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S u m m a r y  

Contact condensers exhibit high heat transfer rates, compactness, absence of scale and 
can be operated even at very low temperature driving forces. A technique successfully 
utilized earlier by the authors to predict the condensation rate -- and height -- of a single 
bubble train, is extended here to predict the condenser height in counter and co-current 
multi-bubble systems. This approach makes it possible to distinguish the effect of the 
bubbles' spatial density, i.e. effects of bubble frequency and horizontal spacing. 

I n t r o d u c t i o n  

Direct  c on t a c t  exchangers ,  in which hea t  is t ransfer red  b e tw een  a volat i le  
dispersed fluid and an immiscible  or miscible l iquid media ,  are e x t r e m e l y  
eff ic ient .  The  presen t  work ,  mo t iva t ed  by  the  ques t  for  m o re  e f f ic ien t  3-phase 
exchangers  as well as for  addi t iona l  insight into the  t ransfe r  mechanism,  deals 
wi th  condensa t i on  of  gravi ty-driven vapor  bubbles  and supp lements  our  
earlier analysis of  a c o u n t e r  cu r ren t  exchanger  [1] .  

A l umpe d -pa r ame te r  approach  yields,  via an energy balance  over  the  
con t inuous ,  s teady s ta te  co lumn,  the  inlet  and ou t l e t  condi t ions .  Th e  he ight  
o f  the  (l iquid) co lumn,  which cor responds  t o  the  t ime  requ i red  for  99% of  
to ta l  possible condensa t ion ,  depends  on  the  t ransfer  rates.  These,  in turn ,  
depe nd  on  in te rac t ion  b e t w e e n  the  bubbles  ( f r eq u en cy  F and n u m b e r  o f  
nozzles  n), and on  the  f low and t e m p e r a t u r e  fields. 

S imul taneous  numer ica l  so lu t ion  of  the  in te r re la ted  energy  and m o m e n t u m  
equat ions ,  while possible fo r  a single t ra in  [2] ,  is obvious ly  ou t  of  the  
ques t ion  for  a mul t i - t ra in  sys tem.  Hence ,  an a p p r o x i m a t e  analyt ica l  solut ion,  
an ex tens ion  of  the  one  successful ly ut i l ized in single [3] and mul t i - t ra in  [1] 
studies,  is general ized here.  In essence, we deal wi th  the  e f fec ts  o f  the  rise 
ve loc i ty  and t e m p e r a t u r e  field unde r  various opera t ing  condi t ions  on  the  
collapse h i s to ry  of  a single bubb le  in a mul t i -bubble  system.  Use is made  o f  

*Presented at the Fourth International Symposium on Fresh Water from the Sea, 
Heidelberg, September~ 1973. 

**Present address: School of Engineering, University of Tel-Aviv, Ramat Aviv, Israel. 

555 



the quasi-steady state solution for a single bubble in potential, or modified- 
potential, flow field [4]. In addition to its simplicity, this approach leads to 
a general solution, encompassing single and two-component  systems (single- 
phase and two-phase bubbles, respectively) and including non-condensables, 
whether  homogeneously or non-homogeneously distributed [5] inside the 
bubble. 

The general collapse equations 

For a single bubble rising freely in an unconfined liquid column at a 
velocity U ,  the average heat  flux in a potential flow field under quasi-steady 
state conditions (Pe > 1000, and OR/O t << U ) is given by [3, 6] : 

q = k ( T - T J  i (2RU /0L) lf2 (i) 

where T = T* for pure vapor and T = Tw, the wall temperature, in the 
presence of inerts. T w = T * when the initial molar concentration of the inerts 
Y0 = 0. Equation (1) with the energy balance at wall of the collapsing bubble, 
i.e. (-~/}Pv) yields: 

k A T  ~2U.~ 1/2 
R -  pv~ \ ~ R ]  ; A T = T w - T  (2) 

where R is the instantaneous radius. Defining 

0 w - ( T  w -  T ) / (T*-  T ) ;  r - J a P e  1/2 Fo; ~ =R/Ro 

Ja = pCp (T* -  Tcc)/~pv ; P e = 2 R o U  /a ; Fo = ta/R~ 

Eqn. (2) reduces to 

1 1 
- x/~ /31/2 0w; / 3 = l a t r  = 0  (3) 

The application of  eqn. (2), or (3), for the case at hand requires re-defining 
the operating parameters in accordance with the conditions prevailing in a 
multi-bubble column. Thus, U M replaces U and T M replaces T ,  where the 
superscript M denotes the bubble-density dependent  parameters. However, 
for ease of comparison with single bubble studies, the Ja and Pe numbers are 
left unchanged as defined above. 

