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a spray column Temperature profiles of dispersed kerosene and water were measured in I 
heat exchanger,. 15 cm. in diameter and 160 cm. long. Dispersed packing of drops and 
narrow temperoture ranges were used. The flow rates used were 0 to 50 liters/min. of water 
ond 5 to 40 liters/min. of kerosene. The physical picture that emerges from the temperature 
profiles is that heat is transferred from fully mixed drops to fully mixed wakes while the 
wakes are formed, by shedding and renewal of elements of wakes in most o f  the column and 
by complete mixing of all  streams ot the water inlet a t  the top of the column. Mathematical 
equations were developed from the physical model. The volume of the wakes and the rate of 
shedding of wake elements were estimated from the temperoture profiles and were used to 
calculate the temperoture profiles for this and for other studies. The agreement of the cal- 
culated profiles with the experimental data is very good. 

A spray column heat exchanger system is composed of 
two spray columns. In one column heat is transferred bv 
direct contact from hot water to a countercurrent flow of 
cold oil. In the other column the heated oil transfers heat 
to cold water. This type of heat exchanger has been sug- 
gested for use in desalination schemes (23, 3 2 ) .  The 
favorable features of a spray column heat exchanger are 
simplicity, low cost, high heat throughput, and no scale 
deposition on heat transfer surfaces. An attempt to scale 
up a spray column heat exchanger from a laboratory sized 
column failed ( 3 0 ) .  

In most studies of heat transfer in single spray columns 
( 1  to 3, 7 ,  9, 12, 15, 26, 27, 30, 32) only inlet and outlet 
temperatures of the two streams were measured. Plug 
flow and ideal countercurrent heat transfer were assumed, 
and log mean temperature differences were used to cal- 
culate volume heat transfer coefficients or values of HTU. 
This large amount of data cannot be correlated to give 
the quantitative effects of the many parameters involved. 

The temperature profiIes of the continuous phase were 
measured by Pierce et al. (24)  for short columns and by 
Letan and Kehat (16)  for a longer column. The develop- 
ment of a method to trap and measure the temperature 
of flowing drops (17)  made possible the measurement of 
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the temperature profiles of both phases in this work. 
About 200 temperature profiles were measured. The tem- 
perature profiles showed, consistently, the following fea- 
tures (Figures 8 to 12) : At the bottom of the column the 
drops temperature changed rapidly while the continuous 
phase temperature remained constant. At face value this 
appears to violate the conservation of energy. This is the 
key evidence for the role of the wakes of drops in the 
mechanism of heat transfer. In this region both drop and 
wake experience a rapid temperature change, while the 
continuous phase temperature remains constant. A short 
region with no temperature change of both phases (at 
low holdups only) folIowed. Higher up the column the 
temperature of the two phases changed continuously, with 
a small temperature difference between them. At the top 
of the column a sharp temperature jump of the continuous 
phase at its inlet took place and all streams leaving that 
region were at the same temperature. These observations 
confirm earlier suggestions of the role played by the wakes 
of drops in the mechanism of heat or mass transfer in a 
spray column ( 6 ,  16) and of a mixing process that takes 
place at the top of the column ( 1 6 ) .  

Some studies (5,  6,  10, 31)  have shown that most of 
the mass transfer to or from drops takes place on the 
downstream side of the drops. Very little is known about 
the formation and shedding of wakes of liquid drops. 
Magarvey and Bishop (19, 20)  studied the shapes of 
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shed wakes of drops and the frequency of wake shedding 
for a wide range of Reynolds numbers. Hendrix et al. 
(1  1 ) measured the volume of wakes of drops under non- 
oscillating or oscillating conditions. The range of the 
Reynolds number in this work (based on drop diameter, 
slip velocity and water density and viscosity) was 40 to 
1,000. For single spheres the formation of wakes starts 
at Reynolds numbers of 8 to 24 (19, 22, 29) while wake 
shedding starts at Reynolds numbers of the order of 200 
to 500 (19, 21, 29). Collision with other drops probably 
encourages wake shedding at lower Reynolds numbers. 

