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The transient gas-liquid velocity and temperature fields of interacting vaporizing n-hexane 
fuel droplets and water droplets have each been analyzed for two sets of representative 
initial conditions. Laminar axisymmetric f low and three spherical droplets are the key 
assumptions for the present finite-element solution. During the start-up phase, 
fueldroplets exhibit dramatic changes in fluid properties and interfacial quantities, notably 
the individual vaporization rates and tangential velocities, which largely determine the 
multiple-droplet behavior. The gas-phase velocity/temperature fields and liquid-phase 
streamlines/isotherms shown reflect in detail the transient droplet interaction 
characteristics such as thick boundary layers, weak recirculation zones between pairing 
droplets, and vortex-dominated droplet temperature fields. In contrast, the dynamics of 
interacting water droplets is much less visible and takes far longer to develop than for 
(n-hexane) fuel droplets. 

Keywords: interacting vaporizing polydisperse droplets; laminar axisymmetric flow; 
complete transport equations; finite-element solution of two-phase velocity and tempera- 
ture fields 

Introduction 

Of interest are the transient two-phase flow dynamics and heat 
transfer of interacting vaporizing fuel and water droplets. A 
detailed solution to this gas-liquid flow problem is the stepping 
stone for a better understanding of the interfacial transfer 
processes. These, in turn, largely determine droplet behavior in 
the dense spray region and hence influence design and/or 
operational aspects of droplet atomizers. Such considerations 
are important in numerous spray applications, for example, fuel 
droplet or liquid waste combustion, flue gas desulfurization, 
aerosol microphysics, spray cooling, spray coating, and 
agricultural sprays. Dense high-temperature sprays are 
characterized by close droplet proximities resulting in dynamic 
droplet and droplet streamer interactions, Reynolds numbers 
of 0(100), initial liquid-phase heating, internal droplet 
circulation, rapid droplet vaporization, and variable fluid 
properties. The dense regime is followed by a dilute spray region 
where droplet-droplet interactions are negligible, but the other 
coupled effects still have an influence. Additional complexities 
of droplet sprays are discussed elsewhere (cf. Clift et al. 1978; 
Sirignano 1983; Kuo 1986; Law 1990). 

Presently, the state-of-the-art in numerical dense-spray 
analysis includes a couple of stochastic modeling approaches 
(cf. Bracco 1985; Faeth 1987), several deterministic approaches 
using the spherical cell model (cf. Tal et al. 1984) for droplet 
clusters or numerical solutions of the complete transport 
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equations for steady or transient laminar flow past single 
evaporating droplets (cf. Renksizbulut and Haywood 1988; 
Chiang et al. 1989), or two droplets in tandem (cf., Raju and 
Sirignano 1990). The two-droplet study by Raju and Sirignano 
(1990) assumes constant transport properties and focuses on 
criteria for potential droplet collision (or permanent separation) 
for different initial droplet spacings and size ratios. Ap- 
proximate, boundary-layer type analyses of multiple droplets 
for free-stream Reynolds numbers Re d > 100 have been 
discussed by Abramizon and Sirignano (1988) and Kleinstreuer 
and Wang (1990). Experimental dense-spray analysis is almost 
nonexistent except for a few visualizations of two or more 
closely spaced solid spheres (cf. Rowe and Henwood 1961; Tsuji 
et al. 1983). Renksizbulut and Yuen (1983) provided empirical 
Nusselt number correlations for a single sphere with blowing, 
and Mulholland et al. (1988) recorded two-dimensional (2-D) 
trajectories of nonevaporating water drops. 

In this paper, which is based on our previous contributions 
(cf. Ramachandran et al. 1987; Kleinstreuer et al. 1990; 
Kleinstreuer et al. 1989; Ramachandran et al. 1991; Chiang 
and Kleinstreuer 1991; Chiang and Kleinstreuer 1992), the 
highly coupled, nonlinear dense-spray characteristics listed 
above are simulated with a representative system of three 
decelerating, spherically shrinking droplets in a laminar 
axisymmetric heated gas stream. For an initial gas-phase 
Reynolds number of Reo = 100, the time histories of the 
two-phase flow fields and associated temperature contours are 
analyzed for fuel (n-hexane) droplets and water droplets. 

