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A~traet--The formulation for a unit cylinder cell model that was used to analyze the hydrodynamics and 
heat transfer associated with steam condensation on a spray of equal sized water droplets was presented 
in part I of this study. In this part II, we report the results and discussions for the condensation induced 
interfacial velocities, surface shear stress, Nusselt number and the Sherwood number. The heat transport 
in both phases and the species transport in the continuous phase have been treated as transient processes. 
The interactions between neighboring drops have been examined. Numerically obtained transport results 
have been compared with an experimental study. Results for a representative spray show that the use of 
correlations developed for an isolated drop to predict condensation spray behavior may be inaccurate, 
although isolated drop studies continue to merit investigations. Copyright © 1996 Elsevier Science Ltd. 

1. INTRODUCTION 

Some of the earliest attempts to study condensing 
sprays include the contributions by Tanaka [1], 
Tanaka et al. [2] and Ohba et al. [3], Photographic 
techniques were employed by Tanaka et aL [2] to 
experimentally investigate sprays from two different 
nozzles--the hollow cone type and the full cone cluster 
type. The coalescence and breakage of spray droplets 
were not observed in the pictures. The results were 
documented in terms of the arithmetic mean diameter 
and the volume-surface (Sauter) mean diameter. The 
nozzle characteristics, the photographically deter- 
mined arithmetic means droplet diameter Da, the vol- 
ume-surface (Sauter) mean diameter Dvs, the Rey- 
nolds numbers based on Da and Dvs and the terminal 
velocities were provided in the study. The terminal 
velocities were determined at 9 m below the spray 
nozzle. Based on these experimental observations of 
the droplet sizes and suitable correlation equations 
for isolated droplets, Tanaka et al. [2] have predicted 
Nusselt and Sherwood numbers. Significant con- 
tributions have been made in experimental studies 
on various aspects of direct-contact condensation as 
evident in the report by Cumo [4]. In particular, these 
include a study by Celata et al. [5] in which exper- 
imental results for condensation of saturated steam 
on subcooled water droplets with diameters in the 
0.3-2.8 mm range have been provided. The injection 
velocity has been varied from 0.85 to 9.0 m s -1 with 
pressures up to 0.6 MPa. The droplet Reynolds num- 
ber was in the range 150 < Re~ < 2000, and photo- 
graphic observations have indicated droplet oscil- 
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lation and nonsphericity in several cases. The 
following equation for the average nondimensional 
droplet temperature Om (see Pasamehmetoglu and 
Nelson [6, 7], and Carra and Morbidelli [8] for details) 
was stated to fit the experimental data : 

6 ~ 1 / ~ 47t2c~t\ 
Om = l - - ~ , ~ l n ~ e X p ~ - - n  C - ~ o  ), (1) 

where, C is an 'empirical convective factor' given by 
Celata et al. [5] as 

C =  O.153(Pe~) °454 and P e g -  dUo /~g 

(2) 

and ~ m  is defined as 

T - T o  
Om= To~-- To" (3) 

In an excellent experimental study, Mayinger and 
Ch~ivez [9] have employed pulsed laser holography to 
measure condensation on a spray of refrigerant R113 
(C2F3C13) droplets introduced into an environment 
consisting of a pure vapor of the same substance. The 
holograms with short exposure times (~  30 ns) were 
stated to be able to resolve particle sizes larger than 
102, where 2 is the wavelength of the laser beam used. 
The flow corresponded to the regime of inter- 
mediate to high droplet Reynolds number 
(100 ~< Re~ <~ 3500). The vapor pressure was varied 
over a range of reduced pressure (0.03 ~< 
Pr = Pv/Pc <~ 0.3). A pressure-swirl nozzle that pro- 
duces a conical spray with varying mass flow rates was 
employed. The spray was characterized in terms of 
the arithmetic mean drop diameter D~ and the arith- 
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C drag coefficient 
CD total drag coefficient 
d droplet diameter 
h heat transfer coefficient 
h l cell axial forward half-length 
h2 cell axial rearward half-length 
k thermal conductivity 
Le Lewis number ( =  :~/D) 
m mass fraction 
m, noncondensable mass fraction 
Nu Nusselt number ( =  hd/k) 
p pressure 
Pe Peclet number ( = Ud,/:~ or Ud/Dt 
r spherical radial coordinate 
R radius of the drop 
R,  radius of  the outer boundary' 
Re Reynolds number ( =  /_/, d/v) 
Sh Sherwood number ( =  hMd/pD ) 
T temperature 
u velocity component 
U,  tree stream velocity 
w, dimensionless mass fraction 