The modified eqn. (3) now reads: 

_~M = /d/3~ M 1 ( u M / u ) I / 2 0  M 1 
-~d-rr] - x/~ w /31/2 (4) 
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where in terms of the local field temperature T M or the local temperature 
increaseT M - T  = S T  M 

AT M T w - T M 6 T M 
0 M -= = = 0 w -= 0 w -  ~i0 M (5) 

w AT* T * -  T.. T* - T 

Note that  0 w is the dimensionless temperature driving force for a single bubble 
system, and 50 M represents the fractional decrease of the temperature driving 
force affected by the multi-bubble system. Introducing Kv, the velocity factor 
by which the potential flow solution for flow around a sphere is " t ransformed"  
to yield the average heat flux that  would be obtained in a viscous flow field 
[4 ,7] :  

Kv = 0.25 Pr -1/a (6) 

For a two-phase bubble (for a single phase bubble Kv = 1), and defining 

g = (gv/rr) l /2;  A = ( u M / u o ~ ) I / 2 ;  B = A60 M 

eqn. (4) reduces to 

I Fd~l M l _ AO w B 
- K = A ( O w -  60 M) /3x/2 91/2 9112 ( 7 )  

The solution of eqn. (7) depends on the relation between 0w and 13, which 
for a homogeneous distribution of the inerts within the bubble is given by 
[71: 

Ow - ~3_  1 / G *  ; [3f = R f / R o  G* = PL/Pv (8) 

The term 1 / G *  in eqn. (8) is due to the condensed liquid which accumulates 
in the " two-phase" bubble (say pentane condensing in water) in contrast to  
the single-phase bubble (say pentane condensing in pentane). In the absence 
of noncondensables/3f = 0 for the single-phase bubble and l~f = G *-1/3 for the 
two-phase bubble. The dependence of/3f on Y0, the initial mole fraction of  
inerts, is given in [7]. The relation between 0 w, j3 and Y0 for nonhomogeneous 
distribution of the inerts within the bubble is given in ref. [5]. 

The time-dependent radius 

F o r  a p u r e  vapor ,  T w  = T *  and 0 w = 1. Equation (7) reduces to: 

K ( A - B )  drr ~1/2 ; t3 = l a t r = 0  (9) 
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Integration of eqn. (9) yields: 

i (___~°'5 2_ _ I 
TO M A - B  \ K v /  3 (1-t33/2) A - B  ro (10) 

where To is the dimensionless t ime variable for (pure) single bubb le  condensa- 
tion, directly obtainable by integrating eqn. (2). Obviously, for a single bubble 
A = ( u M / u )  1/2 = 1 , B  = 0 (since 50 M =  0) and rMo = r0. 

F o r  unpure  vapors containing permanent  gases, 0 w ve 1. The relationship 
be tween r M and/3, obtained by integrating eqn. (7), utilizing eqn. (8): 

A - B  ro (/3) + r, (/3,~ (11) 

where 

A a_ A B - 1 
/3M _ A -  B j3f - B G* (12) 

and 

rl(/3,~fM) = 1 (~M) 3- 1/G* 
7~M-3~ (13) 

3 (~f) 

At the limit, A = 1,/3 -+ 0, 89 M -+ 0, ~M_~/3f and eqn. (11) reduces to the 
relation between r and ~ for a single bubble [4, 5] : 

lira 
F-~ 0 rM=r =to (/3) +r ,  (/~,~f) (14) 

_ /~3/2 /33/2 "i- (/3M) 3/2 

where r, (/3,/~f) is identical in form with eqn. (13) with/3f replacing/3M. 

The controlling parameters 

A quantitative representation of  eqns. (10) and (11) requires the knowledge 
,, ,, M M of the constants A and B, or rather U ~ and 8 T . 

