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ANALYSIS OF TRANSPORT MECHANISMS

IN DENSE FUEL DROPLET SPRAYS
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COMPUTATIONAL ANALYSIS OF INTERACTING
VAPORIZING FUEL DROPLETS*

C. Kleinstreuer
Department of Mechanical and Aerospace Engineering
North Carolina State University
Raleigh, NC 27695-7910

ABSTRACY

This report deals with fundamental numerical analyses of the fluid mechanics, heat
transfer, mass transfer and particle dynamics of interacting spheres and vaporizing droplets in a
linear array or on a one dimensional trajectory. A generally available finite element software
package has been modified and extended to solve several case studies including (1) closely-
spaced monodisperse spheres with or without blowing; (2) closely-spaced vaporizing fuel
droplets; and (3) dynamically interacting vaporizing fuel droplets on a one-dimensional
trajectory. Axisymunetric laminar flow, 10 £ Red < 200, has been assumed for three statically
or dynamically interacting spherical solids and vaporizing droplets.

The emphasis in this work is on the evaluation of the effects of key system parameters,
such as free stream Reynolds number, interparticle spacings, liquid/gas-phase viscosity ratio and
variable fluid properties, on the interfacial transfer processes and, ultimately, on the particle
Nusselt number, vaporization rate and drag coefficient. As a result, computer-generated
correlations between integral quantities and system parameters have been postulated for blowing
spheres and vaporizing droplets.

In addition to the initial Reynolds number and droplet spacings, variable fluid properties,
liquid-phase heating and internal droplet circulation have a very strong effect on the dynamic
behavior of multi-droplet systems. While the lead droplet is most significantly affected by all
key parameters, the presence of the second and third droplet causes distinct interaction effects
which are largely dependent upon the initial droplet spacings.

Applications of these base case studies include spherical-structure/fluid-flow interactions,
as well as interacting vaporizing droplets in different sprays related to propulsion systems,
irrigation, spray coating, etc. Focusing on fuel droplet sprays, results of the dynamic multi-
droplet study can assist in better atomizers and combustion chamber designs which may lead to
improved combustion efficiencies, smaller/lighter systems, and reduced pollutant emissions.

* The assistance of Dr. H. Chiang on this report is gratefully acknowledged.
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NOMENCLATURE

radius of droplet

heat capacity

drag coefficient of droplet &
single sphere drag coeflicient

droplet diameter

dimensionless interdroplet distances, d;; = df;/d

]

diffusion coefficient

conductivity

latent heat of vaporization

Lewis number, Sc/FPr

mass

molecular weight

Nusselt number, hd"/k

pressure

Prandtl number, v/«

Peclet number, Re Pr

dimensionless interfacial heat flux
dimensionless interfacial mass flux
radial spherical coordinate

radial cylindrical coordinate; gas constant
initial Reynolds number. u3d;/v,
instantaneous Reynolds number, v’ d*poo /ity
Schmidt number, v/D

Sherwood number. hd?/pD

time

temperature

initial temperature difference, T, — 7,

velocity vector



Up uniform blowing velocity

Upy Up normal or local blowing velocity
ug, v tangential components

U, v velocity components

oo instantaneous free stream velocity
U, initial free stream velocity

4 volume, variable

X mole fraction

Y mass fraction

Greek Symbols

o thermal diffusivity; drag coefficient ratio, dy = Cg‘)/CD,
v kinematic viscosity

n dynamic viscosity

K weighing factor

6 spherical coordinate

p density

T dimensionless time, tu}/d;
T, surface shear stress

¢ density ratio

n heat capacity ratio

X dynarmic viscosity ratio

A thermal conductivity ratio
w mass diffusivity ratio
Subscripts

a (air;l)l air

b surface blowing
bp boiling point
c critical



(fuel:2)

m e s g

-~

bzsed on diameter
total drag

fuel

friction

gas phase

heat transfer

index for particle spacing (z = 1,2)

