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Abstract. A simple entrainment model is used to estimate
droplet streamlines, velocity and mass flux in rocket exhaust
plumes. Since droplet mass flux constitutes only about 1% of
the exhaust mass flux, the effect of droplet entrainment on the
gas flow is neglected. The novelty of the present model is in
obtaining the droplet distribution within the nozzle by assum-
ing a small radial random velocity component for droplets at
the throat. Gas flow in the nozzle is approximated as isentropic
plus a correction for the boundary layer. The computed distri-
bution of droplet mass flux is found to be in good agreement
with experimental data.
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1 Introduction

A knowledge of the distribution of droplets expelled from a
nozzle into space is necessary for the analysis of engineering
problems related to plume impingement, since the droplet out-
flow is a significant source of spacecraft contamination from
rocket exhaust plumes.

The purpose of this study is to compute the entrainment
of droplets expelled from a 10 N thruster, and to compare
the results with measurements of the angular distribution of
droplet mass flux (Hoffman et al. 1985; Trinks et al. 1987) in
plume exhausting into a vacuum chamber.

As with gasdynamics of small thruster exhaust plumes,
the precise initial conditions of droplet flow at the nozzle exit
plane, or at the nozzle throat, are not available. We present a
new approach designed to provide a substitute to the unavail-
able initial conditions. This approach is based on attributing
a random distribution function to the droplet velocity vector
at the nozzle throat. The entrainment of droplets is computed
starting out from the nozzle throat, downstream throughout
the nozzle and the plume; it is assumed that impingement of
droplets at the nozzle wall results in their disappearance (they
form a liquid film).

The plan of this presentation is the following. First the vac-
uum chamber experiments of Trinks and others (Hoffman et
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al. 1985; Trinks et al. 1987) are outlined. The computational
scheme by which droplet trajectories are evaluated, is then pre-
sented. The gas flow is computed via the SIMA/PLI method
(Genkin et al. 1994) and then the entrainment of droplets hav-
ing a randomly distributed velocity vector at the nozzle throat,
along with the results are presented.

2 Experimental investigations

A detailed study of exhaust plume flow and droplet outflow
distribution from a 10 N bipropellant thruster (nozzle exit di-
ameter 2.7 cm, chamber pressure pc = 8.75 bar) was per-
formed (Hoffman et al. 1985; Trinks et al. 1987) in a high-
vacuum chamber. The main findings for droplet outflow are
summarized as follows.
The droplets being expelled from the bipropellant thrusters
constitute two distinct groups: a high amount of small droplets
in the size class of D = 2.5µm, where D is the droplet
diameter. Most of them detected within an angle of about θ ≤
10◦− 15◦ relative to the plume axis; a small amount of larger
droplets in the size range of D = 10−50µm, mostly of these
droplets were focused within about θ ≤ 5◦ − 10◦ relative
to the plume axis. This is interpreted as indicating that larger
droplets tend to retain their axial velocity component by virtue
of their higher inertia.
The mass flux of small droplets is larger than that of heavy
droplets by about an order of magnitude, so that the total mass
flux is determined predominantly by the flux of small droplets
having a diameter of D = 2.5µm. The mass flux of expelled
droplets in steady state was 5 · 10−5 g/ms, which constituted
about 1% of the total gas mass flow.

The droplet velocity is an important parameter for the pre-
diction of droplet impingement effects. The measurements
principle for the velocity measurement performance is the fol-
lowing (Trinks et al. 1987). The droplets leaving the thruster
nozzle are often charged electrically. The electrically charged
droplets in the plume flow lead to an electric field strength
structure which moves downstream from the nozzle with the
droplet velocity. This electrical field structure was measured
by small electrical field probes being situated in the plume at
different positions. These measurements indicated that the ve-
locity of small droplets D = 2.5µm during the steady state
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phase was about V = 3000 m/s. Within a polar angle of about
θ = 40◦ from the plume axis the droplet velocity seemed to
decrease rather weakly with increasing θ .

Droplets composition was monomethylhydrazine plus wa-
ter, and the droplet sticking coefficient at the nozzle walls was
found to be nearly 1.