THE PHYSICAL MODEL 

A detailed visuaIization of the physicaI model and the 
general form of the temperature profiles are shown in 
Figure 1. An earlier paper (16) proposed a physical 
model of heat transfer in a spray column. It  is now pos- 
sible to give a more detailed description of the mechan- 
ism of heat transfer in the five zones shown in Figure 1. 
For convenience, cooling drops rising in a spray column 
heat exchanger are described. 

Woke Growth Zone a 

The drop is formed by the breakup of a liquid jet of 
the dispersed phase in the continuous phase. After the 
drop travels a short distance, separation of the boundary 
layer takes place on the downstream part of the drop. A 
toroidal vortex is formed and grows and the separation 
ring moves forward. At the separation point disturbances 
are created which gives rise to turbulent motion in the 
continuous phase close to the boundary. This results in 
greatly enhanced drop to wake heat transfer (31). Oscil- 
lations of the drop start and a high degree of turbulent 
mixing takes place inside the drops (25). The boundary 
layer at the separation ring is still at the temperature of 
the continuous phase because conduction and convection 
upstream of the drop are relatively small (6). The ele- 
ments of the separated boundaiy layer move in vortices 
at the bottom of the drop and reach the temperature of 

d r o p s - c m  

water 4 

the surface of the drop due to the low resistance to heat 
transfer in that region. These elements enter the highly 
mixed vortices of the wake and stay there till the wake 
attains its maximum volume. All this time the wake ac- 
cumulates all the heat lost by the drop and the average 
temperature of the wake is higher than the average tem- 
perature of the drop. Conduction of heat from the wake 
to the continuous phase is negligible, compared with the 
heat transferred by the shed elements of wakes, higher 
up the column. In this region the drop and its wake rise 
through a low population of drops. 

Intermediate Zone b 
The drop continues !to rise and enters a denser region 

of drops (18). Random collisions with other drops take 
place. The frequency of oscillations of the drop and the 
wake increases considerably with increased number of 
collisions and increased proximation of other drops. No 
temperature change takes place in this zone. At the top 
of this zone the wake starts to expel elements of its sub- 
stance from the vortex ring. 

W o k e  Shedding Zone c 
The flow rate of the continuous phase into the wake 

through the boundary layer equals the flow rate of the 
continuous phase expelled from the wake. The elements 
of the continuous phase, reach the boundary separation 
ring still at the continuous phase local temperature. They 
are heated to the drop temperature in the vortex region 
behind the drop and enter the highly mixed wake. The 
elements of the continuous phase leaving the wake are at 
the mixed wake temperature. The amounts of material 
entering and leaving the wake are small, relative to its 
size. The temperatures of the drops, wakes and continuous 
phase decrease gradually up the column. 

I I  

-a- b +* C 

wake inter- wake shedding 
growth mediate 

- - - 
*interface 

([)c a> 
1 t !  [ I  

Mixing Zone d 
All streams, drops, .wakes, incoming continuous phase 

and returning wakes from the coalescence zone enter this 
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P 
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Fig. 1. Physical model of heat transfer in a spray column heat exchanger. 
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highly mixed zone and leave at the same temperature (t ,& 

Coalescence Zone e 

The drop approaches the upper interface and coalesces 
with the liquid above the interface. At the interface the 
wake i s  completely detached from the drop and flows back 
down the column together with the entering stream of the 
continuous phase. Practically no heat transfer takes place 
in this zone. 

THE MATHEMATICAL MODEL 

Heat transfer takes place only in zones Q, c and d. The 
following assumptions are made: 

Steady state, no heat losses, constant average physical 
properties of the liquids, constant average holdup, con- 
stant average drop size, the final wake volume is con- 
stant, the flow rates in and out of the wake are equal 
in zone c. 

