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Nomenclature
BH =
EM =
Nu =
Pr =
Q =
R =
Re =
Rem =
Sh =
Sc =
t =
T =
V =
Y -
p =

heat transfer number,
mass transfer number, (YFs — YFoo)/(l — YFs)
Nusselt number, 2R*h£/k*
Prandtl number, n*c£/k*
heat transfer rate
instantaneous droplet radius, R*/R$
Reynolds number, 2R*p*v£/fji*
Reynolds number, 2R *p£t>«/fi/
Sherwood number, 2R */ZM/(P*£>*)
Schmidt number, /**/(/?*£>*)
time, t*vifi/R$
temperature, T*/Ti
instantaneous freestream velocity, f«
mass fraction
density, p*/p»

Subscripts
f = film conditions
F = fuel component
g = gas phase
t = liquid phase
0 = initial conditions
oo = freestream conditions

Superscripts
* = dimensional quantity
— = spatial average

Introduction

A DVANCES in fuel technology have led to the develop-
ment of fuels characterized by extremely high vaporiza-

tion rates. For example, a recent paper by Lee et al.1 details an
experimental study of the vaporization and combustion of
organic azides at Me < 1 . Their data on diazido-heptane drop-
lets show an ordej: of magnitude increase in the value of the
transfer number BH as compared to n- heptane droplets.
Clearly, such fuels are very attractive for propulsion systems.
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In spray combustion, most droplets evaporate in a highly
convective environment with associated Re > 1. Therefore, the
present work is concerned with convective evaporation of an
extremely volatile droplet at relatively high Reynolds numbers.
Due to lack of thermophysical property data on organic
azides, the droplet is modeled as n-heptane in all respects
except one: the latent heat of vaporization is arbitrarily de-
fined as one-tenth that of n- heptane. Henceforth the modified
fuel shall be referred to as pseudo-heptane. A conservative
numerical method has been used to study the behavior of this
droplet in air at 800 K, 1 atm. Initially the Reynolds number
is 100, and the droplet is at 298 K. The corresponding BHj
is 29. All transient and variable property effects as well as
liquid-phase motion and heating are included in the analysis.
It has been assumed that the shrinking droplet remains spher-
ical, the flowfield is laminar and axisymmetric, effects due to
gravity and thermal radiation are negligible, and the air is in-
soluble in the liquid phase. The relevant literature and the
complete mathematical formulation of the problem can be
found in Haywood et al.2

Results and Discussion
Calculations were performed to a nondimensional time of

/ = 5000, when Re^ = 24, and the fraction of initial mass re-
maining, m/mot was 0.14. Comparisons are drawn between
the results obtained in this study and the results obtained by
Haywood et al.2 from a study of an n-heptane droplet with
identical initial and ambient conditions.

Histories of R, V, Re^/Re^^ and m/m0 fpr the pseudo-
heptane and n- heptane droplets are given in Fig. 1. The R and
m/niQ fqr the pseudo-heptane droplet decrease quickly with
time as expected. The variation of V with time, however, is
very similar to that of the n- heptane droplet despite a signifi-
cant reduction in total drag due to surface blow,ing. In fact, at
f = 5000, K = 0.46 for both droplets. This behavior may be
explained by examining the global momentum equation:
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Fig. 1 Radius, velocity, Reynolds number, and mass fraction histo-
ries: —— pseudo-heptane, --- /t-heptane.
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Fig. 2 Surface temperature and fuel mass fraction: —— pseudo-hep-
tane, --- n-heptane.

Pseudo-heptane values of CD and R are both less than corre-
sponding values associated with the n- heptane droplet, and
thus CD/R is approximately equal for the two cases. As varia-
tions in pe are small over the liquid temperatures encountered
in the studies, histories of Fand dV/dt for the two cases are
very similar.

The droplet surface temperature fs and fuel concentration
YF}S histories are shown in Fig. 2. Although the energy required
for pseudo-heptane vaporization is less than one-third of that
required by the n- heptane droplet (mass transfer increased
two- to three-fold, but the latent heat of vaporization de-
creased ten-fold), heat transfer from the gas phase is unable to
meet the demand, and consequently the droplet is forced to
cool in contrast to the n- heptane case. It is also to be noted
that YF)S ~ 0.9 throughout the droplet lifetime due to the ex-
treme volatility of the fuel.

Figure 3 shows the Nusselt and Sherwood number histories.
The correlations of Hay wood et al.2 and Renksizbulut and
Yuen4'5 for Nusselt number and Sherwood number incorpo-
rate Bffj and BM into solid-sphere correlations to account for
the effects of surface blowing

2 + 0.51Re%Pr}/3

where

BH f = Bfi

I0</tem<2000 (2)

(3)

(4)

(5)

As thermal radiation effects were assumed negligible in this
study, Qr = 0. The correlations proved quite accurate in model-
ing the results of «- heptane droplet vaporization characterized
by values of both B'Hj and BM of order 1. The vaporization
of pseudo-heptane is characterized by much larger values:
B'Hj decreases from 61 to 39 and BM from 10 to 8 over the
droplet lifetime. The correlated values of M//are within 13%
and values of Shf are within 5% of the detailed numerical
calculation.

Figure 4 shows the total drag CD and component coefficients
CP, CF, and CT for the pseudo-heptane droplet, CD for a solid
sphere, and CD for the n- heptane droplet at corresponding
Reynolds numbers. Pressure drag CP dominates representing a

minimum of 85% of total drag at t = 5000. Pressure drag in-
creases as a result of greater surface blowing and a correspond-
ing larger wake, in agreement with the findings of Cliff e and
Lever.6 Friction drag CF decreases by an order of magnitude
from values associated with the n- heptane droplet as increased
surface blowing dramatically reduces velocity gradients at the
surface. The "thrust" coefficient CT results from a nonsym-
metrical surface mass flux; it increases from 1% of total drag
to 4.3% over the droplet lifetime.