3 Computational method

In this section we present the method of computation for
droplet trajectories, velocity and mass flux in nozzle and ex-
haust plume flows.

When the droplet velocity vector V is different from the
gas velocity vector of ambient gas U , the force exerted by
the gas on a droplet depends on the relative, or slip, velocity
U − V . This force is called drag and is roughly proportional
to the slip velocity and the frontal area of the droplet. For a
spherical droplet, Newton’s law of motion becomes

dV

dt
=

(U − V ) f (Rey)
τv

(1)

where

τv = ρd D
2/18µ (2)

is called the velocity relaxation time of the motion and f (Rey)
depends on the Reynolds number and ρd is the density of the
droplet. Here the droplet Reynolds number is Rey = ρ|U −
V |D/µ where µ is the gas viscosity and ρ its density.

For very low Reynolds number – less than about one –
f (Rey) = 1, corresponding to Stokes drag. When Reynolds
number does not exceed a few hundred, the empirical curve
f (Rey) = (1+ 1

6Rey
2/3) was suggested (Rudinger 1980) as a

good match to the experimental data. This drag correlation is
justified for cases where droplets are smoothly accelerated by
the gas flow, so that the relative gas/droplet velocity is typically
small. In particular, the relative Mach number is small so the
drag correlation effectively refers to a “locally incompressible”
flow.

In nozzle and plume flows, the gas flow field is presumed
axisymmetric, so that the Eqs. (1) and (2) in the cylindrical
coordinate system can be written as

dVx
dt

=
(Ux − Vx) f (Rey)

τv
(3)

dVy
dt

=

(
Uy − Vy

)
f (Rey)

τv
(4)

Where Vy, Vx, Uy, Ux are axial and radial components of
the droplet velocity and the gas velocity, respectively. These
equations have to be supplemented by kinematic relations for
axial Y and radial X droplet coordinates

dY

dt
= Vy (5)

dX

dt
= Vx (6)

Fig. 1. Inverse-marching scheme

Now, Eqs. (3)–(6) are a system of four ordinary differential
equations involving the four droplet variables: two compo-
nents of velocity and two trajectory coordinates. For the inte-
gration of this system we used the fourth-order Runge-Kutta
method (Zucrow and Hoffman 1977).

4 The SIMA scheme

The gas flowfield and the temperature both in the nozzle and
in the plume are computed in advance by the Method of Char-
acteristics. For the present study we used our own version: the
Semi-Inverse Marching Algorithm plus Power Law Interpo-
lation (SIMA/PLI) for nozzle exit flow variables. We provide
here a brief description of our MOC SIMA scheme. For a de-
tailed account of our particular scheme we refer the reader to
Genkin et al. (1994).

In the case of a shockless adiabatic (rotational) flow, the
MOC construction employs three differential relations. These
are two compatibility relations that hold along the C± charac-
teristic lines, and one constant entropy relation that holds along
the streamline C0. In the case of planar isentropic flow, these
relations reduce to a form where each characteristic line has an
associated “invariant” flow variable, whose value is constant
on that line. It is these invariants which we designate as the
dependent variables in our MOC scheme.

Consider the inverse-marching scheme depicted in Fig. 1.
Here we march along the plume axis, from the “old” line
Y = Yj−1 to the “new” line Y = Yj . The flow at the new
grid point (4) is computed by first finding the trace points
(1),(2),(3) from a reverse extrapolation of the characteristics
C−, C+, Co, and computing the flow variables at these points
by linear interpolation. These values are related to the un-
known flow variables at point (4) in two ways. First, through
a finite-difference approximation to the previously mentioned
differential relations. Second, through the obvious geometric
relations that hold between point (4) and each of the trace
points (1),(2),(3) on the (X,Y ) plane. In these geometric re-
lations, segments of the characteristics are approximated as
straight lines. The slope of each segment is obtained from the
average value of the flow variables at its endpoints. We thus
obtain an implicit set of equations for the slopes of the char-
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Fig. 2. Semi-inverse-marching scheme

acteristic segments (1)–(4), (2)–(4), (3)–(4) and the invariants
at point (4), which is solved by repeated iterations. Standard
relations for steady isentropic supersonic flow of a perfect gas
are also used with this set of equations.