] index for particle spacing (j = ¢ + 1)

k index for particle identification (k = 1, 2, 3)
4 liquid phase

m mass transfer

n normal direction

0 initial, reference

P pressure

r reference

s surface; single

t tangential direction

T thrust

v vapor

00 (instantaneous) free stream quantity

I Case Study [

I Case Study 1II

Superscripts

(k) index for particle identification (k = 1, 2, 3)

w

dimensional quantities




INTRODUCTION

The transient dynamics and transfer processes of interacting vaporizing droplets on a one-
dimensional trajectory form a base case for studying highly coupled nonlinear effects im-
portant in dense sprays, particularly in droplet spray combustion (cf. Dwyer, 1989; Faeth,
1987; Law, 1984; or Sirignano. 1983). Some of the more significant parameters affecting ix-
terfacial transport phenomena in this two-phase flow problem are the initial gas/liquid-phase

temperature differences, relative droplet spacings and variable fluid properties.

Traditionally, fluid properties are evaluated at “constant” reference temperatures, e.g.,
Tres = Ty + £(To — T,) where 0.19 < « < 0.50, which implies that the Lewis number stays
constant, near unity. However, for accurate calculations of the droplet Nusselt number and
Sherwood number, it is necessary to update all fluid properties as a function of the local
temperature and/or species concentration, especially for vapors with high molecular weights.
The influence of variable fluid properties in detailed numerical analyses has been partially
addressed by Haywood et al. (1989) and Chiang et al. (1989). The close resemblance
between the isotherms and mass fraction contours (i.e., Le & 1) given by Haywood et al.
(1989) actually do not show the different scales of diffusion for heat and mass transfer even at
low droplet surface temperatures. The impact of relative particle spacing was demonstrated
in previous contributions considering fixed linear arrays of blowing spheres (cf. Chiang &
Kleinstreuer, 1991a) and vaporizing droplets (cf. Chiang & Kleinstreuer, 1991b). In this
paper, the dynamics and transfer mechanisms of three interacting vaporizing droplets on a
one-dimensional trajectory are analyzed. The closest contribution to this topic is the paper
by Raju & Sirignano (1990) who considered two droplets in tandem. However, at least three
particles are necessary to simulate interaction effects more realistically. The experimental
paper by Rowe & Henwood (1961), the flow visualizations by Tsuji et al. (1982), and the
drag coeflicient correlations by Mulholland et al. (1988) for water drops are three examples

of the very few and incomplete ezperimental papers devoted to interacting spherical particles.

In summary, a detailed computer simulation of interacting evaporating (heavy) fuel

droplets with variable fluid properties is necessary for the accurate and comprehensive anal-



ysis of the individual droplet’s total drag, Nusselt number and Sherwood number. These
global parameter distributions together with the instantaneous relative droplet locations,
sizes and velocities are important in spray system design applications (cf. Clift et al., 1978;
Kuo, 1986; or Law, 1990) and for less computer-intensive approximate analyses (cf. Klein-

strever and Wang, 1990). Additional references are given in the body of the text.

ANALYSIS

Considering three spherical droplets decelerating and evaporating on a one-dimensional tra-
jectory in a high-temperature. dry-air environment. the gas-phase momentum, heat and
mass transfer equations are coupled with the liquid-phase momentum and heat transfer
equations via the interfacial compatibility conditions. Thermal radiation, buoyancy and
thermo-diffusion effects are neglected. Thus the dimensionless equations for axisymmetric

thermal flow with variable fluid properties can be written as follows (cf. Fig. 1).

