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Effects of droplet interactions on drag, evaporation, and combustion of a planar droplet array oriented perpendic-
ular to the approaching flow are studied numerically. The three-dimensional Navier-Stokes equations, with variable
thermophysical properties, are solved using finite-difference techniques. Parameters investigated include the droplet
spacing, droplet Reynolds number, approaéhing stream oxygen concentration, and fuel type. Results are obtained for
a Reynolds number range of 5 to 100, droplet spacings from 2 to 24 diameters, oxygen concentrations of 0.1 and 0.2,
and methanol and n-butanol fuels. The calculations show that gasification rates of interacting droplets decrease as
droplet spacings decrease. The reduction in gasification rates is significant only at small spacings and low Reynolds
numbers. The effects of adjacent droplets on drag are shown to be small for the present array orientation.

Nomenclature
B = heat-transfer number, C(T,, — T,)/h, for
vaporizing droplet
c total d ficient total drag
= total drag coefficient, = ———5—
> ® Bp 8
c friction d ficient total friction force
= friction drag coefficient, = —————5——
/ ¢ Lp %l
c d fFcient total pressure force
= pressure drag coefficient, =
’ . dppooti’/8
c, = gpecific heat
P, = mass diffusivity of species i in the gas mixture
d, = droplet diameter
e = total internal energy per unit volume
f = mixture fraction, defined as the mass that
originated from the droplets per unit mass of the
gas mixture
H = heat-transfer coefficient, Eq. (19)

h = enthalpy

hy = heat of vaporization

h? = heat of formation

J = Jacobian of the coordinate transformation

k = thermal conductivity

M = molecular weight

Ng = number of species

Nu = Nusselt number, = Hd, [k

J/ = pressure

Pr = Prandt] number, = c,u/k

q = heat flux

r, = droplet radius

Re = droplet Reynolds number, = p ¢4, /1o

Re,, = droplet Reynolds number, = p ,q,.d,/tbn

R = universal gas constant

S = nondimensional droplet spacing, normalized by
dP

T = temperature

t = time
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U, V,W = contravariant velocity, Eq. (3)

u,p,w = Cartesian velocity components in x (axial), y,
and z directions, respectively

XY = mole and mass fractions, respectively

X2 = Cartesian coordinates, Fig. 1

o = weighting factor, Eq. (18)

B = gasification rate correction factor,

rate of gasification of a droplet in an array
rate of gasification of an isolated droplet

(& = generalized curvilinear coordinates

0 = angle along the droplet surface measured from
the front stagnation point

H = viscosity

v = stoichiometric coefficient (by mass) of oxygen

p = density

T = stress tensor

Q = oxygen concentration in the approaching stream

Subscripts

A = air property

F = fuel property

i = index of species

m = film condition

N, = nitrogen

0O, = oxygen

prod = combustion product property

s = droplet surface condition

stoic = stoichiometric condition

UF = unburned fuel property

v = viscous flux term
= derivatives in x, y, and z directions, respectlvely
= approaching flow condition

Introduction

HE evaporation and combustion of liquid fuel sprays

have received considerable attention. Much of the theoret-
ical work has focused on the transport of single isolated
droplets.’™ In dense sprays found in regions near the fuel noz-
zle, droplets may evaporate and burn quite differently than
isolated droplets.>® Various coupled physical processes occur
in the dense-spray region, including atomization, droplet colli-
sion, coalescence, breakup, modification of turbulence proper-
ties by the droplets, and interphase transport processes, etc. In
the present study, droplet interactions (defined as the modifica-
tion of droplet transport rates due to the presence of adjacent
droplets) are numerically investigated.
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Previous theoretical studies on droplet interactions have
been limited largely to droplets in arrays or clouds in the ab-
sence of forced convection (hereinafter referred to as diffusion
theories),>’® although Stefan flow induced by evaporation has
been included in the analysis. Calculations of this type indicate
that interactions. can significantly .reduce droplet evaporation
and burning rates, even for very large droplet spacings.”® For
example, for an array of four burning droplets at a spacing of
10 diameters, diffusion theory’ predicted that the droplet life-
time was increased by 20% over the lifetime of a single isolated
droplet. In the presence of forced convection, for the same
droplet spacing, the effects. of interactions would be negligible,
even for a droplet Reynolds number as low as 2.%1° In.addition
to the neglect of forced convection, most investigators also
adopted constant-property assumptions. These assumptions
resulted in flame sizes that were overpredicted and exceeded
experimental values by factors of 3-5.! Because larger flames
compete more extensively for oxygen, the constant-property
models predict much stronger interactions compared to the
experimental data.® Since most practical sprays invelve appre-
ciable droplet Reynolds numbers and large variations of ther-
modynamic and transport properties in the flowfield, the
constant-property diffusion theories appear to have limited
utility in the analysis of droplet interactions in combusting fuel
sprays except in the interior region of a nondilute spray.