Analysis 

Considering three spherical droplets decelerating and evapora- 
ting on a one-dimensional (I-D) trajectory in a high- 
temperature, dry-air environment, the gas-phase momentum, 
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heat, and mass transfer equations are coupled with the 
liquid-phase momentum and heat transfer equations via the 
interfacial compatibility conditions. Gas-phase turbulence, 
nonsphericity, thermal radiation, buoyancy and thermodiffu- 
sion effects are neglected (of., Clift et al. 1978; Chiang 1991). 
Thus, the dimensionless equations for laminar thermal flow 
with variable fluid properties can be written as follows (cf. 
Figure 1). 

Gas phase 

dog 
- -  + V - ( p g ~ g )  = 0 (1)  
dz 

(o ) 
~ + ~,. v (p,O,) = -Vp ,  + Re 2 ~V'(X,V0,) (2) 

(~z  + vg" V)(PgtlgT*) = P e ~ V ' ( 2 g V T *  ) 

+ p,(C,.:- 'g ,lV 
\ cp~ / ' 

( ~ z +  ~,.V)(p, Y~) = Pe~,~,V'(pgo),VY,) 

(3) 

(4) 

Liquid phase 

~P~ + V.(plt11) = 0 (5) 
dz 

+ t~ I" V (Pl01) = --VPl-t-  R e  l- zv" (,~lV01) (6)  

(~z + ~," V)(p,~h Tl) = Pe~. ~V • (21VT3 (7) 

where 
• * * * * *2  * * = v /u o, p = p /(poouo ), T =  T * / T * ,  V = V d o , 

• * * * * 
z = t Uold o, p = p*/p*, ~l = cplcp.r, x = ~*1~*, 

• * * * * * 
2 = k*/k*, o ) = ~ * / ~ * ,  Reo = uo do/vr Pe~ = uo do/ar , 

• * * (8a-m) and Pem = uo do /~  , 

The dimensional quantities are starred where u* is the initial 
free-stream or initial droplet velocity; do* is the initial droplet 
diameter; and subscript oo indicates (updated) conditions at 
infinity, while subscript r means reference value. The reference 
fluid properties are evaluated at the free-stream conditions for 
the gas-phase parameters, and for the liquid phase, the initial 
droplet temperature is chosen as reference. The second term 

N o t a t i o n  
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q~, 
r 

R 
Reo 
Re 
Sc 
t 
T 

Un, Vn 

Ut~ /)t 
U, I~ 

Uoo 

Uo 

V 
X 
Y 
Z 

Radius of droplet 
Heat capacity 
Drag coefficient 
Droplet diameter 
Dimensionless interdroplet distances, dzj = do/d o 
Diffusion coefficient 
Thermal conductivity 
Lewis number, Sc/Pr 
Molecular weight 
Pressure 
Prandtl number, via 
Peclet number, Re Pr 
Dimensionless interfacial heat flux 
Dimensionless interfacial mass flux 
Radial spherical coordinate 
Radial cylindrical coordinate 
Initial Reynolds number, u* d*/v 
Instantaneous Reynolds number, u*d*/v 
Schmidt number, v /~  
Time 
Temperature 
Velocity vector 
Normal or local blowing velocity 
Tangential components 
Velocity components 
Instantaneous free stream velocity 
Initial free stream velocity 
Volume, variable 
Mole fraction 
Mass fraction 
Axial cylindrical coordinate 

0 Spherical coordinate 
2 Thermal conductivity ratio 
/t Dynamic viscosity 
v Kinematic viscosity 

Density ratio 
p Density 
T Dimensionless time, tUo/d o 
~s Surface shear stress 
X Dynamic viscosity ratio 
~o Mass diffusivity ratio 

Subscripts 

a (air;l) Air 
bp Boiling point 
f Fuel 
g Gas phase 
h Heat transfer 
i Index for particle spacing (i = 1, 2) 
j Index for particle spacing (j = i + 1) 
k Index for particle identification (k = 1, 2, 3) 
I Liquid phase 
m Mass transfer 
n Normal direction 
o Initial, reference 
p Pressure 
r, ref Reference 
s Surface; single 
t Tangential direction 
v Vapor 
w Water 

(Instantaneous) Free-stream quantity 

Greek symbols 

a Thermal diffusivity; drag coefficient ratio 
r/ Heat capacity ratio 

Superscripts 

(k) Index for particle identification (k = 1, 2, 3) 
* Dimensional quantities 
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u.. = - u d) (1) ~g (2) . (2) 
Un V n , v t 

= Yg 
U21 

g 

k=l  k=2 T**, Y**, p** 

Figure 1 Schematics for vaporizing interacting droplets on a 1 -D trajectory 

v O) (3) 
n ,vt 

k--3 

on the right-hand side of Equation 3 is the interdiffusion term, 
which represents the net enthalpy effect between fuel or water 
vapor and dry air. 