In zone Q the drop is fully mixed. Elements of the con- 
tinuous phase reach the temperature of the drop and then 
enter the fully mixed wake. Heat balance on the drop 
(Figure 2 )  gives: 

( P c p ) c  ( t c o -  t d )  d M D  = OD ( P c p ) d d t d  (1) 
Integration of Equation (1) for the whole zone results 

in 

(2) 
t d i  - tco 

t d s  - t c o  
M = rln- 

where 
(Pep) d r = -  
(PCP) c 

From Equation ( 2 )  we get 

(3)  

The temperature of the wake at the top of this zone 

( 5 )  
( t I l , , )  can be calculated from an overall heat balance: 

If we eliminate 
M D  ( p c p ) ~  ( t w s - t c o )  = v D  ( P C p ) d  ( t d i - t d s )  

by the use of Equation (4) we obtain 

In zone b no heat transfer takes place in this zone and 
t d  = t,i,, t , ,  = t , , , ,  and t ,  = t,, at z = 0, the point at the 

wake 

t 4 dmw 
a. 

onset of shedding. 
In zone c heat balance on the drop (Figure 3a) gives 

(Pcpfc ( t c  - t d )  d% = 91) ( P C p ) d  dtd (7) 
Division by dz gives 

where by the last assumption 

(9) 

Heat balance on the wake (Figure 3Q) gives 

( p c p ) c  ( t d  - t w )  d'% = MD ( p c p ) C  dtW ( lo )  
When we divide by dz  we obtain 

Heat balance on the continuous phase (Figure 3b) 
takes into account the total stream of the continuous 
phase, including the wakes that return from the coales- 
cence zone ( M V d ) .  

(12) 
amw 

(VC f M V d ) ( p C p ) c d t c = V d  ( p C p ) c ( t c - t w ) -  
VD 

Division by d z  gives 

- + - ( t w - t c )  dtc m = o  
dz P 

Equations ( 8 ) ,  (11), and (13) can be solved simul- 
taneously with the boundary conditions at z = 0: t d  = 
t d S ,  tw = tw,, tc = tco. 

Equations ( 4 )  and (6) were used to replace i d s  and 
t,,, in terms of t d i  and tc,. The resulting temperatures of 
the drops, the continuous phase and the wakes as func- 
tion of z are given in a dimensionless form in Equations 
(16) to (18) following: 

tc+dt V +MVd 
C I  

t V+MVd 4 = 

b. 
Fig. 2. Heat transfer in the 
wake formation zone. 
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Fig. 3. Heat transfer in the wake shedding zone a- 
drop and wake &continuous phase. 

Fig. 4. Heat transfer in the mixing zone. 



( l - ; w ) e x p ( a l z ) ] - ~ [  1 - ( i f f 2 + 1 )  

(l-;a2)exp P (“22) I ]  + 1) exp( -t) (18) 

where 
m 

1 1  4 
( & + + p ) 2  - 

“2 - a1 
In zone d heat balance on the whole zone (Figure 4) 

gives 

M V d  ( P c p ) c  twl + v d ( P c p ) d  td l  + v c  ( P c p ) c  tc i  

= [ ( v c  + M V d )  ( p c p ) c  v d  ( P C p ) d ]  tc l  (20) 
which can be written as 

t c i  = [a ( T  + M) + 11 t d 0 - R  ( d d l  f M t w l )  (21) 
since 

t d o  = tc1 (22) 

to give the temperature at the inlet of the continuous 
phase. This temperature can also be calculated from an 
overall heat balance around the whole column. This is 
written as 

v d  ( P C p ) d ( t d i - t d o )  = v c  ( p C p ) c ( t c o - t c i )  (23) 
to give 

t c i  = tco - Rr ( t d i  - t d o )  (24) 

Equations (IS), (17), (22) and (24) and specified tem- 
peratures at the bottom of the column, make possible the 
calculation of the temperature profiles of the two phases 
in the column. 