The main objective of the present investigation is to study
droplet interactions in forced-convective flows and to provide
parametric information on the effects of interactions among
droplets. The results should be useful for the modeling of
dense-spray phenomena. The present study considers droplet
interactions in the presence of forced convection, covering
Reynolds numbers of interest for practical sprays, by solving
the three-dimensional Navier-Stokes equations for flows
through droplet arrays. The arrays considered are monosized
and planar, with array planes perpendicular to the approach-
ing flow direction. To better simulate the flow around droplets,
variable gas properties are used in the analysis. Numerical re-
sults are obtained for a Reynolds number range of 5 to 100,
droplet spacings of 2 to 24 diameters, approaching flow oxygen
concentrations of 0.1 annd 0.2, and two types of fuel, methanol
and n-butanol. N

Law and colleagues® have shown that, for binary droplets
subjected to natural convection, observed interaction effects
during the initial droplet heating period are considerably
greater than theoretical predictions, which do not consider this
transient heating. However, in the same study and also Ref. 11,
Law and colleagues have also shown that, for a single compo-
nent fuel at low to moderate pressures, effects of transient
heating becomes small after the initial 10-20% of the droplet
lifetime. Including transient heating, the analysis will introduce
additional complexity, and predictions of droplet interactions
will depend on the coupled effects of droplet initial conditions
(size, temperature, etc.), approaching flow conditions, the his-
tory of vaporization, and the instantaneous droplet size, spac-
ing, and Reynolds number. Quantitative presentation of results
and the isolation of individual factors affecting droplet interac-
tions will become more difficult. As a result, only steady-state
conditions are considered, and the predictions presented in this
paper are applicable to interacting droplets only after the initial
heating-up period.

Assumptions /

In thé most general case, the equations describing the flow
include conservation of mass, momentum, energy, and species
for both the gas and liquid phases. Additional constitutive
relations are the equation of state and the thermodynamic and
transport properties as functions of temperature, pressure, and
species concentrations. In order to make the problem tractable
and to avoid undue complications, the following assumptions
are made: . :

1) The gas-phase processes are quasisteady, i.e., the gas
phase adjusts to the steady-state structure for the imposed
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boundary conditions at each instant of time. This assumption
is justified by the large liquid/gas density ratio. Because of the
density difference, the liquid-phase properties, e.g., the surface
regression rate, surface temperature, and species concentra-
tions, change at rates much slower than those of the gas phase,

2) Liquid-phase internal motion and transient heating are
neglected. The droplet remains uniformly at the wet-bulb tem-
perature, which is determined by balancing the heat transfer to
the liquid and latent heat of vaporization.

Because of assumptions 1 and 2, the. droplet size, spacing,
and Reynolds number all remain at their initial values, and
transient heating of the droplet is excluded from the analysis.
These assumptions-offer two very important advantages. First,
the detailed flowfield solutions within the liquid droplet be-
come unnecessary, and the only interphase properties sought in
the solution procedures are wet-bulb temperature and pressure,
from which other interphase boundary conditions (such as fuel
vapor concentration) can be calculated. Second and more im-
portant, the parametric effect of individual factors affecting
droplet interactions can then be studied, without complications
caused by simultaneous change of more than one parameter,
droplet initial conditions, and the history of vaporization.

3) Phase.equilibrium is maintained at the droplet surface.
The fuel vapor concentration at the surface is-given by the
saturated vapor pressure correlation for the pure liquid, e.g.,
the Clausius-Clapeyron equation, at the wet-bulb temperature.
Surface tension corrections are neglected.