A correlation for total drag proposed by Renksizbulut and
Yuen5 and modified by Renksizbulut and Haywood3 to ac-
count for liquid-phase heating:

(6)

proved less accurate than the correlations for Nuf and Shf.
The CD is underpredicted by 30%, leading one to conclude that
the term (1 -i-Bnj)0'2 overcompensates for the effect of blow-
ing on drag. Rather than invalidate the correlation, these re-
sults limit its applicability to moderate values of B'Hj. This
correlation proved much more accurate in previous studies.2'3
It appears that Eq. (6) remains accurate as long as friction drag
contributes to the total drag, which is true for the evaporation

2.00 -

Shf

0 2000 4000
Nondimensional Time, t

Fig. 3 Nusselt and Sherwood number histories: o —full numerical
solution, —— Eqs. (2) and (3).
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Fig. 4 Drag coefficient: —— pseudo-heptane, --- n-heptane.
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and combustion of conventional hydrocarbons. In such cases
the increase in pressure drag due to blowing is largely offset by
the reduction in friction drag and hence the weak dependence
of CD on mass transfer. However, in the presence of excessive
volatility, friction drag essentially vanishes, resulting in the de-
terioration of the Renksizbulut-Yuen correlation.
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Dusty Supersonic Viscous Flow
over a Two-Dimensional Blunt Body
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c =
CD =
Cp =
Cv =
Cm =
L =

p =
Pr =
R =
ReL =

Rep =

Rer =
T =

Nomenclature
sound speed, c/u^
drag coefficient of particle
gas specific heat at constant pressure, J/kg-K
gas specific heat at constant volume, J/kg-K
specific heat of particle material, J/kg-K
reference length, m
freestream Mach number
pressure, p/p^if^
Prandtl number
gas constant, J/kg-K, or leading-edge radius, m
Reynolds number based on characteristic length,

Reynolds number based on particle diameter
[see Eq. (5)]
relative Reynolds number [see Eq. (4)]
gas temperature,

Tp = particle temperature, Tp/t*>
To, = freestream gas temperature, K
u = gas velocity component in x direction, up/
up = particle velocity component in x direction,
i/oo = freestream gas velocity, m/s
v = gas velocity component in y direction, V/MO
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vp = particle velocity component in y direction, Vp/ii*
x,y = Cartesian coordinates in physical space, x=x/L,

y=y/L
T = particle material specific heat ratio, Cm/Cp
y = gas specific heat ratio, CP/CV
d - freestream loading ratio, Pp^/Poo
//, = gas viscosity, ji/jJLoo
/ioo = freestream gas viscosity, kg/s-m
p = gas phase density, p/p^
pm = density of particle material, kg/m3

pp = particle phase density, pp/pv>
Pa, = freestream gas density, kg/m3

a = particle radius, jum
TT = temperature relaxation time [see Eq. (3)]
7V = velocity relaxation time [see Eq. (2)]
(-) = dimensional quantities

I. Introduction

DUSTY gas flows have been studied by a number of au-
thors1'8 in the past due to applications of the flows in

rocket nozzle flow, supersonic flight through dust clouds, in
the prediction of erosion damage caused by dust particles, and
in flow-measuring instruments that use particles as tracers. In
such two-phase flows, the gas phase and particle phase may
have different velocities and temperatures, and as a conse-
quence the two phases interact through viscous drag and heat
transfer. As a result of the interaction, the gas phase flowfield
differs from its corresponding pure gas flowfield. When a
two-phase flow encounters a disturbance such as a shock wave,
nonequilibrium is created between the two phases, and some
relaxation distance is required before the gas and particle
phases obtain a new equilibrium state.

Numerous inviscid analytical and numerical solutions of
dusty supersonic flow over simple two-dimensional ge-
ometries, such as wedges and cones with attached shocks, can
be found in the literature.2'5'7 All of these solutions are based
on the method originally proposed by Carrier.9 The Carrier
method anlysis requires the specification of gas and particle
properties behind the gasdynamic shock as initial conditions
for numerical integration. The determination of gas properties
behind the gasdynamic shock requires knowledge of the shock
location and shape. In a recent investigation,10 which is also
based on the Carrier method, inviscid dusty supersonic flow
over a blunt axisymmetric body with a detached shock was
treated. The solution technique used in the investigation is the
so-called inverse method in which the shock shape is specified
and the flowfield and body shape are numerically determined.

In problems of practical interest, neither the shock position
nor the shape is known beforehand. When a detached bow
shock wave is present, the gas properties behind the shock
required for numerical solution cannot be determined accu-
rately. The presence of multiple shocks complicates the prob-
lem further, since both the gas and the particle properties
needed for numerical solution are not known due to the equi-
libration process taking place between the shocks. In this
paper, a general direct numerical method for solving the full
dusty gas viscous flow equations is presented. The numerical
method is validated by comparing the normal shock structure
solution obtained by solving the two-dimensional equations
using the present method with that of the Carrier method
solution. The present method is also used to compute the dusty
gas flowfield over a two-dimensional blunt body.

II. Model Equations
The basic equations of motion governing dusty viscous

flow1 in two dimensions can be written in conservation form as

8U dF dG_ =
dt dx dy (1)