The relative ve loc i ty  between the rising bubbles and up or down flowing 
cont inuous phase is given by 

U M = Ub + U~ + Counter-current (15) 
- - Co-current 

where Ub is the bubbles '  rise velocity related to the wall and U~ is the 
superficial velocity of  the cont inuous phase. Equation (15) is substantiated 
by the experimental conclusion of  Baker and Chao [8] that  the relative 
(gas--liquid) velocity of  bubbles with R > 0.3 em are practically independent  
of  the continuous phase velocity. 
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The relative velocity of  a bubble  in a bubble  swarm as a function of  the  
porosity,  or fractional-hold-up e, is given by  Marrucci [9]:  

( 1 -  e) 2 
U M = U= 1 - e  513 (16) 

where, with the column height H = t fU b = ( l / F )  ( N -  1) Ub 

N N 
3 3 n(41r/3) ~ R i S n ( 4 ~ / 3 )  ~ R i 

i+1 i+1 
e = S g = ( l / F )  Ub ( N -  1) (17) 

Obviously, the  correct value of  e requires the knowledge Ri, Ub, F and N (or 
tf), i.e., the complete  collapse history. Hence, the utilization of  eqn. (16) 
requires an iterative procedure (coupled with an "external"  iteration (see 
below) which yields the Ri values). However,  for a given iteration eqn. (17) 
reduces to e = C/Ub, where C = const. Combining (15) to (17) yields 

U= e ( 1 -  e) 2 - (1 -  e 6/s) (C + eU~) = 0 + Counter-current (18) 
- - Co-current 

which is solved for e at any iteration. The correct e is the one which corre- 
sponds to true values of  Ri. 

The fractional temperature decrease, 80 M. Consider a periodic operation. 
During the t ime interval A t (= 1 IF) the successive bubbles  move within the 
(assumed) well mixed thermal field, left behind the preceding bubbles,  which 
is at a temperature  T M i, corresponding to 5 T M = ( T M , i -  T ) .  We evaluate 
the temperature  along the bubbles '  path in ( N -  1) discrete sections, each 
(Ub/F) high. The energy balance on section i yields: 

V[p~Cp~ (sT/M+I - 5T M) = + n F p v  X(R/3.I - R~) (4n /3 )  (19) 

where, counting i downwards,  ~ TM.. is the temuerature  of  the cont inuous 
phase leaving section 1, related to  T.., and 5 T~*+t = T;+ 1 - T~*'. 

In dimensionless terms, eqn. (19) becomes: 

where Qv~ is the volumetric ratio of  the vapor to liquid flow rate. Note  that  
an energy balance over the whole column yields [1] : 

Tout- T Qv~ 
50M - T*-  T - Ja (1 _~fa) (21) 
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The collapse history 

The collapse history,/3 vs. ~, can be solved analytically from eqn. (11) by 
approximating A and B by averaging the characteristic parameters over the 
whole column [1] A more accurate result is obtained by evaluating 50M and 

• 1 

Ri locally, along the bubbles paths. 
The average collapse rate in section i is obtained from eqn. (4): 

-/3i, ave'M = (Uoo/U~) (Ow, ave _ 5 O Mi+I) /3i, ave- I/2 (22) 

where 

~M = ([3i+1-/3i)/A7 "" A r = J a P e Z / 2 ( a / R ~ )  ( l /F )  
/ , a v e  

/3i, ave= ([Ji+/3i+l)/2 " 0M = ( 50M + 50/M)/2 ' i , i + l  i + 1  

and 

0w, a v e =  (0w, i +0w, i+ l  ) /2  

evaluated for #i and #i+1 by eqn. (8). 
The value of/3i+ 1 is obtained by solving eqn. (22), now writ ten as: 

(~i+1 ~i) (~i+1 +/3.)1/2 + C1 3 _ - , - ( ~ i + 1  # ~ ) -  C:  = 0 ( 2 3 )  

where 

C, = (KvA/27r) x]2 Qv~ Ar/Ja ; C2 = (2KvA/rr) 1/2 (0w, ave- 60M) Ar 

The solution for/3i+ 1 in eqn. (23) requires the knowledge of the parameters 
for the i section. Knowing R0 and Rf (or ~f), we can start the calculation 
from the top downwards in the counter-current  case where T M is known 
(5 T M = 0). Similarly in the co-current case, we can start from the bot tom 
upwards, since T M is known (5 T M = 0), or from the top downwards, if one 
utilizes ~ To M (or 80M0) the outlet  temperature,  calculated by eqn. (21). The 
latter approach allows to utilize the same iterative procedure for the two cases. 