Gas Phase:

V'(fgag)=0 (1)

a . - - -
{9 (-8-; <+ E)g . V) Ug = “"vpg + Re’g lv ' (ngv.']) (2)

6 - - w C K3 - r
éyny ('5; + Vg ’V) Ta = Peh;V ' (’\QVTQ) + &g (Cp Cme) Pem%g“)g(VTg ) Vyy) (3)

7 . - 7Y,
& <5(_; + v V) Yy = Pem{gV (Lo VYy) )



and

Liquid Phase:

V(&) =0 (8)
a -t oy _1 -
fl -5; - Uy v Ve = '-Vp[ + Re, V . (XzVU() (6)
Ja . -1 .
Eeme 55 + 0,V ) Ty = Pep V- (AVTh) (7)

where

F=afu), p=p/lpew)), T=T"Tg, V=V/d, 1=tu/d,
£=p/pry N=0lcory X= plpey, A=klky, w= D/Dx,
Re, = u'd’/v,, Pen=u.d;/a, and Pemn = u;d;/D: (8a — m)

The reference fluid properties are evaluated at the free-stream conditions for the gas-
. phase parameters; for the liquid phase. the initial droplet temperature is chosen as reference.
The second term on the R.H.S. of equation (3) is the interdiffusion term which represents

the net enthalpy effect between fuel 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. Coupling of the two fluid flow fields at each time
step is described below. Initially, at 7 = 0 when the droplet has been injected into the
high-temperature ambient, a gas-phase velocity, temperature and vapor concentration field
has been created while the liquid-phase is stagnant and at its initial temperature. At the
domain inlet

up =1, vo=0 T,=1 and ¥, =0 (9a — d)
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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, 1991a), is large enough so that all appropriate outer boundary and outlet

gradients are identical zero.
Interfacial Conditions

Both phases are coupled via the interfacial conditions representing conservation of mass,
momentum and energy. Specifically, continuous velocities, shear stress and temperature are

required at the gas-liquid boundaries.

Uprg = Uy, Teg = ( Pot ) Ts l and Ta,g = Lat (100 -~ C)
Poo.g
where
x Ou
Ts = 5 An - 10d
Re Or |r = q(7) (10d)

The normal interfacial velocity, i.e., the vapor blowing velocity, is proportional to the di-

mensionless diffusion mass flux.

(11)

u 1 Wy Q}:
m STy, ™ T TToY, \Peny or

where Y, is the vapor concentration at the droplet surface assumning thermodynamic equi-

r = a(r)

librium,
M, X,
Y s X TMO=X) (12a)
where the interfacial mole fraction
X, = po.s(TS)/pa (l?'b)

The heat transferred from the gas stream divides up into liquid droplet heating and

latent heat of vaporization.

Fi 6 >, TOO 7
Qh’.g = ‘Vq;:,t + 1 '-_gy; CPL(;';) qr:;'g (13“)
where
PotCpot p -1 or
y o= —— = - APe;’ —— 13b,¢)
Poo,gCpoo,g T Yorr = a(r) (



and

"

{r = a(r) (134)

Auziliary Conditions

Assuming spherical droplets at all times, the decrease in each droplet radius with time,

or shrinkage, can be expressed as

da® _ py
dr 2p¢

[3 uﬁfz sin 6d6 (14)
where the superscript & identifies each droplet, i.e., & = 1, 2, 3.

The deceleration of each droplet due to the gas phase drag force can be described by

Newton’s 2nd law of motion as,

) ma®?
m(k) dt* == 2 pwvg(uogk))zc})) (150)
Nondimensionalization yields
dul®) 3 [ Poo.g a A
— o o [ - (k2% 156
dr 8 \ i) ) \a®(r) (u=')"Cp (156)

where Cgc) 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

G fyxt = OB (un¥)2 Thus,

du(") 3 Poo.g a, (%)
b - S . 1
dr 8 (pg“) alk) (1) o (15¢)

where %) = p,, 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 uy = —ull). Since each droplet is subjected to a different drag force, the

instantaneous velocity of each droplet can be written as,
u® = a® 4 Ay® . k=123 (15d)

)



which is obtained from equation (15¢) after integration. Velocities u., and @, are evaluated
at the new and previous time steps, respectively, and Au is the velocity variation during the

time increment.

