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Abstract--A unit cylinder cell model with a body-fitted coordinate system is employed to analyze the 
hydrodynamics and heat transfer associated with steam condensation on a spray of equal sized water 
droplets. The droplets are assumed to be moving in the intermediate Reynolds number regime, 
Res = O(100). The distance between neighboring droplet centers is allowed to be arbitrary in the plane of 
motion, but the droplets are assumed to be uniformly spaced in the plane perpendicular to the direction of 
motion. Furthermore, once a particular configuration of the droplets is set, the subsequent spacings between 
the droplet centers in that configuration are taken to remain constant during the entire condensation 
process. The formulation entails a simultaneous numerical solution of the quasi-steady elliptic partial 
differential equations that describe the flow field in both the dispersed and continuous phases in each cell. 
In part 1 of this study, the results for the velocity, surface pressure and drag are presented. In part II of 
this study, the results for the condensation induced velocities, surface shear stress, the Nusselt number and 
the Sherwood number are provided. In both parts of the study, the interactions between neighboring drops 

have been examined. Copyright © 1996 Elsevier Science Ltd. 

1. INTRODUCTION 

Most analytical/numerical studies of condensation in 
published literature have dealt with an isolated droplet 
(see Ayyaswamy [1, 2]). At present, there is no sys- 
tematic, careful, and rigorous analysis to report on 
condensation on a spray of drops. Earlier exper- 
imental studies and numerical models, mostly related 
to nuclear reactor emergency core cooling spray 
systems, have been discussed in Ayyaswamy [3]. The 
numerical models have invoked ad hoc and ques- 
tionable assumptions. A brief review of recent exper- 
imental research on spray condensation and com- 
parisons of results with the present investigation are 
provided in part II [4] of this study. 

In regard to analyses, many different schemes have 
been proposed for analyzing phenomena associated 
with an assemblage of particles (solid particles, drops 
or bubbles) at various Reynolds numbers. See, for 
example, Happel [5], Kuwabara [6], Leva [7], Zenz 
and Othmer [8], Orr [9], Happel and Brenner [10], 
and LeClair and Hamielec [11]. Most of these studies 
deal with isothermal, nonphase change situations. 
Among the many different schemes, the unit-cell 
approach is commonly employed. In the unit-cell 
model the assemblage is divided into a number of cells 
with a single particle occupying each cell. The total 
problem of a spectrum of particles is then reduced to 
equivalently solving for the behavior of each single 
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particle in the fluid envelope surrounding it in its cell. 
The cell shapes are chosen on the basis of geo- 
metrical/topological convenience. A cylindrical cell 
model for describing the hydrodynamics of particle 
assemblages at intermediate Reynolds numbers has 
been proposed by Tal and Sirignano [12] ; and a multi- 
sphere cylindrical cell model for studying the hydro- 
dynamics and heat transfer in an assemblage of evap- 
orating spheres was proposed by Tal et al. [13]. These 
models are also suitable for studying convective situ- 
ations with condensation. In these models, the Nav- 
ier-Stokes and energy equations are numerically 
solved, and the wake effects are taken into account. It 
is noted that in dealing with a spectrum of moving 
drops using the cylindrical cell model, sophisticated 
grid-generation techniques are needed to obtain accu- 
rate results, since the drop surface and the bounding 
surface of the cylindrical cell are dissimilar in 
geometry. In the vicinity of the drop surface and the 
cell boundary, the grid points need to conform to 
the shapes of these surfaces. Many grid generation 
techniques are available for solving such problems 
with complex geometries. See, for example, Dwyer 
and Sanders [14], Dwyer et al. [15-18] and Sadhal 
et al. [19]. Among the many numerical techniques 
available, the differential equation technique appears 
to be suitable for the condensation study. Dwyer et 
al. [18] have described an adaptive grid method which 
they have successfully employed for the study of drop- 
let evaporation and combustion. The procedure for 
establishing transformation metrics between the 
physical and the computational domains was dis- 
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NOMENCLATURE 