The fixed origin of the axisymmetric coordinates (R, Z) is 
located at the center of the first droplet. The gas flow field, a 
cylindrical domain, is evaluated separately from the liquid- 
phase, i.e., the spherical domain. Thus, the flow field considered 
here is 2-D axisymmetric. Coupling of the two fluid flow fields 
at each time step is described below. At z = 0, when the first 
droplet is being injected into the ambient, the gas phase is 
characterized by its initial velocity, temperature, and vapor 
concentration fields, while the liquid phase is stagnant and at 
its initial temperature. At the domain inlet, 

u = = l ,  v==0,  T g = l ,  and Yg=0 (9a-d) 

Because of symmetry, all gradients at the centerline (R = 0) 
are equal to zero. The extent of the computational domain, 
being a function of the free-stream Reynolds number (cf. Chiang 
and Kleinstreuer 1992), is large enough so that all appropriate 
outer boundary and outlet gradients are equal to zero. 

C o m p a t i b i l i t y  cond i t i ons  

Both phases are coupled via the interfacial conditions 
representing conservation of mass, momentum, and energy. 
Specifically, continuous velocities, shear stress, and tempera- 
ture are required at the gas-liquid boundaries. 

f Po,,'~z 
Ut.g = Ut. 1' 17s, g = / ! ,.l, and T~., = T~. l (10a-c) 

\ P ~ , g /  

where 

r '  = Ree ~ r  (10d) 

The normal interfacial velocity, i.e., the vapor blowing velocity, 
is proportional to the dimensionless diffusion mass flux 

1 1 09, 
u,. ,  - q~,.g (11) 

1 - -  Y, 1 - -  ,g , = ~ t ,  

where Y, is the vapor concentration at the droplet surface 
assuming thermodynamic equilibrium: 

MvX~ 
Y~ = (12a) 

MvX= + M,(1 -- X=) 

where the interfacial mole fraction 

X, = p,,=(T,)/p, (12b) 

The heat transferred from the gas stream divides up into 
liquid droplet heating and latent heat of vaporization: 

~g Cp~.= T~ 
qh.= = 7qh., -~ 1 -- Y~ L(T~) qm., (13a) 

where 

7 P ° ' l C p ° ' l  " t?T r=a(r)  
- - - ,  qh = --2Peh ~ &-r (13b, c) 

,O ~ ,gCpoo.  g 

and 

c~Y r =a(r) q ~ =  - m p e ~ l ~ r r  (13d) 

Aux i l i a r y  cond i t i ons  

Assuming spherical droplets at all times, the decrease in each 
droplet radius with time, or shrinkage, can be expressed as 

fo dark)- -- P* u lk) sin 0 dO (14) 
dz 2pl " '* 

where the superscript k identifies each droplet, i.e., k = 1, 
2,3. 

The deceleration of each droplet due to the gas-phase drag 
force can be described by Newton's second law of motion, as 

du*(k) i~(a*(k)) 2 
re (k )  ----~o n ( / / * (k ) ]  2 t'~tk ) (15a) 

dt* 2 r~ , , , -~  , VD 

Nondimensionalization yields 

du ,_ 3(p..,V .o (15b  
i = o 

where ~ l  is the drag coefficient of droplet k based on the 
instantaneous droplet velocity, u~ ~. For  convenience, the initial 
droplet injection speed, u*, should be employed, where 
Ctk)/,,.2 C~)l(u**k)) 2. Thus, D / n o  

du~ ) 3 ['p~,g'~f a o ~c(k  ) 
d'c - i t~kT- l~k~ , ) t~  .) D (15c) 

where ~kl ~ Po, l for simplicity and C~ ) is discussed below. 
In the Eulerian frame chosen, the free-stream gas flow 

approaches the leading droplet with a velocity of u~ = - u ~  ). 
Since each droplet is subjected to a different drag force, the 
instantaneous velocity of each droplet can be written as 