4) Effects of thermal radiation and turbulence, as well as
Dufour and Soret effects, are neglected. The droplets are spher-

“ical. The pressure of the approaching flow is maintained at

1 atm, and the ambient gases have negligible solubility in the
liquid phase. The effect of natural convection is also neglected
since the Grashof number is generally two orders of magnitude
smaller than the square of the Reynolds number for the flows
considered in this study. )

5) Mass diffusion is represented by an effective binary diffu-
sion law. ‘ . )

6) The chemical reaction rates are much faster than the gas-
phase transport rates, so that combustion occurs in a thin flame
sheet where fuel and oxygen meet in stoichiometric propor-
tions. The chemical reaction at the flame sheet is assumed to be
governed by single-step kinetics of the type

fuel + oxidizer — products

Flames around vaporizing droplets are generally thick, and the
flame sheet assumption may not be realistic. This assumption is
necessary in this study, however, since the alternative, namely,
a finite-rate kinetics model, would be too expensive for the
present three-dimensional flow calculations because many ad-
ditional stiff species equations have to be solved.

7) The mass diffusivities of the combustion products and the
fuel vapor are equal. Since the binary diffusivity is only a weak
function of species molecular weight, the error introduced by
this assumption should be small. Because of assumptions 6 and
7, the gas-phase species concentration field of the burning
droplets can be described by one conserved scalar quantity,
e.g., the mixture fraction (defined as the fraction of mass that
originated from the droplets). )

8) Effects of the wake instability are neglected. The onset of
wake instability for solid particles in isothermal flow occurs at
a Reynolds number around 130, which is greater than the max-
imum Reynolds number (100) considered in the present study.
No information is currently available for the effect of vaporiza-
tion or combustion on the onset of wake instability.

The foregoing assumptions may become invalid at low pres-
sures (below 1 atm), near the thermodynamic critical point of
the fuel, for very small droplets (on the order of 1 um), or in
the presence of luminous flames. It is noted that, in practical
sprays, the droplets vaporize and accelerate (decelerate) in the
gas-phase flowfield; then, at some time in the life histories of
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the droplets, their Reynolds numbers will be sufficiently low to
make the effect of natural convection important.

Analysis

Governing Equations

The three-dimensional, unsteady Navier-Stokes equations
are solved for the asymptotic steady-state flowfield in droplet
arrays. The equations are cast in conservation law form and
solved using a finite-difference method. To enhance numerical
accuracy and efficiency, coordinate mappings are employed
that bring droplet surface and symmetric planes onto coordi-
nate surfaces and cluster grid points near the droplet surface.
The governing equations, written in the generalized curvilinear
coordinates &(x,y,2), n(x,y,z), and {(x,y,z), are given as fol-
lows:12

0 NE—-E) oF-F) &G-G)
L =0 1
alt T T e T M
where
p pU
pu pulU + & p
i pv . poU+Ep
Gg=J7" | pw E=J"! pwU+fsz
e e+pU
of pfU
pV pW
puV +n.p puW +{.p
) poV +n,p ) poW +(,p
F=J"1|pwV+np G=J"1|pwW+{p| (2
(e+pV (e+pWw |
pfV W

U= éxu + éyv + ézw
V=nu+nv+nw
W={u+o+Lw 3

where U, V, and W are contravariant velocities, ¢,, £, £, etc.,
are the metric coefficients, and J is the Jacobian of the coordi-
nate transformation.

The viscous flux terms are given by

0

6 Tex T éytxy + éztxz

. cxfyx + éyryy + 6zTyz

E, =" ¢+, + 81, 4
éxax + éyay + ézaz

gxﬁx + éyﬂy + izﬁz

x

The forms for £, and G, are similar to E,, except that & is
replaced by n and { in F, and G, respectively. -

The stress and viscous dissipation terms and the species and
thermal energy diffusion terms are given by

Ty = 21, — Zzilu(ux +v, + w,)
Tay = Tyx = l‘t(uy + Ux)
TXZ = TZX = u(uz + wx)

T, = 2up, — 3u(u, +v, +w,)

Tyz = sz = .u(vz + wy)
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T2z = 2l'th - %.u(ux + v, + Wz)

Oy = —gx + Uty +0T,, + Wi,
o, = —q, +ut, +ot,, +wr,
o, =—q, +ut,, +vr,, +wr,,
Bi=pDefs B, =pDefy,  B.=pDf.