Starting with/3i= 1 =/3f counting downwards,  (501 = 0 for counter-current  
flow and ~ 01 = ~ 00 for co-current flow) the "internal"  procedure for the 
solution of  ~i+1 for a given/x T* proceeds as follows: 

(a) Assume a first approximation for ~i+1 (=/3~1) ); (b) using ~1),  calculate 
0w,av e (eqn. 8), C1 and C2 ; (c) solve eqn. (23) for/3i+1 =/3(2:); (d) calculate 
0w,ave 61, C2; (e) calculate/~2 (3) by eqn. (23); (f) continue steps (d) and (e) 
until/~m) =/3~m-,). 

The first value of/3i+1 (=/32) is then used to calculate ~0M I by eqn. (20). 
The above procedure is then repeated to evaluate all/3i+I for (1 < i<N-1 ). 
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Evaluation o f  N and AT*. At a given bubble  spacing (n and F), the number  
of  bubbles N which consti tute the bubble  column depends on the temperature 
driving force. Low N represents small condensation t ime due to high tempera- 
ture driving force, while high values of  N (at the same n and F)  represent low 
condensation rates. An external procedure for evaluatiiag A T* for values of  
N (so that  ~N = 1) was utilized. If/~N ¢ 1, AT * is corrected and the procedure is 
started again. Note  that  U M must be calculated for each new value of  N, since 
U M = f(e) and e varies with N. A summary of  the general procedure used to 
evaluate the effect  of  the various parameters follows. 

Summary of  the general procedure. (a) Set n; (b) Set F;  (c) Set N, and 
estimate f3~+11 ) , the initial values of/3i+1; (d) Determine V M by solving eqn. 
(18); (e) Assume AT*; (f) Calculate ~i+1 by  eqn. (23) and the above "internal" 
interaction procedure;  (g) Use calculated value of ~i+1 to calculate 5 TM1 by  
eqn. (20); (h) If/3 g :/: 1 change AT* and repeat (f); (i) Take new N and 
repeat stages (d) to (h); (j) Take new F and repeat  (c) to (i); (k) Take new n 
and repeat (b) to (j). 

Results and discussion 

For ease of  comparison with earlier data [1 ], R0 = 0.25 cm is retained in 
all runs considered here. 

Figure 1 represents the velocity ratio U M/U,. = A 2 as a function of bubble  
frequency at different horizontal spacings. Note  that  n -- 4 nozzles per cm 2 
corresponds to a packed layer in which the bubbles touch each other. As is 
to be expected,  A decreases as bubble density (F and/or n) increases. The 
effect  of  non-condensables in the bubbles on the velocity ratio is comparatively 
small, and is not  shown here. For a given F and n, A was found to be 
independent  of A T*, or the condensation rates, except  at very low (up to 
0.5°C) AT*'s. At these small driving forces the value of A decreases with AT* 
due to relatively high value of  e (low condensation rate). At identical F and 
n, the value of  A is larger for co-current f low than for counter-current flow. 
This is due to the fact  that  in the parallel flow case the condensation rate is 
highest at the inlet where the bubbles are the largest. This strongly affects 
the vapor hold-up resulting with a decrease of the average value of e and a 
moderate  increase of A as compared with the counter-current case. Similar 
results were obtained for the two-component  pentane--water  system. 

Figure 2 represents the dimensionless temperature driving force profile in 
the column, along the bubbles path. Naturally, the liquid temperature  
increases (in the liquid flow direction), as bubble  density (F and n) increases. 
Note that 0 w (wall temperature of a single bubble)  is identical for the two 
flow configurations, but  0 M = 0w_ ~ 0 M varies appreciably. Whereas in the 
counter-current case 60 M has its maximum value at the b o t t o m  of the 
column, 60 M is maximum at the top  of  the column in co-current flow. For  
a pure vapor bubble  0 w = 1, 0 w M > 0, and condensation is unhalted. In the 
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Fig. 1. Velocity decrease due to bubble density. 