In a region of centered rarefaction flow (e.g. at nozzle lip
when exit flow is highly underexpanded) we normally employ
a modified MOC construction named semi-inverse-marching
(SIMA) which is depicted schematically in Fig. 2. Here we
march forward with C+ and inversely with C− and Co (for a
C+ rarefaction). In this version, the new point (4) is determined
by the intersection of C+ with the new “marching-level” line.
Hence points (1),(3) are old trace points requiring interpola-
tion, while point (2) is an existing old grid point requiring no
interpolation. The motivation for this scheme is the exact solu-
tion that it yields in the case of a planar isentropic rarefaction
wave (i.e., a Prandtl-Meyer corner expansion flow). In this sim-
ple case, an exact solution is obtained since the C+ invariant
is the sole non-uniform invariant in the fan flow region. Thus,
by avoiding trace-point interpolation for that particular vari-
able, we eliminate all truncation error from the computational
scheme.

Either the inverse-marching scheme or the semi-inverse-
marching scheme may be used at will for any grid point on a
new marching-level line. Naturally, as is schematically shown
on Fig. 2, at points outside the corner-centered fan the inverse
version is used, while at points within the fan the semi-inverse
one is preferred. Then, for the purpose of computing a droplet
trajectory, the values of gas velocity and gas streamline inclina-
tion at a trajectory point are determined by linear interpolation
from the nearest four gas grid points.

5 A random computation of droplets in nozzle and plume
flows

In this section we present a random simulation of droplet tra-
jectories in the nozzle and in the plume from the 10 N thruster,

starting out from the throat and a comparison of computed and
measured data. This novel approach to the analysis of droplet
flow within the nozzle may help reach a better understanding
of droplet dynamics and contamination effects.

The 10 N engine is a pressure-fed bipropellant thruster.
The geometrical data of the nozzle are : throat radius Rt =
1.425 mm, exit plane radius Re = 17.5 mm, nozzle length
Ln = 49 mm and half-cone angle 7◦. The chamber pressure
is Pc = 7 bar and the chamber temperature is about 3040 K.
An average-range molecular weight of the products is W =
20.35. The dynamic viscosity at the chamber temperature Tc
is 0.8655×10−4 kg/m×s. The boundary layer thickness at the
nozzle exit was estimated at about δe = 5 mm.

Since experimental data for droplet distribution in the
chamber and in the nozzle are not available, we tested sev-
eral alternate computational formulations for the entrainment
of droplets in the nozzle. In the following we outline these for-
mulations, showing how they suggest that the random droplet
velocity distribution in the throat is the sole initial condition
that leads to agreement with measurements in the plume.

In keeping with the capabilities of the Method of Charac-
teristics scheme, the computation of nozzle flow always starts
out from the throat, assuming uniform sonic velocity and uni-
form density and pressure. Our first attempt at computing the
droplets nozzle flow was to assume a uniform droplet velocity
vector at the throat beyond the boundary layer and decreasing
linearly to zero at the wall in the boundary layer; density is
assumed uniform. The magnitude of droplet velocity was esti-
mated from uniaxial entrainment (along nozzle axis, assuming
one-dimensional gas flow). In the case of small droplets, that
velocity was close to the gas (sonic) velocity at the throat. The
resulting angular distribution of droplet mass flux in the plume
(Fig. 3) was found to be in pronounced disagreement with the
experimental data, particularly in the range of 0◦ to 10◦.

Aiming at an estimation of a plausible non-uniform dis-
tribution of droplet velocity and density at the throat, we re-
sorted to an approximate computation of droplet entrainment
in the convergent section of the nozzle (see Fig. 4). To that end
we employed a “fractional contour” isentropic flow approxi-
mation, yielding an estimate of the two-dimensional subsonic
converging nozzle flow, from nozzle inlet to nozzle throat. Un-
der this approximation, streamlines are assumed to coincide
with “fractional contours” obtained by multiplying the nozzle
contour Y (X) by a fraction 0 < α < 1. We believe that this
approximation, albeit not based on an accurate 2D subsonic
flow, can yield a rough estimate of the magnitude of the two-
dimensional droplet entrainment effects in the subsonic flow
upstream of the nozzle throat.