Ns
g= —kT, — Z hip2,Y,,
i=1

i

Ny
qy= -kTy - Z hip@iYiy

i=1

Ny

q:= _sz_ Z hipgiYiz (5)
i=1

where the subscripts x, y, and z denote differentiation in the

respective directions. The total internal energy per unit volume
and pressure are given by

N,
e=th,~Y,——p+%(u2+vz+w2) (6)
i=1 .
T
hl' = h?l +J‘ CIJi dT (7)
Tr
. N Y,
P =pRT —<
p 7 (8)

i=1

where £}, is the heat of formation for species 7 at the reference
temperature 7. The Cartesian derivatives are to be evaluated
in {,n,{ space via the chain rule, for example,

Tx = éxTC + ”xTr] + (xT(

Thermodynamic and Transport Properties

Thermodynamic and transport properties at each grid point
in the flowfield are calculated using temperatures and species
concentrations calculated at the previous time step. The spe-
cific heat, thermal conductivity, and viscosity for each species
are determined by polynomials of temperature, such as

C, =A,+ BT+ CT*+DT? 9)

The coefficients of these polynomials are found in Ref. 13. The
specific heat of the gas mixture is obtained by concentration
weighting of each species. The thermal conductivity and viscos-
ity of the mixture, however, are calculated using Wilke’s law;!*
for example, the mixture viscosity is determined by

N,
3 Ui

p=y —H— (10)

xS e,

53

o

where

q)..=[1 +(#i/ﬂj)%(ﬂlj/Mi)}q2 "
T2+ MMp

The binary mass diffusivity for the fuel vapor in the ambient
gas is obtained using the Chapman-Enskog theory in conjunc-
tion with the Lennard-Jones intermolecular potential-energy
functions. Details of this method can be found in Ref. 14.

Combustion Model

Both droplet evaporation and combustion are considered in
the present study. For the burning droplet case, a mixing con-
trolled combustion model is employed. Chemical reaction rates
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are assumed to be much faster than-gas-phase mixing rates,
and the chemical reactions proceed immediately to completion
when the fuel vapor and the oxidizer are mixed in stoichiomet-
ric proportions. The flame front positions are determined from
the stoichiometric mixture fraction values. The concentrations
of the unburned fuel vapor, combustion products, oxygen, and
nitrogen (assuming the approaching flow is composed of only
oxygen and nitrogen) can then be determined by the mixture
fraction and the flame front location. Denoting the stoichio-
metric coefficient (by mass) of oxygen as v and the oxygen mass
concentration in the approaching flow as Q, the stoichiometric
mixture fraction value and the species concentrations in the gas
mixture can be calculated from

1

Sstoie = T3va (12)

from the droplet surface to the flame front,

[Yoroa] = A1 —f)(1 +1/v)
[Yro]=(1-Q)1-f)
[Y02] =0
[YUF] =1- [Yprod] - [YNZ] - [Y02] (13)

and from the flame front to the outer edge of the flow domain,

[Yprod] =f(1 + V)
[Yrol =(1 Q)1 —-f)
[YUF] =0
[Yoz] =1- [Yprod] - [Y1v2] - [YUF] (14)

After the concentration field is obtained, temperatures and
pressures are calculated from Egs. (6-8), using Newton’s itera-
tion method.

Surface Integral Parameters

Previous numerical and experimental studies on drag and
heat and mass transport for isolated droplets in high-tempera-
ture flows are abundant.'* Results from these studies are used
~ to validate the current analysis described in this paper. Since

results were presented in the form of drag coefficients and Nus-
selt numbers for most of the existing studies, these integral
parameters are also calculated in the present study to facilitate
comparison.