p resence  o f  inerts,  0 w decreases as condensa t i on  proceeds .  0 w and 5 0 M 
decrease  upwards  in the  c o l u m n  in coun t e r - cu r r en t  f low,  and 0 M is usually 

M w 
posit ive.  However ,  in parallel f low 0 w decreases while 5 O increases (upwards)  
and ~ M m a y  app roach  zero,  thus  halt ing the  condensa t ion  process.  As seen 

W 
in Fig. 2, condensa t ion  is s t opped  in the  co-cur ren t  case while, at  the  same 
A T*,  it p roceeds  to c o m p l e t i o n  in the  coun te r - cu r r en t  case. Similar results  
were  ob ta ined  wi th  the  pen t ane - -wa t e r  sys tem.  

Figure 3 represents  ( A -  B) = A ( 1 - 5  0 ave ) as a functix~n o f  the  nomina l  
driving force ,  A T*,  fo r  various opera t ing  condi t ions .  N o te  tha t  fo r  pure  
vapors  A - B = T0/r M , i .e .  the  ra t io  o f  single bubb le  to mul t i -bubble  condensa-  
t ion  t imes  cor responding  to the  same j3. As seen by  eqn.  (11),  this re la t iom 
ship does  no t  ho ld  in the  presence  o f  non-condensables .  As seen in Fig. 3, 
(A - B) decreases wi th  bubble  densi ty .  Fo r  the  same F ,  (A - B) decreases as n 
increases. These  results  are at  variance wi th  those  ob ta ined  for  a single 
bubble- t ra in  in an inf ini te  expanse  where  (A - B)  approaches  u n i t y  as F 
increases [3] .  This is due  to  the  fac t  t ha t  f r e q u e n c y  in a single train ef fec ts  
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Fig. 2. Temperature decrease, bubble wall temperature and temperature driving force 
,along the column. 

an increase in the rise velocity, thus enhancing condensation through stronger 
convection effects. Here, however, the rise velocity decreases as e increases. 
For comparable conditions, the decrease of  (A - B) with F and/or n is more 
pronounced in the co-current flow case, indicating a larger condensation time 
in this case. 

As seen in Fig. 4, (A - B) increases as the continuous flow rate is increased 
and the condensation rate increases accordingly. As expected, this effect is 
much more pronounced in the co-current flow system. 

The dimensionless bubble collapse history is presented in Fig. 5. The 
collapse rate decreases as the spatial density of the bubbles increases [1 ]. This 
effect is more pronounced in the single-component system, consistent with 
the corresponding ~ 0 M values exhibited by this system, as compared with 
those of the two-component  (pentane--water) system. This is due to the 
difference in the volumetric heat capacities of the two continuous phases. 
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Fig. 3a. Effects of frequency and horizontal bubble spacing on A - B as a function of 
nominal driving force. 

The collapse history of a single bubble in an infinite constant  tempera ture  
expanse is also included in Fig. 5 for  comparison. 

Consistent with the results shown in Fig. 2, the ~3- r relationship varies for  
the two flow configurations: initial condensat ion rate in the co-current case 
is higher than in the counter-current  case (higher M O w )" However, the condensa- 
t ion rate in the co-current case decreases fast and, in the presence of  inerts, 
may even come to an end wi thout  reaching the final possible size. (In this 
case C2 = 0 in eqn. 23.) Again, due to the difference in the volumetric heat 
capacities, the pentane--water  system is less affected by the flow direction 
than the pentane--pentane system. 

Figure 6 represents the column height required for condensat ion of  99% 
of  volume of  the vapor that  can condense at the given operating conditions. 
In general, the closer the horizontal  and/or  vertical bubble spacing, at 
identical nominal temperature  driving forces, the higher the column required. 
This effect  is particularly noted at low tempera ture  driving forces and, 
consistent with single-train studies, is much more pronounced  in the presence 
of  inerts. 
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Fig. 3b. Effects of frequency and horizontal bubble spacing on A - B, as function of 
nominal driving force. 