The initial conditions under this “fractional contour” ap-
proximation were a uniform droplet density and a velocity
vector equal to the uniform gas velocity U = 80 m/s. The re-
sult was a distinctly converging velocity vector distribution at
the throat, as shown in Fig. 5 (smooth line). The magnitude
of the droplet velocity was nearly uniform, and its (negative)
inclination angle varied almost linearly with the radial coor-
dinate up to a cut-off radius of about X = 1.0 mm (the throat
radius being R = 1.45 mm). The resulting droplet flux in the



214

Fig. 3. Comparison of computed and measured (Trinks et al. 1987)
distribution of droplet mass flux at polar radius 30 cm. Uniform
droplet velocity and density at the throat

Fig. 4. Geometry of Thruster Nozzle

plume was concentrated in the near-axis range (within an angle
of about 3◦ from the plume axis), and was thus in pronounced
disagreement with the measurements.

At this point, we argue that the droplet combustion process,
being notoriously fluctuating, is likely to impart a random ve-
locity to those few “residual” droplets that did not burn com-
pletely. Hence, droplets at the end of the combustion chamber
– presumably the nozzle inlet – would probably possess a ran-
domly oriented velocity vector. As an extreme estimate of this
effect, it was assumed that the magnitude of the velocity vector
was uniform (80 m/s) while its orientation was randomly dis-
tributed in the range of −90◦ < θ < 90◦. The initial droplet
location at the nozzle inlet, was chosen at random with equal
probability per unit cross-section area. The resulting distribu-
tion of droplet velocity vector orientation at the throat, is shown
as a cluster of points (Fig. 5), each one representing a randomly
chosen initial location and velocity vector at the nozzle inlet. It
is evident from the “cluster distribution” in Fig. 5, that the ran-

Fig. 5. Computations of angular droplet distribution at nozzle the
throat starting out from the nozzle inlet. The inlet droplet velocity is
80 m/s.
– Nozzle computation for uniform droplet distribution at nozzle inlet.
• Nozzle computation for randomly distributed droplet orientation at
nozzle inlet

dom droplet velocity fluctuations were largely attenuated by
the subsonic inlet flow. Since this “cluster distribution” is not
markedly different from that obtained by assuming uniform
inlet droplet flow, the disagreement with plume experimental
data is expected to persist. As an interim conclusion, we ob-
serve that due to the very large acceleration of small droplets
between nozzle inlet and nozzle throat, their throat velocity
vector is relatively insensitive to fluctuations in the initial inlet
velocity.

Having seemingly exhausted all other alternatives, we re-
sort to assuming droplet initial conditions comprising a ran-
domly distributed velocity vector at the throat. Before em-
barking on the ensuing computational model, we take notice
of the fact that this model constitutes a sharp departure from
the “deterministic” one. In the previous droplet entrainment
scheme, there is a latent assumption of “droplet continuum”,
i.e., the droplet density and velocity are functions of the spa-
tial coordinate. Assuming initial conditions comprising a ran-
domly distributed velocity vector invariably leads to a different
breed of droplet flow description, where droplet velocity vec-
tor at a given spatial coordinate, is specified via a probability
distribution function. A significant observation concerning
the two formulations is the following. When droplets are iden-
tical in size, shape and mass, initial conditions of the deter-
ministic type imply “droplet continuum”. By contrast, initial
conditions of the random distribution kind, imply that a “dis-
tribution function” description of droplets prevails throughout
the flow field. In this latter case, we are compelled (for simplic-
ity sake) to add one more assumption: droplets do not collide.
(This assumption is justified by the relatively small number of
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droplets per unit volume.) Thus, the probability distribution
of droplets at a specified spatial neighborhood, is obtainable
directly from the sub-ensemble of droplet trajectories crossing
that neighborhood.