The drag force on the liquid droplet consists of contributions
from the viscous stresses, the pressure, and the momentum flux
due to vaporization at the interface. The computed momentum
flux force (the thrust drag) at the droplet surface is about two
orders of magnitude smaller than the other two forces and is
therefore neglected. If grid orthogonality is maintained at the
surface, the axial (approaching flow direction) component of
the surface shear stresses can be written, in terms of variables
in the curvilinear coordinates (£,1,{), as

(az‘z/a( owjoe a0 on 617/66) xe

t—=+—=+
N N SN YN

oW |d
+u< /C—%A) u (15)
V8 Vi V
where
N U
U= —or
VE+E+ ¢
N Vv
| —
ni+n;+n2
- |4
W=

JEFEG+EE

8ee =Xi+yi+z}
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A= (é_xuf + éyvf + ézwf) + (’1x”r, + 00, + "zwr’)
+ (Cxul + Cyvc + Czwc)

is the rate of dilation. The expressions for g,, and g, are simi-
lar to gg..
The axial component of the pressure force is
X,
444

Integrating over the droplet surface and nondimensional-
izing with approaching flow quantities, the drag coefficient
becomes

1 Emax  [*max
Cp ———J J (Ff+Fp)\/g§§grm_g%n d¢ dn

T nd(ous/8) Jemt b
(17

F,=—p (16)

where g,, = x;X, + Yy, + 2:2,

To be consistent with most of the published data, the Nusselt
and Prandtl numbers are calculated using the film properties,
ie.,

‘Hd, Comblm
Nu=k—mp, Pr=PT:—

where the subscript m refers to the film condition defined by
o = 1/2 in the following equations:

For vaporizing droplets_:
T,=0T,+(1—-0)T,
Y,=o0Y,+(l—w)Y, (18)
For burning droplets:
T,=aT,+ (1 — )T game
Y.=0Y,+(1—2)Yaume
The heat-transfer coefficient is given

For evaporating droplets:

He k(@T/ory)
(Tao - s)
For burning droplets:
k(@T/or,)
H=—0o " (19
(Tﬂame - Ts) )

where the derivative d/dr, for orthogonal grids at the surface,
is given by

Numerical Methods

Grid System

Two-dimensional planar arrays of equally spaced droplets
are employed in the present study. A schematic of a typical
array configuration is shown in Fig. 1. Because of the symmet-
ric arrangement of droplets, only a 45-deg sector, as indicated
in Fig. 1, needs to be considered in the computation. To en-
hance numerical accuracy and efficiency, coordinate mappings
are used that bring droplet surface and symmetry planes onto
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Fig. 1 Schematic of the two-dimensional droplet array.

Fig. 2 Grid system.

FLOW

”‘
:} APPROACHING
|

(b} Meridional plane (y = 0).

coordinate surfaces and cluster grid points near the droplet
surface. This would also help the implementation of boundary
conditions since no interpolations are required at boundary
surfaces. An O-type grid, as shown in Fig. 2, is generated alge-
braically, with a minimum radial spacing (in the physical do-
main) of 0.02 droplet radius, and the grids are stretched
exponentially in the radial direction outward from the droplet
surface. For clarity of presentation, much larger grid spacings
near the droplet surface and fewer grid lines are shown in Fig.
2 than were actually used in the calculations. Grid orthogonal-
ity is maintained at and near the droplet surface so that the
interphase heat and mass fluxes and the shear stresses can be
casily calculated. In the curvilinear coordinates, the computa-
tional domain is rectangular parallelpiped with uniform grid
spacing, which facilitates the use of standard unweighted
differencing schemes and helps to maintain higher-order nu-
merical accuracy. Most of the calculations in the present study
are performed using a 55 x 15 x 55 grid in the axial (approach-
ing flow), azimuthal, and radial directions, respectively. Fifteen
grid lines in the azimuthal direction are considered adequate
for spatial resolution since the flow domain (only 45 deg) and
the gradients of flow properties are smaller in this direction
than in the other two directions. The grid is reduced to
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STREAMLINES

ISOTHERMS

Fig. 3 Streamlines and isotherms of an isolated vaporizing methanol
droplet for 7., = 800 K and Re = 100 at meridional plane (y = 0).

41 x 12 x 41 for the lowest Reynolds number case (Re = 5)
owing to the numerical instability in the finer grid. One calcula-
tion for Re = 100 using a 65 x 18 x 65 grid was performed and
showed negligible improvement over the results obtained using
the 55 x 15 x 55 grid. Therefore, it may be concluded that
the numerical solutions are relatively independent of the grid
density.