For  a given n, f low rate and inlet cont inuous phase temperature  To., the 
f requency (i.e. the vapor flow rate) determines the temperature  driving force 
along the column. The asymptot ic  minimum possible A T* noted in Fig. 6 

YI_, 0 and represents the minimum nominal A T* which may coz~esponds to O w 
still yield complete  condensation. The asymptot ic  value of  ~ T * increases 
with n and F,  i.e. the dispersed phase flow rate. Since the change in the 
temperature  driving force depends on the volumetric specific heat, the 
pentane--pentane system should be more sensitive to change in F and n than 
the pentane--water  system. This is evident from the curves for the single- and 
two-component  systems. The effect  of  the counter-current continuous-phase 
f low is to decrease the column height even below that  required for a single 
bubble  in a quiescent infinite medium. This is particularly noted at low bubble 
densities of  pure systems, where the apparent height for the multi-bubble 
column is lower than that  of a single bubble.  The effect  is reversed in the co- 
current f low case. This is easily unders tood by  realizing that  the collapse rate 
is determined by the relative velocity U M while the column height is 
evaluated by reference to the bubbles '  velocity relative to the wall, Ub = 
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U M ; U~). For a single bubble in a still column U b = U~o. The condensation 
height ratio (multi to single bubble) is given by 

_ _  - counter-current HM ( u M  ~ U~)tMf = TM (A 2 T U~ ) + co-current (24) 
H U • tf Tf V~ 

For low bubble density the values of A and vM/'c are close to unity,  and the 
condensation height ratio will strongly depend on U~, the continuous phase 
(superficial) velocity. 

The instantaneous interfacial heat transfer coefficient for the multi-bubble 
system is defined by h M = qM/s ~ T M where qM, s and A Tw M are the instanta- 
neous heat flux, surface area and temperature driving force, respectively. For 

M M M identical values oft3, eqns. (1), (3) and (4) yield: q /q = ~ /fl = (0 w/0w)A 
and: 

hM M 1/2 
h = A = ( U  /U  ) (25) 

Thus, one can easily determine h M by utilizing eqn. (1) and Fig. 1. More 
useful information is gained by defining the volumetric heat transfer 
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Fig. 5. Collapse history in multi-bubble system compared with single-bubble system. 

coefficient 

Q/tf 
Uv - V" ATav e (26) 

where Q/tf represents the average heat f low rate, V denotes the optimal 
volume (based on height for complete  condensation as defined above) and 
ATav e is the (arithmetic) average temperature driving force along the  column. 
Figure 7 represents the calculated values of  Uv which are plot ted,  for ease of  
reference, against the nominal driving force. In general, the volumetric trans- 
fer coefficient in co-current flow is lower than in the counter-current f low 
case and, in both  configurations, increases with increasing the dispersed phase 
flow rate (F and n), consistent with earlier spray column studies of  evaporating 
drops [10, 11].  As already noted in our single bubble  studies [7],  the  
pentane--water  system exhibits transfer coefficients which are some 50% 
above those of  the pentane--pentane system. This is due to the higher heat  
capacity and thermal conductivi ty of  water as compared to pentane. The 
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superficial vapor velocities considered here, 0 .63 cm3/sec cm 2 to 6.5 cm3/sec 
cm 2 , were kept low, so as to maintain the identity of  each bubble. In this 
sense, this study is limited to  the "streamline" f low region, where (for air-- 
water system) the hold-up is linearly proportional to the dispersed f low rate. 
Here, however,  the dispersed phase hold-up decreases due to condensation as 
the bubbles rise along the column. 

The numerical values for the overall heat transfer coefficients are in 
general agreement with those realized in these laboratories and others 
reported in the literature. 

The values of  Uv range from 1.6 × 103 kcal/h m 3 °C [ 2  l 0  S BTU/h ft 3 °F] 
at low F a n d  n to 4.3 X 105 kcal/h m 3 °C [ 2  2.7 × 104 BTU/h ft 3 °F] at n = 
4 and F = 26. Direct-contact condensat ion in a venturi mixed co-current pipe 
f low of steam in Aroclor yielded values in the range of  1.5 X l 0  s to 4 X l 0  s 
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BTU/h ft 3 °F [12] .  Order of  magnitude smaller values were reported when a 
co-current spra:~ column was used [12, 13] .  Values up to 4 X l 0  s BTU/h ft 3 
°F were reported by Harriott and Wiegandt [14] for a co-current, turbulent, 
downf low sieve plate condenser. However, these values were arbitrarily based 
on the exit  temperature driving force and a 3-in. height. Condensation of  
methyl  chloride in water in co-current f low through a packed bed yielded Uv 
between 6.5 × 10 4 and 1.5 × l 0  s BTU/h ft 3 °F [14] ,  Wilke et  al. [13]  
reported Uv of  about 6 × 10 3 BTU/h ft 3 °F for steam condensing in Aroclor 
in a counter-current packed bed. Again, meaningful comparison is difficult 
since arbitrary values were used for column heights. 