Cp specific heat at constant pressure 
C drag coefficient 
CD total drag coefficient 
d droplet diameter 
D~: mass diffusivity 
e unit vector 
Eo E6tv6s number ( = g A p d : / a )  
Fo Fourier number (=  ~t/R 2) 
g acceleration due to gravity 
h heat transfer coefficient 
hi cell axial forward half-length 
h2 cell axial rearward half-length 
i unit vector 
Ja Jakob number ( =Cp~Ts ,'.~ ) 
k thermal conductivity 
Le Lewis number  ( =  et/D) 
m mass fraction 
m, noncondensable mass fraction 
p pressure 
Pe Peclet number ( = Ud/~ or Ud/D) 
Pr Prandtl number  ( =  v/a) 
q heat flux 
r spherical radial coordinate 
/ cylindrical radial coordinate 
R radius of the drop 
R ~ radius of the outer boundary 
Re Reynolds number ( =  U~d/v) 
t time 
T temperature 
u velocity component 
U, free stream velocity 
w~ dimensionless mass fraction 

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

drop radius 
W condensation parameter 

( =  1 -m,,~/m,O 
We Weber number ( Uepd/a) 

: cylindrical axial coordinate. 

Greek symbols 
thermal diffusivity 

Ap density difference 
vorticity 

i~ spherical polar angle 
latent heat 

/ dynamic viscosity 
v kinematic viscosity 
~ density 
cs surface tension 
r stress tensor 
~/~ stream function. 

Subscripts 
a arithmetic mean 
c condensation 
C condensation 
F friction 
g gaseous phase 
1 liquid phase 
[. lead drop 
111 mean 
M mass transfer 
P pressure 
r radial direction 
s at the droplet surface 
vs volume-surface (Sauter) mean 
0 at angular position 
0 at initial time, stagnation value 
1 noncondensable 
-~, far-stream. 

Superscripts 
average 

* dimensionless. 

cussed in the study. We employ a similar procedure 
here. 

The present study addresses the fluid mechanics and 
transport problems associated with condensation in a 
fundamental  manner  within the limitations of a cell 
model (see Happel and Brenner [10]). It may be noted 
that in a typical spray condensation process of engin- 
eering interest, the mass addition to a given droplet 
during the entire process of condensation is rather 
small compared to the mass of the droplet. In view of 
this, cell models may be expected to provide mean- 
ingful results for condensation processes, while evap- 
oration or combustion processes which are usually 
accompanied by significant material depletion may 
not be described as accurately by such cell models. 
The interaction between neighboring drops, drag 

phenomena, and their effects on heat and mass trans- 
fer, flow details such as liquid circulation and flow 
separation have all been discussed in parts I and I1 [4] 
of the present study. However, for the sake of brevity, 
only a selected set of  results which bring into focus 
many novel features associated with multiple particle 
assemblages have been included here. 

2. PHYSICAL DESCRIPTION 

Consider a spray of isothermal, cold, equal sized, 
spherical water drops that is injected into a large vol- 
ume of saturated steam (condensable) and air (non- 
condensable). Since the initial temperature of the 
drops is lower than that of the saturated mixture, 
condensation of steam occurs on the drop surfaces. 
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Fig. 1. Flow regions outside and within a droplet at high 
Reynolds number. 

This condensation that is associated with an inward 
radial flow field offers an important mechanism for 
heat and mass transfer. Simultaneously, due to droplet 
translation, the shear stress at the interface initiates 
liquid circulation inside the drop, as shown in Fig. 1. 
There is convective heat transfer to the drop interior 
due to this internal circulation apart from the con- 
ductive transport. The noncondensable in the environ- 
ment accumulates near the drop surface and reduces 
the rate of condensation by offering diffusional resist- 

ance. Detailed discussions of these various effects as 
related to an isolated droplet are available in the 
review articles by Ayyaswamy [1, 2]. 