The specific random initial velocity scheme employed here
is formulated as follows. The magnitude of the droplet velocity
vector at the throat is taken as uniform, and its inclination angle
relative to Y axis θ0 is assumed to be given by the distribution
function

θ0 = arccos
(

RandomNθ

)
(7)

where Nθ is a small constant power, and “Random” is a
pseudo-random variable uniformly distributed in the interval
(0, 1). The value of the powerNθ is to be determined by match-
ing computational results to experimental data.

We note that this definition of randomly oriented initial
droplet velocity, implies a zero circumferential velocity com-
ponent. This assumption is supported by the following argu-
ment. Since the gas flow is axisymmetric, its circumferential
velocity component vanishes everywhere. The attenuation of
an initial circumferential droplet velocity component V 0

ψ (as-
suming Stokes drag law) is approximately given by

Vψ = V 0
ψ exp (−t/τv) (8)

A rough estimate of the characteristic time for droplets of di-
ameter D = 2.5 µm, is τv = 10 µs (from Eq. 2 above), where
the droplet time-of-flight from throat to exit plane is about
t = 30 µs. Hence Vψ at the exit plane, and even upstream
of the exit plane, is quite small. Certainly, neglecting Vψ is
also commensurate with the overall crudeness of the present
droplet entrainment model. Consequently, we assume that the
droplet trajectories are governed by the two-dimensional rela-
tions Eqs. (3)-(6), and are readily integrated beginning at the
initial throat velocity and position, provided the gas flow field
is specified.

For the present droplet entrainment model, we assumed a
simplified nozzle gas flow field, based on the following ana-
lytic approximation. The flow in the nozzle is divided into an
isentropic core and a boundary layer. In the core region, the
gas flow variables are assumed uniform at each cross-section,
and are determined by the isentropic area-ratio relation for
particular thruster:

A(Y )
At

= M−1

[
2

γ + 1

(
1 +

γ − 1
2

M 2

)] (γ+1)
2(γ−1)

, (9)

where A(Y ) is the cross-section area at axial coordinate Y,
At is the throat area. M = U/a is the Mach Number, and
γ is specific heats ratio. It was found out that this simplified
approximation to the flow Mach number and thermodynamic
variables, closely matched the respective flow field obtained
from a two-dimensional SIMA computation of the nozzle ex-
pansion flow. In evaluating the area ratio, the displacement
caused by the boundary layer is taken into account, reducing
the nozzle radius by an amount equal to the boundary layer
thickness δ. Inside the boundary layer, the velocity is simply

taken to vary linearly with the radial coordinate, from its in-
viscid core value to zero at the wall. We also assume that the
thickness of the boundary layer δ is inversely proportional to
the square root of the gas Reynolds number based on the axial
coordinate δ ≈ 6.25Le/

√
Re, where Ree = ρe Ue Ln/µs

and Ret = 2 ρt Ut Rt/µs (Dettleff 1991). Here Rt and sub-
scripts e and t designate conditions at the nozzle exit and the
nozzle throat, respectively. It is estimated that the boundary-
layer thickness increases from δt = 0.2 mm at the throat, to
δe = 5 mm at the exit plane. Thus, the variation of δ from
nozzle throat to nozzle exit, is given by

δ = 0.2

[
1 +

Y

Y0

]1/2

mm , (10)

where Y = 0 at the throat and Y = Ye at the exit plane, and
the constant Y0 is given by Ye/Y0 = 624.

The (uniform) magnitude of the droplet velocity at the
throat was determined as follows. For a 10 N thruster, uni-
axial entrainment yielded a velocity of V = 425 m/s, for
small (D = 2.5µm) droplets, having liquid droplet density
of ρd = 3000 kg/m3. This constitutes a fraction of 34% of the
local (sonic) gas velocity. Since there is a significant deviation
from one-dimensional axial flow in the converging segment
of the nozzle, we propose to consider the velocity ratio at
the throat as a free parameter, to be determined by seeking a
match between experimental and computational data. The uni-
axial velocity ratio previously mentioned, is to be considered
as a lower bound on the velocity ratio, as actual trajectories
are longer than the axial trajectory. As we shall demonstrate
below, our results indicate that a better match is obtained for
a throat velocity ratio of Vt/Ut = 0.64 (assuming perfect gas
and sonic velocity in the throat, we get Ut = 1250 m/s). In
addition, it is assumed that the initial droplet velocity at the
throat varies linearly within the gas boundary layer, from the
core value to zero at the wall, in accordance with the decrease
in gas velocity.