Finite-Difference Procedure

The finite-difference scheme used for solving the governing
equations is the delta-form implicit approximate factorization
algorithm described by Beam and Warming.!® Since this and
other similar schemes are fully documented in the litera-
ture,'21617 only a very brief discussion of the numerical
method will be given here. Because only the asymptotic steady-
state solutions are required, a first-order Euler implicit scheme
is used to integrate the unsteady Navier-Stokes equations in
time. The spatial derivative terms are approximated with
fourth-order central differences. Fourth-order explicit and sec-
ond-order implicit artificial dissipation terms are added to the
basic central-differencing algorithm to control the nonlinear
numerical instability.'® Local time linearizations are applied to
the nonlinear terms,'® and an approximate factorization of the
three-dimensional implicit operator is used to produce locally
one-dimensional finite-difference operators.'®!7 The resulting
operators are block pentadiagonal matrices, and their inver-
sion, although much easier than the unfactorized operators,
accounts for the major portion of the total computational
effort of the implicit scheme. To improve the numerical
efficiency, a similarity transformation'® is employed that diago-
nalizes the blocks in the implicit scheme and produces scalar
pentadiagonal operators in place of the block operators.

Boundary Conditions

The boundary conditions are implemented explicitly. The
velocity, temperature, static pressure, and species concentra-
tions are specified for the approaching flow. At the down-
stream plane where the flow leaves the computational domain,
flow properties are extrapolated from interior points except for
the static pressure, which is set equal to the approaching flow
value. These upstream and downstream boundary conditions
are applied at a distance of 25 diameters from the center of the
droplet. At the midplanes between the droplets, symmetry con-
ditions are applied. The droplet surface mass flux due to gasifi-
cation is given by

(Y /0r),

(-7, (20)

pUs = —pDy

and the gas velocity components at the surface are obtained
accordingly. The pressure on the droplet surface is calculated
with a normal momentum relation (obtained by combining the
three momentum equations).’? The droplet surface tempera-
ture is taken as the wet-bulb temperature, which is obtained
from the balance of the total heat transfer to the surface and
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Fig. 4 Drag coefficients for isolated solid particles and evaporating
droplets.

the latent heat of vaporization and, therefore, is part of the
solution. The surface fuel vapor concentration Y, is obtained
from the partial pressure of the saturated fuel vapor at the
wet-bulb temperature using the Clausius-Clapeyron equation.
For the case of droplet evaporation (nonburning), the gas
phase is considered as a binary mixture of fuel vapor and air,
and the mixture fraction f is equivalent to the fuel vapor con-
centration; hence, f; = Y, and Y, =1— Y, at the droplet
surface. For burning droplets, the surface mixture fraction is
calculated by

Js = Yr + faoi1 — Yiy) (21

where ;. is given by Eq. (12). Concentrations of the remain-
ing species at the surface are obtained using Eq. (13).

Results and Discussion

Calculations are first made for single, isolated solid particles
and evaporating droplets, where the abundance of existing ex-
perimental and numerical data facilitates the validation of the
analysis described in previous sections. The streamlines and
isotherms for an isolated methanol droplet in a hot airstream at
a temperature of 800 K, a particle Reynolds number of 100,
and a pressure of 1 atm are shown in Fig. 3. There is a recircu-
lation region (wake) formed behind the droplet, and the reat-
tachment point at the axis (f = =) is located at 0.96 diameter
from the rear stagnation point. The isotherms show steep gra-
dients near the front stagnation point, indicating that the heat-
transfer rate is higher at the front half of the sphere. The
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Fig. 5 Numerical heat-transfer data for isolated droplets.

locations of the reattachment points behind solid particles in
isothermal flows were also calculated for Reynolds numbers
20-100. The predictions (not shown here) agree very well with
the calculations of Rimon and Cheng?® and the experimental
data quoted therein. As an example, the present calculations
show that the reattachment distance for a solid particle at an
Re of 100 was 0.92 diameter, compared to the value of about
0.90 diameter reported in Ref. 20.

The drag of isolated solid particles in isothermal flows and
the drag and heat transfer of isolated evaporating droplets in
hot streams at a temperature of 1000 K are compared with
numerical results reported by Renksizbulut and Yuen.'® The
friction, pressure, and total drag coefficients are shown in Fig.
4, and the heat-transfer results in Fig. 5. The Reynolds number
and B number appearing in these two figures are defined as
Pyt and Cp, (T, — T)/hy,, respectively. The agreement
between the present calculations and the results in Ref. 15 is
very good. Since the numerical results in Ref. 15 correlate well
with a wide range of experimental data, the present numerical
results also are in good agreement with experimental data.
Figures 4 and 5 also indicate that the standard drag law and the
conventional empirical expressions for Nusselt number can be
used for evaporating droplets in flows with large variations of
transport properties, provided the proper film properties are
chosen for evaluation of Reynolds number and the heat-trans-
fer number B.