In this study, we consider an assemblage consisting 
of a number of cylindrical cells (Fig. 2). Each cell is 
finite in extent with a radius wl and height (hi +h2),  
and contains a water drop surrounded by a fluid envel- 
ope (Fig. 3). The cell radial (f) and axial (z) lengths 
are scaled by the droplet radius R. The fluid envelope 
is taken to consist of the condensable vapour (steam) 
and a noncondensable gas (air). Also, each cell is 
assumed to have the same void ratio as the entire 
assemblage. The void ratio is defined as the ratio of 
the volume unoccupied by the drop to the volume of 
the total cell. The flow around the drop in any indi- 
vidual cell is taken to be axisymmetric. Although, in 
general, the drop-spray problem may be non- 
axisymmetric, invoking axisymmetry can indeed serve 
as a very useful approximation for a reasonably sym- 
metric distribution of neighbors around the flow axis. 
The distance between neighboring droplet centers is 
allowed to be arbitrary in the plane of motion, but the 
droplets are uniformly spaced in the plane per- 
pendicular to the direction of the motion (see Fig. 2). 
Furthermore, once a particular configuration of the 
droplets is set, the subsequent spacings between the 
droplet centers in that configuration are taken to 
remain constant during the entire condensation 
process. 

The fluid envelope around the drop inside the indi- 
vidual cell is taken to move with an instantaneous 
bulk velocity U~ equal to the instantaneous velocity 
of the falling drop, i.e. in a coordinate frame fixed 
to the drop center, the drop would be regarded as 
stationary with flow around it (Fig. 1). For  a gaseous 
mixture particle in the continuous phase, the typical 
residence time adjacent to the drop surface is of order 
R/U~. On the other hand, for a liquid particle in the 
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Fig. 3. Geometry and coordinate system of the cylindrical 
cell model. 

dispersed phase, the typical residence time is of order 
R/U~, where U~ is the maximum circulation velocity at 
the drop surface. Since, rapid transients arise due to 
the sudden contact between the two phases, these resi- 
dence time estimates are the characteristic times for 
the rapid transient processes (see Sundararajan and 
Ayyaswamy [20]). For a circulating water drop trans- 
lating in a steam-air mixture it is known that (see Law 
et al. [21]) 

Therefore, we have c'r~'¢ ~ ' , ~ 10 ~ or less. It may be 
inferred that the period during which rapid transients 
occur is of order R/U~ and corresponds to a few cir- 
culation cycles inside the drop. Subsequent to this 
initial period of rapid transients, changes in flow take 
place at a much slower rate and may be regarded as 
quasi-steady (see Sundararajan and Ayyaswamy [20] 
and Huang and Ayyaswamy [22]). 

In this study, the Reynolds number of translation 
(hereinafter referred to as Reg) is taken to be O(100), 
but less than, say, 500. For Reg > 500 flow instabilities 
such as drop oscillations and vortex shedding are 
known to occur and the flow may not be laminar and 
the deformation from the spherical shape of the drop 
may be large (see Sadhal et al. [19]). The drop defor- 
mation both due to inertial effects (quantified by 
Weber number We) and due to hydrostatic pressure 
variation (E6tv0s number Eo) will be assumed to be 
small. We consider water drops of size 1 mm diameter 
or less (Eo < 0.4 and We < 0.3). Next. consider the 
circulation inside the drop. From a shear stress bal- 

ance across the liquid gas interface (see Law et al. 
[21]), it may be estimated that U~/U~ ~ (pgyg/pryO '~ 
for Reg = O(100). Also, Rel/Reg ~(ply~/pg#~) 2 ~, 
where Reg is the circulation Reynolds number based 
on U~. For the range of Reg considered in the present 
study, Re~ is also O(100). Condensation causes a radi- 
ally inward flow towards the drops surface. The non- 
zero mass flux at the interface alters the translational 
flow field and modifies the drag on the drop. For 
R% ~ 100, flow separates on the rear of the drop. A 
recirculatory wake is formed whose dimensions in the 
absence of condensation may be comparable to the 
drop size (see Clift et al. [23]). The radial flow in the 
presence of condensation drastically reduces the wake 
size (see Sundararajan and Ayyaswamy [20]), and this 
feature supports the use of a cell model analysis and 
lends credibility to the various assumptions made in 
conjunction with a cell model. The radial flow leads 
to a build-up of the noncondensable concentration 
near the drop surt:ace above the level of non-con- 
densable concentration near the cell boundary ('far 
stream'). The noncondensable accumulation at the 
droplet surface results in a mass transfer resistance 
and a consequent reduction in the transport rates. In 
this study, the effects of noncondensable accumu- 
lation, liquid circulation and external-flow separation 
are taken into account. 