U~ ) = U~) + Autk); k = 1, 2, 3 (15d) 

which is obtained from Equation 15c after integration. 
Velocities u~ and fi~ are evaluated at the new and previous 
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T a b l e  I L iquid-  and gas -phase  f luid propert ies at reference condi t ions  

Poo = 10 atm 
T~ = 1200K 

To = 350K 

p cp k /~ Mv Tbp -~ 

n-hexane  (l iq.)  0 . 6 5 0 8 E  + 2 2.451 1.1 06E  - 4 1.91 8E - 4 86 438 6.903E - 6 

gas (at infinity) 2.911 1.1 43 7.046E - 5 4.775E - 5 - -  - -  - -  

p~ = 1 atm 
T~ = 800K p Cp k p, My Tbp 

T o = a 3 0 K  ~ k--~ ~ \ m s ,/ ( - - )  (K) 

water (liq.) 9.950E + 2 4.204 6.594E - 4 4.777E - 4 18 372 0.216 

gas (at infinity) 0.4354 1 .117  5.711 E - 5 3 . 6 9 5 E  - 4 - -  - -  - -  

time steps, respectively, and Au is the velocity variation during 
the time increment. 

The velocity of the second droplet with respect to the leading 
droplet is 

= U(2) __ U(1) 
/'/21 --o¢ --c~ 

= (t~) q- Au (2)) -- (t~) q- Au tl)) (15e) 
= ( ~ )  - ~ ) )  + ( A u  (2) _ Au m) 

= t~21 -k A u 2 1  

Similarly for the third droplet, 

U31 = U~  ) -  U~ ) (15f) 
= U31 "1- Au31 

The motions of the second and third droplets relative to 
the leading droplet must show their effect on the entire gas flow 
field. Hence, the modifications of the boundary conditions are 

v(~ ) = u~  ) + Ukl COS 0 (15g) 

V~ k) = Ul k) --  uk l sin 0 k = 2, 3 (15h) 

Here, u. and u t are the liquid-phase surface blowing velocity 
and tangential velocity, respectively, while v. and v, are the 
modified boundary conditions required for the second and 
third droplet. The relationship of these velocities are shown in 
Figure 1. Fluid property correlations are given in Chiang and 
Kleinstreuer (1992). Reference data for the different fluids are 
given in Table 1. 

N u m e r i c a l  s o l u t i o n  

The governing equations (Equations 1-7), subject to the 
conditions in Equations 9-17, are solved using a modified and 
extended finite-element software package (cf. Engelman 1990; 
Chiang 1991). For this convective-dominated flow problem, 
nine-node isoparametric quadrilateral dements are used (cf. 
Cuvelier et al. 1986). Bilinear shape functions are selected for 
the pressure approximations, while biquadratic shape functions 
are employed for the other field variables. Very small elements 
are placed and updated at the receding interface, where 
A0 = 3.2 °, and large elements are located near the domain 
boundaries. A smooth transition from fine to coarse mesh 
regions has been achieved. For the multiple droplet systems, 
mesh renewal is not only necessary in the radial direction 

because of droplet shrinking, but also in the axial direction 
following the relative motion of the second and third droplet 
with respect to the fixed frame at the center of the lead droplet. 
In order to maintain uniform mesh distributions for every time 
step, interpolations of the field variables (i.e., velocity, 
temperature, and concentration) are made at the end of each 
time step so that computations can be continued with the new 
mesh. A variable, rather small time step is used (i.e., 
0.5 < Az < 10) for the multiple droplet system in order to 
minimize "false diffusion" caused by interpolations. The overall 
mesh size has been obtained in accordance with the boundary 
conditions by trial and error. Independence of the simulation 
results from the mesh density has been successfully tested based 
on repeat calculations with finer meshes, i.e., a further mesh 
refinement would not have improved the present results. The 
resulting mesh data include 216 elements or 913 nodes for each 
droplet and 1440 elements or 6015 nodes for the gas phase. 