Since the gas streamlines cannot be obtained from a one-
dimensional approximation, they were determined by numeri-
cal SIMA computations for the particular 10 N thruster whose
geometrical parameters were indicated above. The computa-
tion is performed for a nozzle having a circular arc throat
of radius at Rc = 2.14 mm joined tangentially to a wall
having a contour described by the third-order polynomial
X = a + bY + cY 2 + dY 3 . The determination of the four
coefficients a, b, c and d requires four data values regard-
ing the nozzle contour. These are usually associated with two
special points: the nozzle lip and the point of inflection. At
each of these points, the contour radius and angle are given.
For a 10N thruster, the angles at the nozzle lip and the point
of inflection are 7◦ and 35◦, respectively.

Under these assumptions and assuming axisymmetric
droplet motion, we computed 10,000 droplet trajectories start-
ing out from the throat with a random value of the X-coordinate
and of the inclination of droplet velocity (Eq. 7), and found
their distribution in the plume at polar radius 30 cm. It was
found that 10,000 trajectories provided numerically-converged
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Fig. 6. Comparison of a random computed and measured (Trinks et
al. 1987) angular droplet distribution at polar radius 30 cm. The throat
droplet velocity is 800 m/s and droplet density is 3000 kg/m3

results, at a reasonable expense of CPU time (about 1 hour on
486 PC). Computed results are compared with experimental
data obtained by Trinks et al. 1987.

The variations of trajectory distribution of small droplets
D = 2.5µm in the plume are presented in Fig. 6 for different
values of the parameter Nθ ( Nθ is equal to 0.001, 0.0035
and 0.01). The throat droplet velocity Vt is assumed to be
800 m/s. This investigation, performed in connection with a
bipropellant 10N thruster, leads to conclusions which are as
follows.

It is apparent that the computation with parameter Nθ =
0.0035 matches closely the measurements, over the relatively
large range of 1 to 0.0005 of the normalized mass flux, while
the other two computations do not. In the case Nθ = 0.0035
the inclination of droplet velocity at the throat is about 4◦ from
nozzle axis. This means that the magnitude of the random
radial component of droplet velocity is small, at about 7%
of the average velocity. We conclude that the random radial
component of the droplet velocity at the throat should have a
small magnitude of the order of 0.07 of the average velocity.

In the case Nθ = 0.01 (Fig. 6) the droplet distribution
exhibits a clearly exaggerated rate of decay of the normalized
mass flux for polar angles under 20◦. The effect of having an
overly spread-out angular distribution of the velocity vector at
the throat, is analyzed by considering the decay of the radial
inward-pointing droplet velocity vector Vx. Since Vx < 0
decreases in absolute value as the droplet crosses gas stream-
lines, there is an exaggerated accumulation of droplet trajecto-
ries in the vicinity of the axis. This in turn, leads to a depletion
of droplet flux at off-axis angles in the plume, as is apparent
from the normalized distribution in Fig. 6.

In the case Nθ = 0.001 (Fig. 6) the droplet distribution
overestimates the normalized mass flux measurements for po-

Fig. 7. A random computations of angular droplet distribution at polar
radius 30 cm for various droplet density. The throat droplet velocity
is 800 m/s and Nθ=0.0035

lar angles under 15◦ from plume axis. The explanation for the
overestimated relative flux at near-axis angles is analogous (in
reverse) to the explanation for flux depletion in the Nθ = 0.01
case given above.