The velocity of the 2nd droplet with respect to the leading droplet is

U9y = Ug) — u(;,)
= (@@ + Au®) — @) + Au) 5
e
= (@ - a) + (Au® — Au) ee)
= Uy + Augy
Similarly for the 3rd droplet
= ) )
Uzl = Uy Uro
. (15f)
= U3 + Aua

The motions of the 2nd and 3rd 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,(‘") = stk) + ugy cos @ (15g)

#) upysind  k=2,3 (15R)

o =

Here, u, and u, are the liquid-phase surface blowing velocity and tangential velocity, respec-
tively, while v, and v, are the modified boundary conditions required for the 2nd and 3rd

droplet. The relationship of these velocities are shown in Fig. 1.
Fluid Property Correlations

The transport properties of the gas-vapor mixture usually vary with the local mole

fraction (cf. Wilke, 1950)

p= X /(X1 + CiXadiz) + Xopa/(Xo + Cr X1 021) (18)
k = Xlkl/()(‘ + Cng(ﬁ]g) + ngg/(x'z + C"I/\’l¢21) (17)
where
X, = Y M, X,=(1=X1), Ci=1, C,=1.065

YM, +(1=Y)M,’



e e oo M,

and

bij = (1 4+ M /M) i/ ) P28 + 8M /M)~ i=j=1%fuel and 22 air
(18a — ¢)

The thermodynamic properties of the gas-vapor mixture are more likely dependent upon

the local mass fraction, i.e.,

Y (1- Y)]“‘
Pg [Pu 7a ( )
and
Cog=YCpy +(1=Y)Cpa (20)

The interfacial fluid properties (p,, L. ¢p, p, k, p and D) are curve-fitted (cf. Yaw,
1977) using the data sets given by Vargaftik (1975) and Reid et al. (1986). All correlations
fit the data within two percent of error. While the air density correlation is very close to the
ideal gas law, the heavy fuel vapor density is best described by (cf. McGlashan and Potter,
1962)

_ Py
p‘l - /‘:R,,Tg (21a)

(@)

0.884 0.694 0.0375(n — 1)

where the compression factor

with
B

= 0.430 — - — 21
7 0.43 T 7 T (21¢)
and n is the number of carbon atoms in a [uel molecule. The reduced quantities are
v ; T
VR = g: and FR = -7';; (21d,e)

Characteristic data for the fluids at different reference conditions are given in Table I.
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Table L

Liquid and gas phase fluid properties at reference conditions.

P = 10atm ’
T = 800K p Cp ok m M, | T,w| D
T,=300K | () | (89 | () | (G5) [ (<) ') | (=)

n-hexane (lig.) | 0.6543 | 0.5360 | 2.946E-4 | 2.911E-3 | 86 | 438 | 0.0361
gas (at infinity) | 4.366E-3 | 0.2621 | 1.389E-4 | 3.694E-4 | - | - -

Pes = llatm:

Too =g 1200 K o | L“.‘p k M Af v pr | 'Zp
T, = 350K (f5) | (80 |z | (5Es) | () [(K) (e2)

n-hexane ‘lig.) | 0.6058 | 0.5855 | 2.642E-4 | 1.918E-3 | 86 | 438 | 0.06803
gas (at infinity) 9.911E-3 | 0.2729 | 1.683E-4 | 4.775E-4 | - - -

Averaged Interfacial Properties

In general. averaged surface properties, such as heat flux, vapor flux, shear stress, etc.,

are evaluated by integration of the local variable, viz
1/ C
g = ?/ g(0) sin 0dd (22)
) Jo

Thus. the gas-phase. surface-averaged Nusselt number and Sherwood number based on free-
stream properties can be calculated as
N, = hd*(t) _ 2a(r)
k Mool =T,

)(q}lg‘neh Q) (23)

and

57, = M L 20 (fae ) g pey) (24)
" 460

pD wye d
The total drag on each vaporizing interacting droplet is due to friction drag, pressure dra
g, | % B , i

and, usually negligible. thrust drag.