The solution is started with the calculation of the gas-side 
interfacial shear stress, heat flux, and mass flux in order to 
evaluate the liquid-phase velocity and temperature distribu- 
tions. Matching of the interracial boundary conditions has been 
obtained within six iterations, where ~ = IV n=*- V°~d I < 10 -s, 
using an underrelaxation coefficient of 0.6 to 0.7. All 
fluid properties are constantly updated with the new local 
temperatures and vapor concentrations. As mentioned in the 
preceding section, the two-phase regions are solved sequentially 
because of their different convergence requirements and for 
reasons of computational efficiency. For example, since the 
liquid phase is subjected to Neumann-type boundary 
conditions, a more stable but slower iteration scheme, i.e., the 
successive substitution method, has been applied. Furthermore, 
instead of solving a very large system of combined gas-phase 
a n d  liquid-phase equations, the s e g r e g a t e d  solution procedure 
requires less computer time without sacrificing accuracy. Each 
droplet is updated individually because of its unique scales of 
the salient transfer mechanisms. However, calculations for both 
regions progress with common time steps, typically dictated by 
the more rapidly changing gas phase. Necessary local mesh 
regeneration due to droplet shrinking and adjustment of the 
inlet free-stream (or droplet) velocity due to droplet 
deceleration are performed at the end of each time step. An 
inertia term for Equation 15b, as suggested by Chiang et al. 
(1989), was found to be insignificant in this study. The 
computational procedure was terminated after about 50 
percent of the droplet mass had been evaporated or imminent 
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collision had been observed. A complete case run takes about 
8 hours of CPU time for a single vaporizing droplet, and about 
12 hours for the three-droplet system on a CRAY Y-MP. 
Future use of a conjugate-gradient-based iterative solver will 
reduce run times of this large problem significantly. 
Alternatively, utilization of parallel processing capabilities of 
high-end workstations may eliminate the need of a super- 
computer altogether. 

R e s u l t s  a n d  d i s c u s s i o n  

Computer simulations of the dynamics of interacting 
vaporizing droplets were carried out for two liquids, i.e., 
n-hexane and water (cf. Table 1). In selecting appropriate sets 
of initial conditions for the fuel and water droplets, all initially 
at ReD = 100, the contrasting temporal changes of differential 
and integral quantities were then examined. The accuracy of 
the present finite-element code has been successfully docu- 
mented for single and two spheres/drops in our previous 
publications (cf. Kleinstreuer et al. 1989; Ramachandran et al. 
1991; Chiang and Kleinstreuer 1991; Chiang and Kleinstreuer 
1992). 

When (fuel) vapors of relatively high molecular weight are 
injected into a heated gaseous ambient, the local, instantaneous 
density and specific heat capacity strongly influence the 
gas-phase temperature near the interface. Furthermore, the 
mass diffusion coefficients for fuel vapor through air are 
temperature dependent, i.e., ~ ~ T 1"6. As a result, the Lewis 
number, based on interfacial conditions and relating thermal 
diffusion to mass diffusion, differs significantly from unity 
during the early stages (zf < 50) of fuel droplet heating (cf. 
Figure 2a). In contrast, the Lewis number for water stays 
around Le ~ 0.805 during the (transient) process (cf. Figure 
2b). Hence, the assumption of constant fluid properties for 
vaporizing w a t e r  droplets is quite adequate. 

a 

~S 
t , .  

G) ,O 
E 

z 
( 0  ° ~  3= 

1.5 

' ' ' ' I ' ' " ' I ' ' • • 

a 

n-hexane Droplets 
ReD= 1 DO, To==350K, T.= 1200K 
d12==6 ; d23==3 

Droplet #1 
Droplet #2 
Droplet #3 

. \ \  \ 

= = , , I I I i i * * 

5O 1 O0 15O 

T i m e ,  "rf 

Figure 2(a) Transient Lewis numbers for n-hexane fuel droplets 
(p= = 10 atm) 

E 
z 

3= 
0.804 

t 
b ' . . . .  ' . . . .  I . . . .  i . . . .  

Water Droplets 
Reo=lO0, To==330K, T.==8OOK 

~.~ d12=d23 =3 

0.806 "N X \ ~ Droplet #1 
" \. \ .... Droplet #2 

\ - -  o opl.t#3 

- 2 2 . .  