(=  m , / m , ,  ) 
wl cell radius nondimensionalized by 

drop radius 
W condensation parameter 

(=  l - m , . ,  :m, ,). 

Greek symbols 
,~ thermal diffusivity 

NOMENCLATURE 

0 
® 

V 

P 
T 

polar angle 
nondimensional temperature 
wavelength 
dynamic viscosity 
kinematic viscosity 
density 
stress tensor 
stream function. 

Subscripts 
a arithmetic mean 
c critical 
C condensation 
F friction 
g gaseous phase 
I liquid phase 
L lead drop 
m mean 
P pressure 
r radial direction 
S spray 
vs volume-surface (Sauter) mean 
0 at angular position 
0 at initial time 
1 noncondensable 

far-stream. 

Superscripts 
modified. 

metic mean drop velocit? U,~. The effect of  con- 
densation on the liquid sheet prior to breakup into 
droplets was taken into account in the study. Plots to 
show the influence of the vapor pressure on D,,, I_~, 
breakup length, and on the spray angle have been 
presented. Results for the mean droplet growth in 
terms of  the relative drop size increment as a function 
of  the droplet size class have also been presented. 
The heat transfer was calculated assuming that all the 
droplets in the spray have a diameter equal to the 
Sauter mean diameter D,~ and their surface tem- 
perature assumed equal to the saturation temperature. 
Temperatures were measured along various axial 
locations using thermocouples. The overall heat trans- 
fer coefficient was calculated from a computat ion of  
the mass condensed on the swarm of droplets. Results 
for the heat transfer coefficient and condensation rate 
are included. An uncertainty analysis has also been 
presented that estimates the hologram resolution error 
to be less than 1%, the statistical error to be about 
7% and the error in the measurement of the bulk 
liquid temperature between 5 and 30%. The overall 
error in heat transfer measurement was stated to be 
in the range 8 23%. 

In parts I and I1 of  this study, we have investigated 
condensation on a spray of  water drops using a cyl- 
indrical cell model. The physical description, for- 
mulation and the solution procedure for the transport 
processes along with that for the flow have been pre- 
sented earlier in part I [10] of  this study. Here, we 
concentrate on the transport results. 

2. PHYSICAL QUANTITIES OF THE PROBLEM 

In this section, equations for obtaining the inter- 
facial velocities, shear stress, Nusselt number, and 
Sherwood number are provided. 

The dimensionless velocity components are given 
by 

u~,olr=l - sin0 ?r r=l (4) 

Ug.dr= - (5) 
' sin0 C 0 ,  ," 

The shear stress is given by 
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[~r ( -~  £) rl 8ug,_ l~ =," 0.25- 
"Or, 0 = r -t- ~ - ~ | ,  (6) 

5 o.2o- 
The local heat and mass transport are expressed in 

terms of the dimensionless local Nusselt and Sher- f 
wood numbers, respectively. At any angular location ~ 0.15- _8 
0 on the drop surface, these are defined as follows : 

~, o.m- ( 2 d 
Nu(O) = 1 -- Tg Or- J l~=, (7) 

8 
and 

( 2 ewql 
Sh(O) = 1 ----w, Or .]1~= ," (8) 

The heat and mass transport averaged over the 
entire surface of a drop are expressed in terms of the 
dimensionless average Nusselt and Sherwood 
numbers, respectively. For  the ith drop, these are 
defined as follows : 

f0 ' (  1 8 Tg'~l sin 0 d0 (9) Nui = 1 -- T~ dr .]1,=, 

and 

f0 ( 1 dWl.'~( sin0d0. Shi = -1 --W, Or /11~ = , (lO) 

With a knowledge of  the velocity field, temperature 
and species distributions obtained from a numerical 
solution of  the governing equations, we are able to 
compute the transport quantities. 