THE TEMPERATURE APPROACH AT THE ENDS 
OF THE COLUMN 

For optimum utility, close temperature approach be- 
tween the two phases at both ends of the column is de- 
sired. Limitation by the specifications and an economic 
analysis will determine the practical temperature approach. 
The effect of the values of the parameter Rr, for very 
long columns on the temperature approach are discussed 
in this section. 

At the top of the wake shdding zone b analysis of 

Equation (19) can easily show that 

a1 < 0 
s < o  (25) 

“2 > 0 
“2 = 0 for Rr = 1 (26) 
“2 < 0 

and that 
for Rr > 1 

for Rr < 1 
The temperature approach at  the top of the wake shed- 

ding zone can be obtamed from Equations (16) and (17) 
for t d  = tdl  and t = tcl  ,at z = 1, in the form: 

For long enough columns and Rr < 1, the exponential 
terms will be small since both “1 and a 2  have negative 
values and 

For long enough columiis and Rr = 1, a 2  = 0 and 
.aB1 = o (28) 

Ad1 = -- s exp (-:) 
a small positive value. 
For long enough columns and Rr > 1, “2 > 0 and 

A&+ UJ (30) 
Obviously for a close temperature approach, values of 

RT 6 1 are required. It will be shown that for long enough 
columns and Rr 4 1 the temperature jump is zero and 
therefore a close temperature approach can be obtained at 
the top of the column. 

The temperature jump ratio (Oa) is defined by 

(31) 
tci  - t c i  

t c o  - tcr 
e,, = - 

By the introduction of tcl from Equation (17) for tc = tcl 
at z = 1, tcl = $do from Equation (22), and tci  from 
Equation (24) we obtain 

I e a = i -  
R r (  1 - i )  

where 

(33) 
For long enough columns and Rr < 1, Equation (33) re- 
duces to: 

Combination of Equations (27), (28 ) ,  (31) and (34) 
yields 

For long enough columns and Rr = 1 Equation (33) re- 
duces to 

Combination of Equations (32) and (36) for Rr = 1 
yields 

0, = 0 (W 

F +  co (36) 

e, = o (37) 
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For long enough columns and Ar > 1, Equation (33) re- 
duces to 

Combination of Equations (32) and (38) for Rr > 1 
yields 

F +  00 (38) 

1 
Rr 

ea -+ i - ->o  (39) 

Here again values of Rr 1 are desirable for close 
temperature approach. Equation (24) can be  rearranged 
in  the form 

Rr = - 
If a close temperature approach is obtained at the top of 
the column and t d o  - t,i = E, a small value, then at the 
bottom of the column, w e  obtain 

(40) 
tco - tci  

tdi - t d o  

for Rr < 1 tdi  - tco > E 
for Rr = 1 td i  - t c ,  = E 
for Rr > 1 tdr - tco < E (41) 

For close temperature approach values of Rr 2 1 are 
desirable. As a result of Equations (28) to (30), (35), 
(37),  (39),  and (41) the best value of Rr is RT = 1. 

EXPERIMENTAL PROCEDURE 

The experimental column 1 in Figure 5 was made of Pyrex, 
15 cm. in diameter and 160 cm. long. The distance between 
the inlets of the two streams was 195 cm. Tanks 2 and 3 con- 
tained steam coils, cooling water coils, electrical heaters and 
thermostats. Constant flow conditions and constant location of 
the upper interface were maintained by controlling the flows 
to and out of the column at the same rates by valves 18 to 25 
and readings of matched pairs of rotameters, 10 to 17. At low 
flow rates constant head tanks 6 and 7 and two pairs of lower 
range rotameters were used. At high flow rates the two liquids 
were fed by the pumps 8 and 9 to the column through two 
pairs of higher range rotameters. The materials of construction 
were mainly aluminum and chrome plated brass. The whole 
system was insulated by rockwool. The sections of inlet pipes 
inside the column were also insulated. The dispersion plate 
contained a calming section and one hundred thirty 4 cm. 
long, 1.5 mm. I.D. stainless steel needles, arranged in concen- 
tric circles. 