= /

~sin? 9dd (254a)
ro=a(r)

[¢. &



cp =2 / " pi sin 2046 (250)

r=a(r)
cr =4 /"(ui cos 0 ~ 2unu, sin 0) sin 0df (25c¢)

The total drag is occasionally plotted in form of the ratio oy = (J(;’/Cu,, where from Clift
et al. (1978)
Cp, = -}‘%(1 +0.1935Re%%%)  for 20 < Re < 260 (26)

NUMERICAL SOLUTION

The governing equations (1) - (7), subject to the conditions (9) - (17) are solved using a
modified and extended finite-element software package (cf. Engelman, 1990 and Chiang,
1991). For this convective-dominated flow problem nine-node isoparametric quadrilateral
elements are used (cf. Cuvelier et al., 1986). Bi-linear shape functions are selected for the
pressure approximnations while bi-quadratic shape functions are employed for the other field
variables. Very small elements are placed and updated at the receding interface, where
A = 1.2°. 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 shrinkings, 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 very small time step is used (e.g., AT < 2.5) 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.

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 distri-



butions. Matching of the interfacial boundary conditions has been obtained within six
iterations, where ¢ = [V**¥ — v°4| < 10~%, using an under-relaxation 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 com-
putational 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 substi-
tution method, has been applied. Furthermore, instead of solving a very large system of
combined gas-phase and liquid-phase equations, the segregated solution procedure requires
less cornputer time. Each droplet is updated individually because of its unique scales of
the salient transfer mechanisms. 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 has been terminated after about 50% of the droplet mass had been evaporated
or imminent collision has been observed. A complete case run takes about & 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.

RESULTS AND DISCUSSION

Within the limits of spherical droplets in laminar azisymmetric flow, the present computer
simulation model could generate a seemingly unlimited number of data sets for fundamental
and applied research analyses. Because of the restrictive supercomputer resources allocations,
this base case study focuses on two representative initial spacings of three monodisperse, n-
hexane fuel droplets at Rey, = 100, T = 300K or 350K, T = 800K or i200K and pZ, =

10 atm.
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In a continuous effort with respect to model validation (cf. Fig. 2), the numerical
predictions for the drag coefficient ratio a;, vs. particle spacing (dy; — 1) are compared
with the experimental data bands and (their best-fitted) curves given by Rowe & Hendwood
(1961). While the a;(dy; — 1) matching for the lead sphere happens to be very agreeable,
the prediction of ay(dys — 1) for the second sphere t:alls below the projected data curve, i.e.,
close to the lower bound of the experimental data sprgad. This may be due to interaction
effects. such as a decrease in particle Reynolds number, not considered by Rowe & Henwood
(1961). Additional computer mode! validation tests have been successfully accomplished
with experimental data sets for single-sphere, single-sphere with blowing, and two-sphere
studies as documented in Ramachandran et al. (1989), Ramachandran et al. (1991) and

Chiang and Kleinstreuer (1991a,b).

Case Study I: Initial Droplet Spacings dy; = 6 and dq3 = 6; Initial AT* = 500K

This case study focuses on the transfer processes and dynamics of n-hexane droplets
(T = 300K) injected at Re, = 100 into heated air (T, = 800K, pi, = 10 atm) at initially
large spacings or low frequencies. As can be expected with dy; = 6, the third droplet has

only a minor impact on the second droplet which quickly catches up with the lead droplet.