3. F O R M U L A T I O N  OF THE MODEL 

Apart from the quasi-steady approximation for the 
hydrodynamics in both phases, some additional 
assumptions are made in the analysis. These are as 
follows. (1) Surface tension is large and constant on 
the interface. (2) Both the liquid and the vapou~ 
gas mixture are pure systems. Surfactants that alter 
interfacial tension or inhibit condensation by offering 
interfacial resistance are absent (see Huang and Ayya- 
swamy [24]). (3) The liquid vapour interface is in 
thermodynamic equilibrium; and, nonequilibrium 
effects due to condensation are negligible. The partial 
pressure of the vapour at the interface is equal to the 
vapour pressure corresponding to the drop-surface 
temperature. The gas-vapour mixture behaves like an 
ideal gas mixture. The finite condensation rate does 
not alter the vapour pressure. (4) Property variations 
with temperature and noncondensable concentration 
are not included; these variations are not significant 
in the parameter ranges considered. (5) Viscous dis- 
sipation and other compressibility effects are ignored. 
(6) Radiative heat transfer has been neglected, 
although gas-phase convective heat transport has been 
retained for completeness. 

The governing equations and boundary conditions 
for the flow and transport within and outside the drop 
in a typical cell are now presented. 

The nondimensional equations are given by 

V" u~ = 0 (2) 
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1 RegVpg + 2V 2 ug (3) Regug" Vug = - 

OT~ 1 
0--7 + 2 Peg.tUg" V Tg = V z T, (4) 

0Wl 1 
6~ ~ -  + ~Peg ,mUg'VW I = VzWl (5) 

V ' u ,  = 0 (6) 

Re#," Vu I = - - 1  ReiVpl + 2V 2 U 1 (7) 

0TI 1 
O~ + 2 Pe,a~" VTI = V 2 Tv (8) 

In the above, the subscript g refers to gaseous 
mixture, 1 to the noncondensable and 2 to the vapour. 
The asterisks have been omitted for convenience. The 
velocities ug and u~ have been scaled by U~ and the 
radial coordinate r has been scaled by R. The pres- 
sures, Reynolds numbers, temperatures Tg and Tt, 
mass fraction w~, Prandtl number Prg and Peclet num- 
bers are defined as 

p, _ Pg - P ~  Pl--Po~ 
- p *  ' 

~ p~ Uoo 

Uo~2R U~2R 
Reg - Rel = (9) 

Vg V l 

TI -  T~ w* = ml PG Vg 
T~g = ~ I]'1= To-~---T~ m~,~ = C~g 

(10) 

Uoo2R U~2R U®2R 
Peg.t - Peg,m - Pel - 

Ctg O t 2 O~l 

(11) 

In equations (4), (5) and (8), time t is scaled by 
R2/~g, R2/D~2 and R2/~I, respectively. The initial con- 
ditions are as follows : 

T g = w ~ = l  f o r r > l  T l = l  a r t = 0 .  (12) 

The boundary conditions governing the con- 
densation problem are given below. 

At the interface (r = 1) 
Continuity of tangential velocity 

Ug,O = Ul, O. (13) 

Continuity of shear stress 

[-O [/Ug,O\ OUg,r- ] OUl.r 1 

",L t,W + = " + , OJr , 

Continuity of mass flux 

Pg (Ug,r - - /~)  = Pl (Ul,r -- ]~), 

where/~ is the growth rate of the drop. 
Impermeability of the noncondensable 

(14) 

(15) 

2(1 - 14/) 0Wl Uc 
Peg,m Or = Peg,m = //g,r I r = 1, (16) 

where uc is the nondimensional condensation velocity 
and is given by u¢ = Ug.rl,=lP%m. The parameter W, 
referred to as the condensation parameter, is given by 
W =  1--mL~/ml,s, and it is a function of the ther- 
modynamic conditions p~, T~ and Ts. Wvaries from 
0 to 1. The limit zero corresponds to a noncondensing 
situation and W = 1 to a pure vapour environment. 