The dispersed liquid was kerosene and the continuous liquid 
was distilled water. Both liquids were mutually saturated. The 
range of flow rates was 5 to 40 liter/min. of kerosene and 0 to 
50 liter/min. of water. All runs were made with a dispersed 
packing of drops. The average drop size was 3.3 to 3.55 mm. 
in most runs and the average holdup was 0.06 to 0.56. The 

34 1 
I I ' ' I  ' 

Fig. 5. f low sheet of the experimental system. 

dynamic behavior of the column had been studied earlier (18) 
and the average holdup and holdup distribution for the whole 
range of operation were known. 

The temperature profiles were measured by means of 32- 
30 gauge copper constantan thermocouples. Four thermocouples 
were located at the inlets an1 outlets of the streams and four- 
teen pairs of thermocouples were located at the center along 
the column. The positions of the thermocouples are shown in 
Figures 8 to 12. One thermocouple of each pair measured the 
local water temperature and the other one, that was located 
in the center of a polythylene bed (17 )  that was wet by the 
kerosene, measured the kerosene drops temperature at that 
location. The thermocouples calibration was checked in air and 
water every ten runs. The accuracy of the thermocouples read- 
ings was rt 0.05"C. In all runs the temperature difference be- 
tween incoming streams was about 10°C. in order to minimize 
effects of varying physical properties of the systems with tem- 
perature. Three series of runs were made at an average tem- 
perature of 35°C. for cooling and for heating drops, and at 
an average temperature of 65°C. for cooling drops. About two 
hundred runs were made of which about fifty were duplicates. 
Temperatures were recorded only after all thermocouples gave 
steady state readings. A heat balance was made for each run. 
In most cases runs for which the heat transferred by both 
streams varied by more than 10% were discarded. 

RESULTS 

Typical temperature profiles are shown in Figures 8 to 
12. The length of the wake shedding zone, which is the 
major part of the column, can be calculated from the 
theoretical model, for any desired heat throughput, once 
the parameters M and m have been determined. The 
lengths of the other zones were determined experimentally 
from the temperature profiles. The results are summarized 
in Table 1. At higher holdups for spray columns with a 
conical entry section, the drop packin extends into the 

packing is larger than the length of the column proper by 
P. The values of I' which are a function of the flow rates 
of the two phases are also given in Table 1. 

The values of the wake volume per  drop volume ( M )  
were calculated from the temperature profiles for the 
wake growth zone by  Equation (2 ) .  

conical entry section and  the effective P ength of the drop 

tui - t e o  M = rln- 
t d s  - t co  

The values of M were correlated with the average 
holdup in  the intermediate zone ( H b ) ,  which was cal- 
culated by  integration of the holdup profiles for each run. 

TABLE 1. THE LENGTHS OF ZONES a, b, d, e AND THE 
EXTENSION OF DROP PACKING INTO THE CONICAL 

ENTRY SECTION. 

Zone 

Wake growth, a 

Intermediate, b 

Mixing, d 

Coalescence, e 

Extension of drop 
packing into 
conical entry 
section 

Length, cm 

Z ,  = Qto 35 

1' = 0 
1 ' = 1 0 t 0 3 0  

Remarks 

decreases with in- 
creased holdup 

for 0.06 6 H b  
4 0.42 

for H b  > 0.42 
increases with in- 

for R + 0 
depends on loca- 

creased R 

tion of upper 
interface 

for H < 0.20 
for 0.30 < H 
< 0.60 
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A m  - 
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0.50- a - - Z 0.30- R.l.0 

E 
O.lO0 I I 1  I I 1 9  

OJO 0.20 0.30 0.40 0.50 0.60 0.70 
tib - overage holdup in intermediate Wme 

Fig. 6. Ratio of wake to  drop volumes as 
function of the average holdup in  the inter- 

mediate zone. 