Conclusions 

(1) An analysis o f  the collapse history of  a multi-bubble system in the 
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streamline region was obtained by assuming quasi-steady state and solving for 
the local driving forces along the bubble column. The solution makes it 
possible to evaluate the independent effects of bubble frequency F, horizontal 
spacing n and inerts contents in single- and two-component  systems, in either 
co-current or counter-current flow. 

(2) Single bubble studies may not  be used to design multi-bubble systems, 
since interaction effects are pronounced and should not be neglected. How- 
ever, a multi-bubble system may be analyzed by treating a representative 
single bubble, provided that  the correct flow and temperature fields, which 
account for bubble density, are used. 

(3) The effect of the horizontal bubble spacing is much more pronounced 
than that  of the vertical one. 

(4) Counter-current is more efficient than co-current operation. Complete 
condensation in the presence of non-condensable inerts can only be achieved 
by utilizing a counter-current flow exchanger. 

Nomenclature 

A 
B 
c, cl, c~ 

F 
Fo 
G* 
H 
h 
i 
Ja 
K 
Kv 
k 
N 
n 

Pe 

Qv~ 
q 
R 
R0 
Rf 

S 
S 

T 
Tout 

velocity ratio (U M IU~ )1/2 
operational variable 
constants 
heat capacity continuous phase 
bubble frequency 
Fourier number (~t /R ~ ) 
density ratio volatile fluid (p L/P v) 
condensation height 
instantaneous transfer coefficient 
index of  a bubble in a row 
Jakob number Cp~ (T* - T~ )/kp v) 
constant (K v/~) 1/2 
velocity factor 
thermal conductivity,  continuous phase 
number of  bubbles in a row 
nozzles per unit  area 
Peclet number (= 2 Ro U~/a ) 
flow rate ratio, vapor to liquid 
instantaneous heat flux 
instantaneous radius of bubble 
initial radius of bubble 
final condensation radius 
radial velocity (dR/d0  
cross-section area of column 
surface area of  bubbles 
temperature 
outlet  temperature, continuous phase 
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T~ 
T* 
T.. 

~Tw 
AT* 
5T M 
s ty  
t 
tf 
Ub 
U~ 
U~ 
U~ 
Uv 
V 
Yo 

~f 
X 
0 
0w 
0 M 
8N 
~o~ 
p 

PL 
Pv 
e 
T 

To 
T1 

bubble wall temperature 
saturation temperature at pressure of the system 
approach {inlet) temp.,  continuous phase 
local temperature of continuous phase 
temperature driving force (Tw-  Too ) 
temperature driving force (T* - T~) 
local temperature increase (T M - Too ) 
overall temperature increase (Tout - Too ) 
t ime 
time, final condensation 
bubble velocity, relative to wall 
superficial velocity of liquid (Q~ IS) 
velocity, single bubble system 
multi-bubble velocity, relative to liquid 
volumetric heat  transfer coefficient 
optimal column volume 
initial concentrat ion of inerts 
thermal diffusivity, continuous phase 
dimensionless radius (R/Ro) 
final dimensionless radius (Rf/Ro) 
latent heat  
dimensionless temp. (T- T~) / (T*- Too) 
dimensionless temp. (Tw-  T~)/(T*- Too) 
dimensionless temp. drivin~ force ((Tw - T M ) / (T* - Too )) 
local temp. decrease ((5 T'*~)] (T* - Too)) 
overall temp. decrease ((5 To r~ ) / (T* - T~ )) 
density, continuous phase (= p~ ) 
density of  liquid, dispersed phase 
density of vapor, dispersed phase 
gas hold-up volume fraction 
dimensionless t ime (Ja Pe 1/2 Fo) 
dimensionless time, pure vapor 
dimensionless time, correction due to inerts 
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