3. RESULTS AND DISCUSSION 
The transport results are presented for various 

values of Re v and spacings between the droplets with 
W = 0.41. In the following discussion, the cells will be 
identified by the name of the drop it contains, e.g. cell 
A, cell B, and so on. For  the drops A, B, C and 
D, the variation in surface shear stress with angular 
location on the drop surface (0 = 0 corresponds to 
the front stagnation point) is plotted in Fig. 1 for 

12- 
lo / 

g 2- 

0 

- 2  

Rag = 100 
hl: wl : h2 = 5: 5:5 
W = 0.41 

First drop (A) 
Second ¢lrop (B) 
Third drop (C) 

drop (D) 

~o 
Angular position, 0 

Fig. 1. The variation in surface shear stress ~01r= ~ with angu- 
lar location for drops A, B, C and D. 
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Fig. 2. The variation of surface condensation velocity 
-- Ug,dr= 1 with angular location for drops A, B, C and D for 

Reg = 20. 

W = 0 . 4 1 ,  R e g = l O 0  and h l : w l : h 2 = 5 : 5 : 5 .  For  
any given drop, the shear stress increases to a 
maximum value on the front surface of the drop and 
then decreases. Beyond the drop equatorial plane, the 
shear stress becomes negative. For  the lead drop, the 
region of negative shear stress lies in the range 
130°< 0 < 180 °. The negative shear stress region 
exists due to the flow recirculation on the rear of the 
drop beyond the point of flow separation. The increase 
in shear stress on the front surface is related to the 
thinning of the boundary layer (steeper gradients) due 
to both the vigorous condensation (suction) and the 
strong translational flow field. At the rear, the flow 
field and level of condensation are both weaker, the 
boundary layer is thicker (weaker gradients) and the 
shear stress is correspondingly lower. For  the follower 
drops B, C and D, the shear stress profiles are similar 
to that for A, except that the magnitudes are lower in 
view of the weaker flow fields. 

Figures 2 and 3 show the variation of the con- 
densation velocity at the surfaces of  the drops, Ug.rlr= t, 
with angle 0 for W = 0.41, hl : wl : h2 = 5 : 5 : 5 and 
Reg = 20 and 100, respectively. For  the lead drop A, 

0.12-  Rag = 100 
h l :w l  :h2=5:5 :5  
W = 0.41 

0.10-  ~ 
~ First drop (A) 

~ ~  / Second drop (B) 
]' 0.o8- ~ / / T h i r d  dr0p (C) 
,~ ~ r t h  drop (D) 

'~ 0 . 0 6 -  

._~ 
0.04-  

~ 0.02- 

0.00 
o 9b 

Angular position, 6 

Fig. 3. The variation of surface condensation velocity 
- -  Ug,rlr= ~ with angular location for drops A, B, C and D for 

Reg = 100. 
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at both the values of Re~, the concentration gradient 
is the steepest at the front stagnation point, and the 
condensation velocity attains its maximum there. At 
any angular position, the surface condensation vel- 
ocity is higher for the leader drop. For  a given drop, 
with increasing angle, the velocity decreases up to the 
separation ring and varies approximately as cos 0. The 
effect of  translation on condensation is least felt at the 
separation ring in view of the small local velocity. 
Most of  these features are also present with the second 
and subsequent follower drops with a major excep- 
tion. As can be seen in Fig. 3, at the larger value of  
Re~ = 100, the maximum condensation velocity and 
hence, the steepest concentration gradient do not 
occur at the front stagnation points of  the follower 
drops. This is ascribable to the effects of  wake recir- 
culation at the rear of  the leader drop on the flow 
experienced by the follower drop. These effects are 
such as to not only reduce the extent of convective 
mass transfer on the front portion of  the follower 
drop(s), but also to cause the steepest gradient to 
occur at points away from the front stagnation point. 