The holdup in this zone probably has an effect on the 
value of M and is more sensitive to the effect of variation 
of R than the average holdup in the column. The holdup 
in this zone can be higher than the average holdup of the 
column. At high holdups, where the intermediate zone 
did not exist, the point value at z = 0 was used. 

The results are shown in Figure 6. The correlating 
curve was drawn only for cooling drops at an average 
temperature of 35°C. This was the most reliable set of 
data with the best heat balance. However no significant 
effects of the higher temperature or the change in direc- 
tion of heat flow were noted. At holdups of 0.15 to 0.45 
M is about 0.83. At lower holdups M is somewhat higher 
and decreases at higher holdups, as can be expected from 
the interference of neighboring drops. These values of M 
are of the order of magnitude of wake sizes measured by 
Taneda (29) for solid spheres. The correlation suggested 
by Hendrix et al. (11) based on wake sizes of smaller, 
nonoscillating drops yields values of M an order of mag- 
nitude higher, which seem excessive. 

The amount of wake elements shed per drop volume 
and unit length of column ( m ) ,  was calculated by means 
of Equation (8) which can be rearranged in the form 

(42) 
- dtd/dz 

t d  - t c  
m = r  

Values of m, were calculated from the measured tem- 
perature profiles, at z = 0, for the runs at R = 1. The 
data show considerable scatter since slopes of smoothed 
curves between point measurements were measured. The 
values of m as a function of the point holdup at z = 0 
are shown in Figure 7. These values range between 0.01 
and 0.04. The correlating curve was drawn only for cool- 
ing drops at an average temperature of 35°C. as in Figure 
6. Experience in calculating temperature profiles showed 
that the useful representative range is between 0.023 and 
0.03. 

i I I I I I I I  I ]  

Fig. 7. Elements of wake shed per drop volume 
and unit length of column as function of the 

0 010 020 030 040 050 060 070 
H,."  holdup 01 the bottm of Woke shadding zon0 

holdup a t  I = 0. 

I I I I I I I  
x - Ikem: 

28.0-80 -60 -40 -20 
z - length olong column cm 

BE 9, 10: 11; 12: 13: 14," 15: 16~"",@~ 

Fig. 8. Experimental and calculated temperature profiles of water 
and kerosene for cooling drops and an average temperature of 

35"C., for R = 1.0 and H = 0.06. 

4 5 . 0 t l  'I I 

- "I 33.0 

20 40 60 80 100 120 140 
z-length olong column cm 

Fig. 9. Experimental and calculated temperature profiles of water 
and kerosene for cooling drops and average temperature of 35'C., 

for R == 2.5 and H = 0.22. 

42.01 I I I I I I I I I I I I 1  
x- kerosene dmps Run 68-1 
0 -water -- colwbted 

i 

R=I.O H.0.43 

1'=25cm I -16Ocm 
e \ z,=O cm zd=25 cm r4i g 3ao 
- 

rn.o.83 m.0.023 c d  g 361) 
I- 

349 

3 2 0  

Fig. 10. Experimental and calculated temperature profiles of water 
and kerosene for cooling drops and average temperature of 35"C., 

for R := 1.0 and H = 0.43. 