The position, speed and size at all times of each interacting droplet are some of the
more practical pararneters for spray design applications. The time and Reynolds number
variations of the total drag coefficients, the surface-averaged gas-side Nusselt numbers and
Sherwood numbers, as depicted in Figs. 3a,b to 5a,b, are instrumental in calculating these
design parameters (cf. Figs. 6 to 8). The drag coefficient of the lead droplet, after a slight
increase. drops rapidly when 7; > 100 due to the interaction, i.e., pairing effects between
the second and the first droplet (cf. Fig. 3a). Correspondingly, the drag curve of droplet 2
decreases with time. The third droplet, much less affected by the preceding droplets, exhibits
an almost constant total drag coefficient. The associated Cg)--c11rV% as a function of the
instantaneous Reynolds number appear as mirror images in Fig. 3b. The single evaporating
droplet correlation given by Renksizbulut & Haywood (1988) overpredicts when compared

with the drag of the leading droplet because of differences in interfacial conditions, such as

11



the absence of a tangential velocity, and the existence of interaction effects which become
transparent at Re,, < 96 for droplet 1 in this case. The heat transfer of the second droplet is
largely determined by interaction effects as shown in Fig. 4a. For 7y > 100. when the serond
droplet is largely exposed to (fro-aft) recirculation zones, Nuy; drops even below Nugg.
The heat transfer (cf. Fig. 4b) and mass transfer (cf. Fig. 5b) correlations given by Chiang
(1991) and Chiang & Kleinstreuer (1991c) match the leading droplet behavior rather well
except during start-up. They were based on the experﬁnental work of Renksizbulut & Yuen
(1983) with modifications significant for high-molecular-weight droplets such as n-hexane
fuel. As shown in Figs. 5a and 5b, the mass transfer is very similar for droplets 2 and
3 which are imbedded in the convective vapor stream generated by the lead droplet. As
a result, the vaporization rates are similar for droplets 2 and 3, while droplet 1 undergoes
more drastic shrinkage (cf. Fig. 6). Figure 7 depicts the individual droplet speeds which are

determined by the transient behavior of the parameters shown in Fig. 3 and Fig. 6.

Figure 8 compares the dynamics of interparticle spacings for three droplets (cf. Case D)
with the dynamics of three spheres (cf. Cases A-C) of different initial separations and two
(uniform) blowing intensities, i.e., v, = 0 and v, = 0.1. Case A, i.e., spheres without blow-
ing, matches Case D, i.e., vaporizing droplets, rather well. In this scenario of weak surface
blowing and interfacial slip (i.e., Case D), both transfer mechanisms tend to neutralize each
other with respect to the total drag difference between two consecutive droplets. Specifically,
relative motions between dreplets/spheres are functions between the differencesin individual
drag coefficients which, in turn, are strongly dependent on the surface slip, blowing rate and
inter-particle spacing. For example, surface blowing of the front droplet reduces the gas flow
momentum around the trailing particles significantly; thus, reducing their drag coefficients
which leads to a measurable increase in drag coefficient difference between the {ront and trail-
ing particles (cf. Case B). In Case C, the second sphere, being in the wake of the lead sphere,

catches up very quickly, leaving the third sphere isolated and hence permanently separated.

12



Case Study II: Initiai Droplet Spacings dy2 = 6 and dy3 = 3; Initial AT™ = 850K

In contrast to the previous scenario, Case Study II not only features a smaller initial
spacing between the second and third droplet. but also a higher ambient temperature (T, =
1200K) and a slightly higher initial droplet temperature (T, = 350K). These temperatures
have a measurable impact on the fluid properties p, and i, and hence on the initial velocity
of the lead droplet, i.e., u; ;; = 32 m/sec in this case vs-u} ; = 17m/sec for the previous case.
Hence, the dimensionless time scale r = tu}/d; and the reference temperature T3 change
from Case Study I to Case Study II. In addition, the surface-averaged blowing velocity

increased from 1, 1 & 0.02u,; to i, ;1 = 0.03u, ;.

Again, the integral quantities Cp(7), Nu,(r) and Sh,(7) shown in Figs. 9 to 11 largely
determine the dynamic droplet parameters, such as size and speed which are depicted in
Figs. 12 and 13. The trends in drag coefficients (cf. Figs. 3a,b and 9a,b) are rather similar
between Case Study I and Case Study II which implies that the upstream effect of the third
droplet on C}jz is weak for 0 < 7 < 80. However, the magnitude of Cg’ ) is lower because
of enhanced surface slip which delays flow separation and stronger surface blowing which
may reduce the total drag coefficient. The Renksizbulut & Haywood correlation captures
the Cp(Re,,) trend except for Re,, < 104 or t;; > 120, when interaction effects become

significant (cf. Figs. 9a,b).