50 1 O0 150 200 250 

Figure 2(b) 
1 atm) 

T i m e .  -r w 

Transient Lewis numbers for water droplets (p~ = 

Fuel droplet study 

Figures 3 and 4 depict the time-dependent (0.015msec < 
t'~ < 0.220 msec) gas-phase velocity vector plots and isotherms 
of three interacting vaporizing fuel droplets (d*f = 50/~m). The 
second and third droplets approach in tandem the leading 
droplet, which experiences maximum drag and size reduction. 
The strong individual droplet wakes (rr = 10) turn into weak 
recirculation regions (rr = 140) because of droplet pairing and 
decreasing droplet Reynolds numbers (cf. Figures 3a-3c). For 
the given set of initial conditions, it is evident that during the 

a 

~ - t  = 1 0  

r / s90  

T;, = 1 4 0  

Figure 3 Gas-phase velocity vector plots, relative droplet positions 
and droplet shrinkage for n-hexane fuel at (a) Tf = 10, (b) ~f = 90, 
and (c) zf = 140 ( Re o = 100, p~ = 10 atm, T~ = 1200 K, T O = 350 K, 
d12 = 6, (/23 = 3) 
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a d 

~'l = 10 A = 0.341 J = 0.965 

r ! = 90 A = 0.357 J = 0.966 

C 

I"! = 140 A = 0.358 J = 0,966 

Figure 4 Gas-phase isotherms for three n-hexane fuel droplets at 
(a) zf = 10, (b) ~f = 90, and (c) Tf = 140 

which are rather volatile and possess high molecular weights, 
water sprays, having a higher heat capacity and dynamic 
viscosity, do not exhibit the dramatic changes in terms of 
two-phase flow patterns, heat transfer, vapor transfer, and 
droplet dynamics as, say, n- hexane sprays do. This is demon- 
strated in Figure 2b and again in Figures 6a-6c and Figures 
7a-7c, although the initial conditions differ, naturally. Larger 
run times, i.e., t* = z,(1.178E-4)sec versus t~ = ~r(1.524E-6)sec, 
are required in order to show some interaction effects, for 
example, the approach of the second droplet toward the lead 
droplet (do', = 1 mm). The third droplet stays at the initial 
spacing apart (cf. Figures 6a-6c). For the representative opera- 
tional conditions chosen, droplet vaporization has no visible 
effect on the gas flow field and isotherms (cf. Figures 7a-7c). 

The liquid-phase flow field, which establishes itself rather 
quickly, is moving very slowly while the conduction-dominated 
temperature field remains almost isothermal for z w < 200, 
considering that the relative difference in the dimensionless 
temperature contour values remains at 0.001 (cf. Figures 8a and 
8b). 

C o n c l u s i o n s  

later stages (z > 140) the third droplet affects the dynamics of 
the leading droplet via the center droplet. Thus, the present 
three-drop analysis is more realistic than previous one- or 
two-drop studies (cf. Renksizbulut and Haywood 1988; Chiang 
et al. 1989; Raju and Sirignano 1990). At zf > 160, droplet 
collision can be expected. The different diffusion scales during 
the start-up phase, Zr < 100 (cf. Figure 2a), cause different 
boundary-layer thicknesses for heat and mass transfer. The 
relatively thick thermal boundary layers are indicated with the 
temperature contour plots in Figures 4a-4c. While thermal 
diffusion is still important in the (interfacial) heat transfer 
process, mass transfer is almost entirely dominated by convec- 
tion effects. When droplet pairing occurs (cf. Figures 4b and 
4c, e.g., at zf ~ 90 for droplets 2 and 3 and at zf ~ 140 for all 
three droplets), heat transfer is significantly reduced at the local 
interfaces because of the weakly recirculating, almost isother- 
mal fluid. 

The evolution of liquid-phase flow and heat transfer patterns, 
in terms of streamlines and isotherms of the leading droplet, 
are shown in Figures 5a-5d. Although the droplet formation 
process may generate a priori some internal circulation, zero 
vorticity is assumed at z = 0. After an initial start-up period 
(Tf ~ 40), the internal droplet circulation almost reflects Hill's 
vortex, at least for this particular set of conditions. The corre- 
sponding isotherms, however, exhibit a strong and longer 
dependence on the interaction between the gas-phase heat 
transfer and liquid convection. The constant-temperature con- 
tours are at first almost concentric due to conduction-domi- 
nated heat transfer; then, the heated liquid moves from the rear 
portion of the droplet toward the front stagnation point. 
During this time period, 10 < ~f < 30, (unheated) liquid is 
convected from the interior to the droplet surface. In turn, this 
uniquely affects the interfacial quantities such as surface tem- 
perature, "blowing" velocity and fuel vapor concentration, and 
hence integral quantities such as the total drag, Nusselt num- 
ber, and Sherwood number discussed elsewhere (Chiang and 
Kleinstreuer 1992). At about zf > 50, the isotherms are largely 
determined by the strong internal circulation patterns. 