In Fig. 4 the surface tangential velocity, u~.,l~ ~, is 
plotted against angular position O, for drops A, B, C 
and D. with W = 0.41, Reg = 100, and 
hl : wl : h2 = 5 : 5 : 5. The tangential velocity varies 
approximately as sin 0. We note that the lead drop 
has a more vigorous internal vortex motion compared 
with the vortex motion inside drops B, C and D, 
because of  the larger surface shear stress experienced 
by the lead drop. 

The local variation of  the Nusselt number Nu(O) 
and Sherwood number Sh(O) with angular position 0 
for a row of drops are shown in Figs. 5 and 6, respec- 
tively. The parameter values are W = 0.41, Re~ = 100, 
and hl : wl : h2 = 5 : 5 : 5. Since the Lewis number Le 
(ratio of  thermal and species diffusivities) is of  order 
1, these two profiles appear to be similar. At the front 
stagnation point of  the lead drop, where the con- 
centration and temperature gradients are the steepest, 
Nu(O) (Fig. 5) and Sh(O) (Fig. 6) attain the maximum 
values. With increasing angle, Nu(O) and Sh(O) 

20 i~ ~ . . ~  R% = t O0 
h l : w l  :h2 =5 :5 :5  
W= 0.41 

15 -1 \ \ \  First drop 
~ Second drop 

1 ~ ~ Third drop - ;.-/~Fourthdrop---". 

Z 
s 

O ~  , 
0 30 60 9~6 ~0 ~So 40 

Angular position, e 

Fig. 5. The variation of local Nusselt number Nu with angular 
location for drops A, B, C and D. 

decrease up to the separation ring and vary approxi- 
mately as cos 0. Most of  these features are common 
to the follower drops, except that, as for the case of  
surface normal velocity, the steepest temperature and 
concentration gradients do not necessarily occur at 
the front stagnation points. As a result, the maximum 
values for Nu(O) and Sh(O) may not occur at the front 
stagnation points. The shift in the location of  the 
steepest gradient is primarily ascribable to the wake 
effects of  the leader drops. It must be noted that for a 
particular W, this shift is seen only for a high enough 
value of  the Reynolds number. 

The shear stress associated with a row of  the drops 
is also strongly influenced by the presence of  drops on 
the sides. If the side drops are sufficiently distant from 
any given drop, for example, wl > 10 for Re~ = 100, 
the effects of  the side drops are negligible. The vari- 
ation in shear stress over the surface of  lead drop A, 
T,~p, ~, with angle 0 taking into account the presence 
of  the side drops is plotted in Fig. 7. The parameters 
are Reg = 100 and W = 0.41 for various aspect ratios. 
On the front portion of  drop A, the shear stress is 
higher with increasing proximity of  the side drops. 
This is as expected due to the increase of  friction. The 

0.10-1 Reg = 100 
/ ~  - - \ . \  hl: wl : h2 = 5: 5:5 

W~041  

-~ o.o8 t / ",, ~ -- - First drop 
~ Second drop 

_~ . . . . .  ~ ~-"  Third drop 
0 . 0 6 -  / ~  / . ~ - "  Fourth drop 

0.04- 

0 . 0 2 -  

0.00 ~ -  , , ! 
30 60 90 120 150 180 

Angu lar  posit ion, 0 

Fig. 4. The variation of surface tangential velocit~ u~.,J, 
with angular location for drops A, B, C and D for R G = 100. 
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j -  " . /  / Fourth drop 

04 
o ; 60 go ,io ~o ~;o 
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Fig. 6. The variation of local Sherwood number Sir with 
angular location drops A, B, C and D. 
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Fig. 7. The variation of surface shear stress ~r.ol,= ~ for the lead 
drop with the angular location for various lateral spacings of 

the side drops, 

Table 1. Nozzle characteristics 

NIIKURA Flow rate Discharge 
nozzle (m 3 s- i )  pressure (MPa) 

1EX554-L-IC 9.64 × 10 -4 0.275 
11/2FG4200K 2.38 × 10 -3 0.206 

Ei(niDi) 
D. - (11) 

~ini 

and the volume-surface (Sauter) mean diameter as 
given by 

D v ,  - - - .  ( 1 2 )  

region of negative shear stress at the rear of drop A 
is, as before, related to the wake recirculation. 