44.0~- 1 I I I I 1 I 1  
x-  kerosene drops 

--calculated 
zb= 0 cm zd=45cm ' 40.0 1'=25cm 1 -140cm 

f M.0.83 m=0023cm-' 
tl 
E 36.0 
c" 

- 
0 

(1 

6 

z -length olong column cm 

p 1% ; 1 !@ 
Fig. 11. Experimental and calculated temperature profiles of water 
and kerosene for cooling drops and average temperature o f  

35"C., for R = 2.5 and H = 0.50. 
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x' x I 
Run 90-2 x -  kerosene drops 

o - water - calculoted 
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R = 1.0 H.0.105 
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M = 1.0 
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I = 100 cm 
m =  0.023 cm-1 

' 3201 ; 1 
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-80 -60 -40 -20 0 20 40 60 80 100 120 
z -length olong column 

Fig. 12. Experimental and calculated temperature profiles of water 
and kerosene for heating drops and average temperature of 35"C., 

for R = 1.0 and H = 0.105. 

VERIFICATION OF THE THEORETICAL MODEL 

Equations (16),  (17),  (22),  and (24) and the data 
of Table 1 and Figures 6 and 7 make possible the cal- 
culation of the temperature profiles. The values of M and 
m used in these calculations are given in Table 2. 

At low holdups, the holdup is constant along the col- 
umn, and experimental values of M and m can be used. 
At higher holdups, the holdup increases down the column 
and average values of M and m can be used with average 
values of holdup. At high holdups the average drop size 
increases up the column and considerable mixing of the 
drops take place (14). Somewhat greater values of M and 
smaller values of m than in Figures 6 and 7 are recom- 
mended for this range in Table 2. 

Five of the calculated temperature profiles, for different 
ratios of flow rates, holdup and direction of heat flow are 

TABLE 2. RECOMMENDED VALUES OF M AND m FOR 
CALCULATION OF THE TEMPERATURE PROFILES FOR 

DISPERSED PACKINCS 

Average holdup in column 0.08 0.06 to 0.4 >0.4 
M 1 .o 0.83 0.83 
m 0.023 0.03 0.023 

TABLE 3. EFFECT OF VARIATION OF PARAMETERS ON THE 
ACCURACY OF THE CALCULATED TEMPERATURE PROFILES. 

Change of parameter 

Parameter % % 

tdol - tdo2 

tdi - tdol 
from calculation 1 100 x 

to calculation 2 

10 
10 
10 

2.5 
2 
2 

shown in Figures 8 to 12 together with the experimental 
points. The agreement of the experimental and calculated 
temperature profiles is very good in all cases. 

Moderate variations of the values of M ,  m, z b ,  and z d  

have a small effect on the calculated temperature profiles. 
This is shown in Table 3 for R = 1. 

For larger values of R variations of these four param- 
eters have greater effect on the accuracy of the calculated 
temperature profiles. 

Since this work was limited to narrow temperature 
ranges and dispersed packing of drops, the theoretical 
model was also tested for application to wider temperature 
ranges and for dense packings of drops by calculation of 
the temperatures at the top of the column for a few runs 
chosen at random from the studies, for which the flow 
rates, inlet, and outlet temperatures and in most cases 

TABLE 4. CALCULATION OF THE TEMPERATURES AT THE TOP OF THE COLUMNS OF FOUR DIFFERENT 
STUDIES BY THE PROPOSED MODEL. 

Source 

Number of run 
Dispersed phase 
Column diameter. cm. 
Length of packing of drops, cm. 
R 

H 
tdi 
tco 
tdo 
tci 

T 

Z b  cm. 
zd cm. 
M 
m cm.-' 
tdo calc. 
tci calc. 

tdo calc. - tdo 

tdi - tdo 

tci calc. - tci 
tco - tci 

x 100% 

x 100% 

Garwin Smith Barbouteau Pierce et a1 
( 7 )  ( 2 )  ( 2 4 )  

2-39 
Benzene 
5 
185 
0.5 
0.395 
0.215 
160.9" F. 
89.7"F. 
73.6"F. 
73.5"F. 
10 
0 
0.83 
0.03 
73.5"F. 
72.2"F. 

0.1 

7.5 

5-2 
Gasoline 
40 
400 
0.5 
0.425 
0.06 (est.) 
118°C. 
29°C. 
15°C. 
7°C. 
35 
5 
1 .o 
0.023" 
7.4"C. 
5.5"C. 