Water drop le t  s tudy 

Next to fuels, water and polymers are the most common liquids 
used in droplet spray applications. In contrast to most fuels, 

The basic gas-liquid velocity and temperature fields of interact- 
ing vaporizing n-hexane fuel and water droplets have been 
analyzed for an initial Reynolds number of Reo = 100. Laminar 
axisymmetric flow and spherical droplets are the key assump- 
tions for the present finite-element solution of the complete 
transport equations. The results of the two computer simula- 
tion studies for three n-hexane fuel droplets and three water 
droplets can be summarized as follows: 

• Different diffusion rates are found for the heat and mass 
transfer of the evaporation of high-molecular-weight droplets 
such as n-hexane fuel. The stronger thermal diffusion mech- 
anism is reflected in the thicker thermal boundary layer. The 
Lewis number is larger than unity during the initial phase, 
and hence the effects of variable fluid properties, especially 
on the liquid-phase viscosity, have to be accounted for. In 
contrast, the Lewis number of water droplets remains about 
constant, and fluid properties can be evaluated a priori at 
appropriate reference temperatures and vapor mass frac- 
tions. 

• The relative motion between all three fuel droplets, and hence 
the resulting interaction effects, is largely dependent on the 
interfacial phenomena such as surface "blowing" (i.e., vapor- 
ization rates) and surface "slip" (i.e., tangential) velocity. The 
resulting two-phase velocity and temperature fields exhibit 
these transient effects of strong wakes when the droplets 
are far apart (d o > 6), weak recirculation regions or cavity 
formations when d~j < 2, thicker momentum and thermal 
boundary layers due to droplet evaporation, and shear- 
stress-induced internal circulation, which tends to delay flow 
separation and creates a vortex-dominated liquid-phase tem- 
perature field. 
In contrast, for water droplets the shear-induced internal 
fluid motion, droplet heating, and hence the interfacial velo- 
cities are several orders of magnitude lower than for fuels, 
mainly because of water's contrasting properties. As a result, 
changes in differential transport phenomena and integral 
parameters and hence the dynamics of interacting vaporizing 
water droplets is much less dramatic and may take much 
longer to develop towards a steady state. 

• The lead droplet and the second droplet exhibit the strongest 
interaction effects if the spacing between the second and third 
droplet is selectively large, e.g., d23 Io > 3 for n-hexane drop- 
lets at Reo = rig(100). The fluid mechanics, heat transfer, and 
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Figure 5 Liquid-phase stream lines and isotherms of leading n-hexane fuel droplet at 
(d) q = 90 (cf. Figures 3 and 4) 
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mass transfer of each of the three w a t e r  droplets on a 1-D 
trajectory are quite similar, especially in cases of sufficiently 
wide droplet spacings, i.e., d131o = d231o > 2. 

F u t u r e  w o r k  

Future work will concentrate on fundamental research as well 
as applied research aspects. Of basic interest are the effects of 
deforming droplets, gas-phase turbulence, and random droplet 
patterns on the multidroplet dynamics. Applied research work 
will focus on the development of practical spray parameter 
correlations describing the time histories of relative droplet 

velocity, and spacing for different initial Reynolds numbers, 
injection frequencies, liquids, and operational conditions. 
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Figure 6 Gas-phase velocity vector plots, relative droplet posi- 
tions, and droplet shrinkage for water at (a) ~w = 20, (b) Zw = 100, 
and (c) Zw = 200 (Reo = 100, po~ = 1 atm, T~ = 800 K, To = 330 K, 
d12 = 3, (/23 = 3) 
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Figure 7 Gas-phase isotherms for three water droplets at (a) 
Zw = 20, (b) Tw = 100, and (c) Tw = 200 

Figure 8 Liquid-phase stream lines and isotherms of leading water 
droplet at (a) Zw = 20 and (b) Zw = 200 (cf. Figures 6 and 7) 
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