Law and colleagues'® have indicated that flame size and
ambient oxygen concentration are the major factors in deter-
mining the extent of interactions for burning droplets. The
flame shapes for single, isolated methanol and n-butanol
droplets at Re = 25 are illustrated in Figs. 6a and 6b, respec-
tively. Approaching flow oxygen concentrations of 0.1 and 0.2
are considered. Since the stoichiometric mixture fraction of
n-butanol is smaller than that of methanol, the flame size of the
former is larger than the latter, especially near the wake, where
the high mixture fraction region extends to several diameters
downstream of the rear stagnation point. The influence of oxy-
gen concentration on flame size is also illustrated in Figs. 6a
and 6b. For the lower oxygen concentration ambient flow, the
stoichiometric condition occurs at a greater distance from the
droplet surface. This, in turn, will yield a larger flame standoff
distance for the lower oxygen concentration case. The same
figures also show that, along the direction of the front stagna-
tion line, the flame is situated at a larger distance for the higher
oxygen case. This is caused by the intense blowing of fuel vapor
against the approaching flow owing to the proximity of the
flame. For the higher oxygen case, the flame temperature is
higher and the resulting blowing is stronger; this, in turn,
pushes fuel vapor farther upstream and yields a larger flame
distance along the front stagnation line.

Another important aspect in droplet transport analysis is the
evaluation of physical properties for the gas mixture around
the droplets.>*!* To illustrate the importance of physical prop-
erties, the gas-phase thermal conductivity, the viscosity, and
the product of density and fuel vapor mass diffusivity in the
0 =90 deg plane, normalized by the surface properties, are
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Fig. 6 Flame shape for isolated droplet at Re =25.
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Fig. 7 Normalized gas mixture transport properties for isolated
methanol droplet at § =90 deg plane, Re =50.
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Fig. 8 Gasification rate correction factor for evaporating methanol
droplets. i
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plotted against radial distance in Figs. 7a and 7b for an isolated
droplet undergoing evaporation (Fig. 7a) or burning (Fig. 7b).
The figures clearly show that, in numerical simulations, if phys-
ical properties are taken to be constant and evaluated at the
freestream (evaporation case) or flame (burning case) condi-
tions, droplet transport rates will be significantly overestimated
compared to the variable-property approach. Law and col-
leaguesS have also pointed out that, for isolated droplets,
because of constant-property assumptions, theoretical predic-
tions of the flame size consistently exceed experimental values
by factors of 3-5. ' ‘

The results shown in Figs. 3-5 have demonstrated the valid-
ity of the present analysis and numerical procedures. Calcula-
tions .of the interacting droplets are considered next. The
droplet assemblages considered are planar arrays of equally
spaced monosized droplets. The arrays are oriented perpendic-
ular to the approaching flow direction. In the following, the
effects of interactions are presented as a gasification rate cor-
rection factor:

rate of gasification of a droplet in an array
" rate of gasification of an isolated droplet

The gasification rate correction factors for evaporating
(nonburning) imethanol droplets are shown in Figs. 8a and 8b
for T, =700 and 1400 K, respectively. As seen in Fig. 8,
droplet interactions are only important for small spacings and
low Reynolds numbers. They become negligible for spacings
greater than about 6 diameters and Reynolds numbers greater
than about 10. The present calculations show much weaker
and shorter-ranged interactions than predicted by the diffusion
theories,”® where the effect of forced convection is not con-
sidered. A close inspection of the predicted flowfield indicates
that, in the presence of forced convection, temperature and
concentration variations are contained in a boundary layer
around the droplet and that the approaching stream conditions
prevail outside this boundary layer. Since the boundary-layer
thickness around the droplet is of the order of magnitude of
one droplet-diameter for the Reynolds numbers considered
here, the effects of neighboring droplets on evaporation are not
likely to be very significant for droplet spacings much greater
than one diameter.