Comparison with experimental results for  sprays 
It is difficult to compare the numerical results 

obtained in the present paper with those from equa- 
tions (1) and (2) in view of the different flow regimes 
in the cases examined. However, some comparisons 
with nozzle experimental results are possible. A com- 
parison with the results of Mayinger and Ch~ivez is 
also not possible due to three reasons namely, (1) the 
choice of fluid, (2) their consideration only of a pure 
vapor environment, and (3) the range of reduced pres- 
sures considered by them. 

As noted earlier, droplet sprays have been exper- 
imentally studied using photographic techniques by 
Tanaka et al. [2]. Two different nozzles--NIIKURA 
1EX554-L-IC (hollow cone type) and NIIKURA 
11/2FG4200K (full cone cluster type)--were used in 
the experiment. The largest droplet sizes produced 
were 1.7 mm for NIIKURA 1EX554-L-IC and 1.5 
mm for NI IKURA 11/2FG4200K. The initial velocity 
of spray was 23.5 m s -~ (NIIKURA 1EX554-L-IC) 
and 11 m s -~ (NIIKURA I1/2FG4200K), and the 
initial temperature of the droplets was 40°C. The tem- 
perature of the spray environment varied from 60 to 
100°C. To document their results, Tanaka et al. [2] 
introduced the arithmetic mean diameter of the spray 
drop as given by 

The nozzle characteristics are listed in Table 1. The 
terminal velocities were determined at 9 m below the 
spray nozzle and have been used in the computation 
of the Reynolds numbers. 

The photographically determined Da and the Rey- 
nolds numbers based on D, are listed in Table 2(a). 
Based on these and using a suitable correlation equa- 
tion for an isolated droplet, Tanaka et al. [2] have 
predicted the Nusselt and Sherwood numbers. These 
are also listed in Table 2(a). Table 2(a) additionally 
provides our numerical results for the lead drop in a 
spectrum of 15 drops distributed among 3 columns 
and 5 rows. Each droplet in our spray has been 
assumed to have the same uniform diameter equal to 
Da of Tanaka et al. [2]. The subscript (LD) denotes 
that the transport quantity refers to the lead drop. 

The photographically determined Dvs and the Rey- 
nolds numbers based on Dvs are listed in Table 2(b). 
Based on these and using a suitable correlation equa- 
tions for an isolated droplet, Tanaka et aL [2] have 
predicted Nusselt and Sherwood numbers. These are 
listed in Table 2(b). Table 2(b) additionally provides 
our numerical results for the lead drop in a spectrum 
of 15 drops distributed among 3 columns and 5 rows. 
Each droplet in our spray has been assumed to have 
the same uniform diameter equal to Dv~ of Tanaka et 
al. [2]. The subscript (LD) denotes that the transport 
quantity refers to the lead drop. 

Next, we introduce spray averaged Nusselt and 
Sherwood numbers through the following definitions : 

Table 2a. Experimental results of Tanaka et al. [2] and numerical results for the lead drop based on Da 

Tanaka et al. Numerical results for the 
Assumed uniform lead drop (present study) 

NIIKURA Da Reg based spray droplet 
nozzle (mm) on D, Nun Sho diameter (mm) NULD ShLD 

1EX554-L-IC 0.48 62 8.0 8.6 0.48 9.1 7.8 
11/2FG4200K 0.53 76 8.9 9.2 0.53 9.8 8.4 
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Table 2b. Experimental results of Tanaka et al. [2] and numerical results for the lead drop based on D,, 

NIIKURA 
nozzle 

[EX554-L-lC 
11 ,'2FG4200K 

Tanaka et al. 