Temperature continuity (dimensional) 

Tg-- Ti. (17) 

Heat flux continuity 

- Ja ~Tg 1 [ pgOc \ 
g Or + ~ e g t U c + p , - - p , )  =qs' (18) 

where the Jakob number Jag, Lewis number Leg and 
nondimensional heat flux q 'a re  given by 

cpgTo~ Ctg qsR (19) 
Jag - 2 Leg = DI 2 q * -  pg0~g2 

and Cpg is specific heat, 2 is the latent heat of conden- 
sation. In the above, the dimensional heat flux q~ into 
the liquid phase is given by 

0T1L 
qs = -- kl-~-r = i" (20) 

The quantity a* is the average value of the Uc over 
the surface and is given by 

l; 
ac = ~ u~ sin 0 d0. (21) 

Normalized mass fraction at interface 

wl = w, (22) 

where ws can be evaluated by using the Clapeyron 
equation with the assumption of local thermodynamic 
equilibrium. 

At the inlet of  the cell containing the lead drop(s) 
Uniform velocity 

Ug = i= (23)  

where it is the unit vector along the axis of symmetry. 
Bulk mixture conditions 

Tg= 1 = w j  p g = 0 .  (24) 

At the inlet of the cell containing the follower drop(s) 
Continuity of velocity 

Ug s = 0 (25) 

Ug,z hnlet = Ug,zlexitoftheeellahead" (26) 

Continuity of temperature and species 

Tglinlet = Tglexistofthecellahead (27) 
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WI [mlel = H'I ]cxiloftheccllahead" 

At  the exit  o f each  cell 

l l g . f  - -  

(?Ug.: 
?z 

(28)  

- 0 ( 2 9 )  

= 0 ( 3 0 )  ?: 

UH' I 
= 0. (31) ?z 

(32) 

On each cell cncelopc 
?u~ _ ?p~ _ ~1~  ~?1~'~ 

- 0 .  u~ ~ ?;: i3/ ?# ?;: 

Axis):mmetric conditions at 0 = 0 and ~ m each eel/ 

u~.~ = ]33 , : -=  ? ~  = ;~-) = )~,7 = 0 (33)  

~u,,, ?p, ?~ 
- - - 0 .  ( 3 4 )  Ul.,;- ~0 ?0 ?0 

4 .  S O L U T I O N  P R O C E D U R E  

We recall that the unit-cell formulation of con- 
densation on a spray of drops involves the speci- 
fication of several parameters. These are: (ii the 
steam- air mixture conditions : pressure p,  and tem- 
perature T~ : (ii) the drop initial conditions at the 
spray-nozzle outlet : initial radius Ro, velocity U~ and 
initial temperature T~; (iii) parameters describing the 
relative geometry between a typical drop and its neigh- 
bors in the spray; these are reflected in the speci- 
fication of the cell height h~ and h2, and radius wl 
(Fig. 3). The intention is to quantitatively estimate 
the influence of each of the above mentioned par- 
ameters on flow and transport associated with a typi- 
cal drop enclosed in a unit-cell. 

An examination of the unit-cell formulation reveals 
that the governing equations (2) (8), along with the 
initial and boundary conditions, are a set of coupled, 
nonlinear partial differential equations. The sim- 
ultaneous solution of these equations requires an iter- 
ative computational procedure involving stable 
numerical schemes. A numerical procedure that is 
based on the hybrid difference scheme is employed 
here. This scheme is a combinat ion of a second-order 
accurate central difference scheme (CDS) and a first- 
order accurate upwind difference scheme (UDS) (see 
Sundararajan and Ayyaswamy [25]). The generation 
of the computational grid requires more detailed con- 
siderations. Sophisticated grid-generation techniques 
are needed to obtain accurate results, since the drop 
surface and the bounding surface of the cylindrical 
cell are dissimilar in geometry. In the vicinity of the 
drop surface and the cell boundary, the grid points 
need to conform to the shapes of these surfaces. Novel 
grid-generation techniques have been proposed for 
solving problems with complex geometries (see 

hi h2 

wl 

I 
Fig. 4. Body fitted grid system tbr the cylindrical cell model. 

Thompson et al. [26]). Here, we employ the body- 
fitted coordinate system for grid generation. The par- 
ticular form employed in this study was first developed 
and applied to fluid mechanical problems by Thomp- 
son et al. [26] and later has been successfully used by 
Dwyer et al. [18]. 