7.5 

6.8 

In all cases the continuous liquid phase was water. 
0 Using m = 0.01 improves the accuracy of t d o  calc. to 4.5%. 
t Increasing z b  + td to 30 cm. decreases the accuracy of t an  calc. to 14%. 
t Dense packing of drops. 
t Using M = 0.4 and m = 0.015 improves the accuracy of I d a  calc. to 1.4%. 
T Calculated from a heat balance. 
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Figure 5 
Mercury 

50 
1.07 
0.45 
<0.06 
205°F. 
125°F. 
105°F. 
80°F. 

}lot 
1 .o 
0.023 
103.5"F. 
79.5"F. 

1.5 

1.1 

Kehat Letan 
113) 

1-16 
Kerosene 
7.5 
150 
1.08 
0.39 
0.55t 
62.3"C. 
41.3' C. 
29.0"C. 
27.0"C. 
0 
0 
0.61 
0.0251 
30.1"C. 
28.7"C. 

3.2 

12 

May, 1968 



average holdup were given. The temperatures at the 
bottom of the column were used to calculate the tempera- 
tures at the top of the column for comparison with the 
experimental data. The parameters for the equations were 
taken from Tables 1 and 2 of this paper for the different 
liquids and drop sizes of the four studies analyzed in 
Table 4. 

These parameters and the results of four such calcula- 
tions are given in Table 4. Agreement of the calculated 
temperatures with the experimental temperatures is good 
and can be improved when more data about the effect of 
drop size and more information on M and m are available. 
The difference in the accuracy of the calculations for the 
two phases in two cases is due to the poor heat balance 
for these runs in the original studies. 

The equations and numerical values of the parameters 
presented in this work can therefore be applied to other 
systems and wide temperature ranges. 

CONCLUSIONS 

The good agreement of the theoretical model with the 
experimental results shows that heat transfer in a spray 
column is controlled by the fluid dynamics of the system 
and not by the resistance to heat transfer inside or at the 
surface of the drops. Heat transfer coefficients or HTU 
should not be used for the correlation of experimental 
data in spra column heat exchangers. The use of mass 

be reviewed in the light of the results of this work. 

the design of spray column heat exchangers. 

in this work by tracer studies in the near future. 

transfer coe fi cients in extraction spray columns should 

The equations developed in this work can be used for 

It is planned to check the values obtained for M and m 
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NOTATION 

C p  
F 
H = average holdup 
1 
2' 

M 
MD = wake volume cc. 
m 

m, 

= heat capacity cal./g. "C. 
= defined by Equation (33) 

= length of wake shedding zone cm. 
= length of drop packing extending into conical 

= ratio of wake to drop volumes = M D / V D  

= volume of wake elements shed per volume of 

= volume of wake shed cc. 

entry section cm. 

drop and unit length of column cm.-l 

P = ( l + M R ) / R  

r = (PCP)d/(PCP)c 

R = Vd/V, 

S 
t = temperature "C. 
V, 

cm. sec. 
Vd 

cm. sec. 
i )D 
z 
LY 
c = small value 
e = dimensionless temperature 
p = density g./cc. 

Subscripts 
a = zone o; jump 
b = w n e b  

= defined by Equation (19) 

= superficial velocity of continuous liquid cc./sq. 

= superficial velocity of dispersed liquid cc./sq. 

= volume of drop cc. 
= distance along column; length of zone cm. 
= defined by Equation (19) an.-' 

c = continuous phase 
d 
e = zone e 
i = inlet 
E 
ZI 
o = outlet 
s = at intermediate zone 
w = wake 
z 
1 
2 

= dispersed phase; zone d 

= at top of wake shedding zone 
= at inlet of continuous phase 

= within wake shedding zone 
= calculated from set of parameters 
= calculated from another set of parameters 
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