Figures 8a and 8b indicate that the results are very similar
for ambient temperatures of 700 and 1400 K. The higher ambi-
ent temperature, shown in Fig. 8b, yields a slightly stronger
interaction between droplets. The thicker thermal and concen-
tration boundary layers and the stronger competition among
neighboring droplets for thermal energy caused by the more
intense evaporation at the higher temperature are responsible
for the increased interactions between droplets at the higher
temperature. ‘

The gasification rate correction factors for burning methanol
droplets are shown in Figs. 9a and 9b, for approaching flow
oxygen concentrations of 0.1 and 0.2, respectively. The interac-
tions are stronger than the results previously shown in Figs. 8a
and 8b for the evaporating droplets. This is attributed to the
higher gasification rate due to the presence of the flame and the
competition for oxygen by neighboring flames. The lower am-
bient oxygen concentration case also shows stronger interac-
tions than the higher ambient oxygen concentration case as
shown in Figs. 9a and 9b. As previously discussed in Fig. 6, the
flame size is larger in the lower ambient oxygen concentration
stream, which increases competition for oxygen by neighboring
flames and results in stronger interactions.® It can be clearly
seen in both Figs. 9a and 9b that, in contrast to the findings
based on the diffusion theories,”® the effects of interactions
between droplets diminish rapidly for droplet spacings greater
than about 6 diameters and Reynolds numbers greater than
about 10. The stronger and longer-ranged interactions  ob-
tained by the diffusion theory are caused chiefly by the neglect
of forced convection and the use of constant properties in the
analysis.
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Fig. 9 Gasification rate correction factor for burning methanol
droplets.
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Fig. 10 Gasification rate correction factor for burning r-buthanol
droplets.

The burning rate correction factors for n-butanol droplets
are shown in Figs. 10a and 10b. The differences between Figs.
10a and 10b are similar to those previously illustrated in Figs.
9a and 9b, i.e., larger flame size in the lower ambient oxygen
case yields stronger interactions between droplets. Figures 10a
and 10b show that n-butanol droplets experience slightly
stronger interaction effeéts than methanol droplets under the
same flow conditions. This can again be explained on the basis
of flame size in that the larger flames of the n-butanol droplets
(as shown in Figs. 6a and 6b) compete more vigorously for
oxygen since they are physically closer than the smaller flames
of the methanol droplets.

The effects of droplet interactions on droplet drag are also
investigated in the present study. The blockage of flow by the
adjacent droplets accelerates the flow (venturi effect) and pro-
duces larger shear stresses as well as a larger wake. This results
in a slight increase in friction and pressure drag. The increase
in drag due to the venturi effect, however, is mitigated some-
what by the reduction in the boundary-layer viscosity resulting
from lower temperatures of the fluid around the interacting
droplets (owing to the competition for thermal energy for
evaporating droplets and larger flame standoff distances for
burning droplets). The net result is an insignificant change in
drag due to interactions between droplets.

J. PROPULSION

Conclusions

In the present study, we have investigated the effects of inter-
actions between droplets on the drag and gasification rates of
evaporating and burning droplet arrays. The arrays considered
are planar, oriented perpendicular to the approaching flow,
and composed of equally spaced monosized droplets of the
same fuel type. The following conclusions can be drawn.

1) The present analysis predicts less intense and much
shorter-ranged droplet interaction effects than those previously
obtained using the diffusion theories. The present analysis con-
siders forced-convection and variable-property effects, whereas
both are generally neglected in the diffusion theories. Since
most practical sprays have appreciable droplet Reynolds num-
bers and involve large property variations, the present analysis
appears to have more relevance for consideration of droplet
interactions.

2) The effects of droplet interactions are stronger for fuels
and ambient oxygen concentrations that produce larger flame
sizes and thereby increase competition for oxygen between
droplets. Low ambient oxygen concentration and fuels with
smaller stoichiometric fuel mass fractions tend to increase the
level of droplet interaction.

3) The effects of droplet interactions on drag are small for
the array configuration considered in the present study.

Arrays with droplets aligned along the flow direction are not
considered in the present study. For droplet Reynolds numbers
encountered in practical sprays, the wake can extend to more
than one droplet diameter downstream of the rear stagnation
point, and the wake flame is even longer. Droplet interaction
effects for such arrays are likely to be significant and warrant
further study.
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