With a body-fitted coordinate system for grid gen- 
eration (Fig. 4), and a hybrid scheme for finite diff- 
erencing the equations and boundary conditions, we 
choose to employ the alternating direction implicit 
procedure (ADI) for iteration. Since the generated 
grid is non-orthogonal,  the finite difference equations 
must be suitably modified. Details of such modi- 
fications are available in Huang [27]. The governing 
equations and boundary conditions of the unit-cell 
model are solved using the dimensionless stream func- 
tion i) (scaled with U, R2) and vorticity ~ (scaled with 
U j R ) .  In spherical coordinates (Fig. 1) the stream 
function and vorticity are defined by 

u~ = V × - iTs~no e,/, (35) 

~O~e o = V x u~ (36) 

u , = V X [ - r s i n 0 %  ] (37, 

file,,6 = V × ur. (38) 

The solution domain of the gas phase is divided 
into a grid of variable size. A fine spacing is employed 
near the drop, where the gradients are steep. A coarse 
spacing is adequate in the far stream, where the gradi- 
ents are weak. As the dependent variables evolve (with 
time or with iterations), the grid structure also evolves, 
in the physical domain. Typically, grids with 91 x 61 
exterior nodes and 61 × 61 interior nodes have been 
used. The nonlinear algebraic difference equations are 
solved iteratively, starting from suitable guess solu- 
tions. The number of iterations required to attain 
convergence is significantly reduced by noting that the 
flow inside the drop may be approximated for the 
first iteration as a Hill's spherical vortex of reduced 
strength. On this basis, the values of the velocity com- 
ponents at the beginning of the iterative procedure for 
the flow and heat transfer are set at : 
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u~ ~ 0.1(1--r2)cos0 U 0 ~ 0.1(1 --2r2) sin0. 

(39) 

The factor 0.1 approximately accounts for the effect 
of liquid viscosity on the strength of the Hill's spheri- 
cal vortex solution in the intermediate Reynolds num- 
ber range of drop motion (see Chung and Ayyaswamy 
[28]). A successive over relaxation (SOR) procedure 
is used to accelerate convergence. Computations are 
carried out until the changes in the predicted transport 
quantities are less than 10 -7 (absolute error) or less 
than 0.1% (relative error) between successive iter- 
ations. The time for a typical computer run is of the 
order of l CPU s on the Pittsburgh Supercomputer 
CRAY X/MP. 

5. PHYSICAL QUANTITIES OF THE PROBLEM 

In this section, equations are presented for obtain- 
ing the pressure profile, stress and drag coefficients. 
The total drag coefficient Co is 

Co = Cv + Cp + Cc, (40) 

where the friction drag coefficient C, is 

CF = (~r0Sin0--~COS0)~=~ sin0d0 (41) 

with shear stress 

,~o=[r~---;(~£)+Ic3u"l 
r 00  J r : l  (42) 

and normal stress 

= 2 augx Trr Or r= 1" (43) 

The pressure drag coefficient Cp is 

Cp = Ps,~ sin 20 dO (44) 

and the condensation drag Cc is 

;0 Cc = 4 [(Ug,~ cos 0 - Ug,o sin O)ug,~ sin 0],= j dO. 

(45) 

In equation (44), the surface pressure profile pg.~ 
may be obtained from the vorticity equation. For  this 
purpose, consider the vorticity equation 

4 
V(u~ +pg) = 2u s x (~g%)-  ~-e~V x (~g%), (46) 

where 

2 2 2 (47) U s ~ Ug,r "}- Ug,0. 

For the lead drop, 

2 2 Pg,s = Ps,o+ [Ug,~lo=o --Ug],=, 

0 4 a(g 

where the gas phase stagnation pressure Pg.0 is 
obtained by an integration of the r-component of 
equation (46) along 0 = 0 

P g , 0 - ~ - 1 - - [ / , / 2 , r ] r = l -  8 Ih, 1 0(gdr l  
RegJl  r-frO J0=0 (49) 

For the follower drop(s), the gas phase stagnation 
pressure P~,0 is obtained by an integration of the r- 
component of equation (46) along 0 = 0 

Pg,o pgx+Ug,e- 8 I TM, 1 0(g -] 

(50) 

where Ugx is the exit velocity at 0 = n of the drop 
ahead and pg,¢ is the exit pressure at 0 = n of the drop 
ahead. The exit pressure Pg,e is given by 

Pg,~ =Pg,~+ g,,i,=l--Ug,,[,=*~-- Regdl  o=,~ 

(51) 

and pg,. is the surface pressure at 0 = 7t of the drop 
ahead. With Pg,o known for the follower drop, the 
surface pressure profile pg,, may be evaluated from 
equation (48), which is applicable for any drop. 

