI. ki6OqHe 

HLipiiMeTpbl (CKOpOCTb le9eHMR ~ML,KOCrH B ,IWCrlepCHOti &a. reOMeTpW4 YCraHOBKH) OKii3blBLitOF 

crla6oe B.TMIIHMC H~I llpouecc re,r;lorlepeHoCa. Ann mxneilomHw3 B,TMSHHII 5iBjleHMfi CM~VMB~HNII ~;i 

Kof(t)(l)HuMeHr rer~no~~epe~oca~crionb3oeanlrcbr~osepxHocT~ ~~B~.TM'IH~I.~H(PI(~M~~cK~M~(cBoAcTB~~MH. 

rlpeflCTaBtleHHaS4 B p~60,epWeI"iiR MOJeJIb OCHOBLiHB Ha ypaBHeHMnX-ren.lOllepeHOCannn 06TeKaHHR 

II.lOCKOti ,,;13CIMHblOLIHO~~~~t3HblM ~O,OKOMjKH;LKOCTII.~ell~oIlep~HoCOfl~CblB,a~TC~ L1HCJIOM PeilHO!lb,W. 

BK.,Kl~,~MUIHL,O,HOCW~e;lbHYK) CKOpOCrb Killle.Tb II CII.IOLUHOfi +,Jbl. 3(f,+eKT&,BHblii JHLiMerp M BI(3KOClb 

CII:IOIUHOti (,,a Ibl. 