D,, Re~ based 
(mm) on D,.~ Nu< 5;h~, 

0.78 t64 13.0 12.2 
0.70 132 117 I 1.3 

Numerical results for the 
Assumed uniform lead drop (present study) 

spray droplet 
diameter (mm) NULD S h i  D 

0.78 13.4 I 1.3 
0.70 12. I 10.3 

NUs = ~ '~'u' where ,1 = 15, I13) 
, ,  I I I  

where Nu~ is the average Nusselt number for the ith 
droplet in the spray [see equation (9)]. Similar defi- 
nitions apply for the spray averaged Sherwood 
number. The subscript S denotes that the transport 
quantities from our numerical results have been aver- 
aged over the entire spectrum of 15 droplets of  uni- 
form size. The over bar refers to average quantities 
based on all the 15 droplets taken together. In Table 
3, these average transport quantities are presented 
with the assumed uniform diameters of  0.48, 0.53, 0.70 
and 0,78 mm. 

We note from Table 2(a, b) that for the assumed 
configuration of the spray, the results of  Tanaka et al. 
[2] are similar in value to those for the lead drop in 
our numerical calculations. However, it may be noted 
from Table 3 that the presence of  multiple drops sig- 
nificantly alters the net heat/mass transport, as evi- 
denced by the lower values for the spray averaged 
Nusselt and Sherwood numbers. This is ascribable 
both to the weakening of  the flow field and wake 
effects due to the presence of  multiple droplets which 
are not reflected in an isolated droplet study. In the 
design of  spray systems, it is important  to take these 
hydrodynamic and thermal effects into consideration. 

4. SIGNIFICANT CONCLUSIONS 

The important conclusions that arise from the stud- 
ies presented in parts l [10] and part II are : 

(1) The condensation velocity has an approximate 
cosine variation with angle in the front portion of  the 
lead drop. The maximum condensation rate, which 
occurs at the front stagnation point of  the lead drop, 
is approximately twice the average condensation rate 

Table 3. Averaged numerical results for the spray. 

Averaged numerical results 
Assumed uniform for spray (present study) 
spray droplet - - - 
diameter/mm) Nus ~S'hs 

0.48 5.6 5.1 
0.53 6.4 5.5 
0.70 7.6 6.7 
0.78 8.4 7.3 

tm the drop. However. for the lbllower drops, this 
relationship does not hold. 

(2) The transport to the drop in the rear region is 
enhanced by recirculation in the wake for trans- 
lational Reynolds number of  O(100). This enhance- 
ment increases with Reynolds number and needs to 
be given due consideration at high levels of  drop trans- 
lation. Boundary layer analysis (see Sundararajan and 
Ayyaswamy [l 1]) cannot accurately predict the trans- 
port to the entire surface of  the drop. 

13) The flow field for the follower drop is sig- 
nificantly influenced by the wake region of  the drop 
ahead. In fact, the steepest gradients of  the tem- 
perature and concentration do not occur at the front 
stagnation points of  follower drops as a consequence 
of  the wake effects of  leader drops. 

(4) The dynamics and heat/mass transfer associ- 
ated with a row of  the drops are strongly influenced 
by the presence of  drops on the lateral sides. If the 
side drops are sufficiently far away from any given 
drop (more than 10 times the drop radius), their effects 
are negligible. 

(5) The gaseous phase pressure profile at the sur- 
face of a typical drop is influenced drastically by the 
presence of  the side drops. For  the parameter range 
investigated, the pressure recovery at the rear of  a 
typical drop becomes smaller as the lateral drops get 
closer. 

(6) On the front portion of  a typical drop, the shear 
stress is higher with increasing proximity of the side 
drops. The region of  negative shear stress at the rear 
of  a typical drop is related to the wake recirculation. 

(7) The coefficients for the friction drag CF, the 
condensation drag Cc and the pressure drag Cp for a 
typical drop increase with the proximity of  the side 
drops. The friction drag coefficient CF increases due 
to the increased shear stress. The condensation drag 
coefficient C{, which arises owing to the momentum of 
the radial flow, increases due to increased convective 
velocity. The pressure drag coefficient Ce increases 
due to the reduced pressure recovery in the rear. 

(8) The averaged numerical results for the spray 
clearly show that the use of  single isolated droplet 
correlations for describing condensation spray 
behavior could lead to inaccurate designs of  heat 
transfer equipment. 
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