6. RESULTS AND DISCUSSION 

The hydrodynamic results are presented for various 
values of Re s and for W = 0.41. 

In Fig. 5, the dimensionless exit velocities at 0 = n 
(outlets of the cells containing the lead drop A, and 
the follower drops B, C, D which are traveling in 
tandem) have been plotted for W = 0.41, Re s = 20 
and 100, and hl : wl : h2 = 5 : 5 : 5. The cells will here- 
inafter be identified by the name of the drop it 
contains, e.g. cell A, cell B, and so on. For  potential 

h l :  w l  : h2 = 5: 5 :5  ~ Potential f low 
A : Lead drop Present work 

B, C, D, : Follower drops in tandem O Rag = 100 
Z~ Ra~ = 20 

W = 0.41 
1.0 • • = • 

0.8 
=o 

: ~  0.6 
8 

o.4 

0 0.2 

0.0 

B 
C D 

A 
Zk ZX 

O O 

,~ 2b ~0 ~o ~o 
Z 

Fig. 5. The cell exit velocity Ug,¢ of drops A, B, C and D. 
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flow, the nondimensional cell-exit velocity u~.~ will 
equal unity which is the same as the free stream value 
at the entrance to cell A. For W = 0.41 and the range 
of Reg shown, the reduction in actual exit velocities 
compared to the potential flow value are primarily 
due to viscous effects. We recall that condensation is 
like suction and the vorticity is convected radially 
towards the drop surlhce during condensation. This 
results in thinner boundary layers and therefore higher 
viscous shear stresses and friction drag. For a given 
drop, at a fixed W, the decrease in velocity as the flow 
traverses the cell is larger at a higher Reg, irrespective 
of the position of the drop in the array. This can be 
explained by noting that at a fixed W, higher values 
of Reg result in higher levels of condensation and these 
in turn lead to higher friction drag forces. We note that 
there is a significantly larger decrease in the velocity 
during flow through cell A compared with the 
decreases experienced in cells B, C and D This is 
explained by noting that the lead drop experiences 
more vigorous condensation and there is a cor- 
responding decrease in the flow velocity at the exit of 
the lead cell. The reduced flow velocity at the inlet of 
cell B implies a relatively less vigorous condensation 
over drop B and therefore, the reduction in flow vel- 
ocity is less drastic during the traverse over drop B. 
This effect is even more pronounced with drops C and 
D. 

In Fig. 6, the exit pressure values IL..~ a t  the cell 
outlets for Re~= 100, W =  0.41, and hi :wl :h2 : 
5 :5 :5  are compared with those for a potential flow 
solution. The higher pressure compared to potential 
flow at the exit of cell A is due to pressure recovery 
at the rear of drop A, that is associated both with 
vigorous condensation (see Sundararajan and Ayya- 
swamy [20]) and a decrease in flow velocity. For high 
enough IV, the large pressure recovery associated 
with condensation may actually result in a negative 
pressure drag (see Sundararajan and Ayyaswamy 
[20]). In cells B, C and D. for the prevailing conditions. 
the flow velocity is smaller compared to that in cell A, 
and the condensation is correspondingly at a lower 

level. As a result, the exit pressure values are lower 
than those at the inlet due to reduced pressure recov- 
ery and these would correspond to positive pressure 
drag values. However, for different inlet conditions, 
these features may be different. This is in view of the 
competing mechanisms of pressure recovery (pressure 
drag) and reduction of flow velocity (viscous drag). 
These mechanisms together control the dynamics of 
the drop. 