As can be expected, the transient Nusselt number distributions differ measurably be-
tween these two case studies because of the effects of higher temperatures, T, and T, and
closer initial spacing, d3,. The stronger surface blowing increases the thermal boundary layer
and decreases the normal temperature gradient which in turn results in lower Nusselt num-
bers, reflecting diminished convection effects (Fig. 10a). The Nusselt number of the third
droplet is especially affected because of the prevailing influence of droplet 2. In contrast
to Case Study I, the Chiang & Kleinstreuer correlation underpredicts here Nuy(Re,) in
magnitude, but it is correct in predicting the trend for the leading droplet (cf. Fig. 10b).
Adjustments in the definition of reference properties could optimize the overall curve agree-
ments. Similar to heat transfer, mass transfer mechanisms are strongly determined by the

initial temperatures and the relatively close distance between droplets 2 and 3 (cf. Fig. 11a).
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Figure 11b shows again the mirror image of the Sh,(r/1)- curves with an acceptable fit of

the C-K correlation.

All three droplets experience a substantial reduction in liquid mass as a result of rela-
tively strong blowing, until imminent droplet collision (cf. Fig. 12). Correspondingly, the
instantaneous droplet Reynolds numbers (or travel speeds) decrease with time due to droplet

shrinkage and deceleration (cf. Fig. 13).

Similar to Fig. 8, Fig. 14 depicts a comparable (dynamic) behavior between vaporizing
droplets and solid spheres (cf. Case A vs. Cas: C). For this particular set of initial conditions,
sphere/droplet 3 approaches the second particle and both catch up with the lead particle,

indicating imrminent collision at r;; = 160.

CONCLUSIONS

A study of the dynamics and transfer processes of three droplets which are injected into a
high-temperature, stagnant-air environment has been presented. Variable fluid properties
are assumed for the calculations of the gas phase and the liquid phase of this interacting
vaporizing fuel droplet system. Suitable droplet initial temperatures (7, = 300K or 350K),
ambient conditions (Ty = 800K or 1200K, p., = 10 atm) and an initial droplet Reynolds
number of Re, = 100 are chosen to simulate vaporization of n-hexane droplets on a one-
dimensional trajectory. For the dynamically interacting vaporizing droplet study, two initial
dropiet spacings, i.e., dyz = 6; dyz = 6 and dy, = 6; dy3 = 3, are examined. The significance

of this and complementary investigations is as follows:

(i) The relative motion between the liquid droplets in a dense spray system is mainly
dependent on the surface blowing and surface slip velocity. Surface blowing increases
the drag coefficient difference between successive droplets and causes a rapid approach
of the droplets. Slip velocity, on the other hand, reduces the drag coefficient difference

and results in the delay of droplet collision.
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(ii) Thelead droplet and the second droplet have the strongest interaction effects. However,
at a critical initial spacing (i.e., dy3 < 3) and for initial Reynolds number of O (100),
droplet collision between the second and third droplet is quite possible. On the other
hand, even relatively large initial spacings such as dy; = dy3 = 6, the first two droplets

tend to form a pair, whereas the third particle experiences permanent separation.

(iii) High droplet initial temperature and high ambient temperature reduce the transient,
internal droplet heating period and generate large, rapid surface blowing effects. The
injected vapor is convected downstream and changes the heat transfer and mass transfer

of the downstream droplets significantly.

(iv) Existing correlations capture the dyvnamics, heat and mass transfer of the leading

droplet rather well.

(v) For future work, additional case studies couid generate a data base from which time
history correlations of spray parameters, such as droplet size, speed and spacing, can

be calculated.
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