For drops A, B, C and D, the gaseous phase pres- 
sure profile p~., at the drop surface changes drastically 
with position, as shown in Fig. 7, which is plotted for 
the same parameter values as for Fig. 6. For a given 
drop, the stagnation point pressure has the highest 
value. From equation (48), it is clear that the pressure 
profile is predominantly determined from a balance 
between the diffusive and the convective transports 
of vorticity. Without condensation, the diffusion of 
vorticity away from the drop causes pressure loss in 
the rear. With condensation, the radially inward flow 
counters this outward diffusion of vorticity. Stag- 
nation point pressures for follower drops are lower in 
view of the effects of recirculation in the wake regions 
of leader drops. Also, the pressure recovery at the rear 
of the follower drops is lower because of the reduced 
levels of condensation. 

The hydrodynamics associated with a row of the 
drops are 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 x = 100, the effects of the side drops are negligible. 

The gaseous phase pressure profile at the surface of 
a typical drop, pg,~, is influenced drastically by the 
presence of the side drops, as shown in Fig. 8 for 
W : 0.41, Re~, = 100, and various lateral drop spac- 
ings. As the lateral drops come closer to the drop 
under consideration (drop A), the effective flow vel- 
ocity around drop A increases due to the constriction 
of flow volume. As a result, the effective Reynolds 
number increases, the strength of recirculation in the 
wake region is higher and the volume of the wake is 
larger. For the parameters under consideration, the 
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Fig. 6. The cell exit pressure p~.~ for drops A, B, C and D. 
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Fig. 8. The variation of surface pressure Pg.s for the lead drop 
with the angular location for various lateral spacings of the 

side drops. 

pressure recovery at the rear of the drop A becomes 
smaller as the lateral drops get closer. Again, these 
trends may not be the same for different parameter 
values of Re~ and I4/. It may be argued that with an 
increased effective Reg, the level of condensation 
would increase and the wake volume would reduce. 
But, for the Reg = 100, W = 0.41 combination, the 
effect of increase in the level of condensation due to 
the increased effective Reg appears to be more than 
offset by the reduced pressure recovery associated with 
higher friction. 

The variation in the drag coefficients for lead drop 
A for various spacings of the lateral drops, wl, is 
shown in Fig. 9. The parameters are Reg = 100 and 
W = 0.41. The coefficients for the friction drag CF, 
the condensation drag Cc, and the pressure drag Cp 
increase with the proximity of the side drops (lower 
values of wl). The CF increases with proximity of the 
side drops, due to the increased shear stress that is a 
consequence of the constriction of the flow. The Cc, 
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Fig. 9. The variation of drag coefficients for the lead drop 
with varying lateral spacing wl. 

which arises owing to the momentum of the radial 
inflow, increases with proximity of the side drops due 
to increased convective velocity. The increase in Cp is 
because of the reduced pressure recovery in the rear 
of the drop due to the larger wake volume. Again, it 
should be emphasized that in view of the complex 
nature of the interactions between the various drag 
mechanisms in condensing situations, very specific 
conclusions regarding the influence of drops on the 
sides cannot be drawn. Rather, some general features 
may be discerned by studies such as the one presented 
here. 

7. CONCLUSIONS 

The hydrodynamics associated with steam con- 
densation on a spray of equal sized water droplets has 
been analyzed, employing a unit cylinder cell model 
with a body-fitted coordinate system. The droplets 
have been assumed to translate in the intermediate 
Reynolds number regime, Reg = O(100). There is a 
reduction in cell exit velocities owing primarily to 
viscous effects. The condensation-induced radial 
inflow acts like suction that results in vorticity to be 
convected towards the drop surface. The cell pressure 
computations show that there is significant pressure 
recovery at the rear of the drops, owing both to vig- 
orous condensation and to a decrease in the exit 
velocity. For high enough condensation rates, the 
resultant pressure recovery may actually cause the 
development of a negative pressure drag. The surface 
pressure profile results indicate that it is pre- 
dominantly determined by a balance between the 
diffusive (radially outward) and convective (radially 
inward) transport of vorticity. The gaseous phase pro- 
files are also drastically influenced by proximity of 
the side drops. For the parameters considered, the 
constriction of flow cross-section with a higher prox- 
imity of drops, causes an increase in wake volume and 
consequently reduced pressure recovery. 

The formulation and solution procedure presented 
here is also used to evaluate shear stress, and the 
heat/mass transport quantities. The results for the 
transport quantities are presented in part II [4]. 
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