Another effect apparent from nozzle computations is an
attenuation of the velocity magnitude at the nozzle exit plane
near the nozzle lip. This attenuation is brought on by a de-
celeration of droplet velocity whenever the droplet trajectory
penetrates deep into the boundary layer (but does not reach the
wall). Typically, droplets attaining a velocity of about 2 km/s in
the inviscid core, would be decelerated to some 1.0 to 1.5 km/s
in the boundary layer, before traversing the exit plane. This ef-
fect explains the turning of droplet trajectories in the region of
the corner-expansion flow near the nozzle lip. The magnitude
of this turning angle would have been smaller, had the decel-
eration in the boundary layer not taken place. In the example
of Fig. 6, the droplet turning angle at the lip is about 40◦, and
it agrees with the measured angular spread of droplets in the
plume. In order to keep the present theoretical model at a sim-
ple level, we neglect in this case of droplet deceleration the
effect of compressible gas/droplet flow, with possible shock
waves (if relative velocity is supersonic).

In order to assess the sensitivity of the angular distribu-
tions to the droplet velocity at the nozzle throat, we performed
several additional computations of small droplet angular dis-
tribution, using Nθ = 0.0035 and changing a single parameter
at a time. A change of the droplet density from the nominal
3000 kg/m3 to 4000 kg/m3 and to 2000 kg/m3 (Fig. 7), resulted
in a decrease of normalized mass flux for heavy droplets and
in an increase of normalized mass flux for light droplets. A
change of the average droplet velocity at the throat axis from
the nominal 800 m/s to 500 m/s and 1100 m/s (Fig. 8), resulted
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Fig. 8. A random computations of angular droplet distribution at polar
radius 30 cm for various droplet velocity at the throat, Nθ=0.0035,
ρd = 3000 kg/m3

Fig. 9. Example of droplet trajectories in the nozzle with different
inclination angles at the throat

in a decrease in normalized mass flux for fast droplets and in
an increase in normalized mass flux for slow droplets.

This essentially demonstrates a predictable feature of
droplets outflow. At the throat droplets tend to persist in the
nozzle axis direction, and it becomes more difficult to deflect
droplets in the radial direction when their mass or velocity is
higher.

The sensitivity of the droplet trajectory to the droplet ve-
locity vector orientation at the nozzle throat is shown in Fig. 9.

Fig. 10. A random computations of angular droplet distribution at
polar radius 30 cm for conical and contoured nozzles (measurements
are for contoured nozzle)

In this figure we present two trajectories starting out from the
same point at the throat (Y = 0.9 Rt) but with different ini-
tial velocity vector inclination angle θ = +5◦ and θ = −5◦.
At the nozzle exit these trajectories have diverged about 0.5
cm apart. We conclude that droplet velocity vector inclination
angle at the nozzle throat is essential in order to obtain correct
computation of droplet trajectories in the nozzle and in the
plume.

In Fig. 10 we compare our results with a computation for
a conical nozzle (experimental data are not available). The
gas flowfield is computed in advance by the SIMA method
and droplet trajectories are computed by Runge-Kutta method
for a conical nozzle having the following geometrical data:
Rt = 1.425 mm, Re = 17.5 mm, Ln = 49 mm and the exit lip
angle is 18◦. The contoured 10 N nozzle has the same length,
throat curvature radius and area ratio. We found a decrease of
maximum angle for droplet boundary trajectory from 40◦ to
20◦ and negligible change elsewhere. We interpret this result
as follows. In the contoured nozzle near the inflection point the
wall is inclined at an angle of 35◦. Since at a solid boundary the
gas flow velocity vector tends to be parallel to the wall and the
boundary layer is relatively thin, the gas velocity has large X-
component and droplets are rapidly accelerated in X-direction
in this region. As a result, the concentration of droplets at
the nozzle lip is higher in the case of contoured nozzles. It is
evident that droplet acceleration in the region near the point
of inflection is very important for droplet distribution in the
plume. We conclude that for droplet contamination purposes,
conical nozzles are probably preferable to contoured nozzles.

In conclusion we enumerate the cases where the measured
(Trinks et al. 1987) droplet distribution was not replicated (no
agreement with angular droplet flux in plume).
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(a) Uniform droplet velocity and density in the throat.
(b) Smooth variation of droplet velocity vector orienta-

tion in the throat. (Linear variation of vector angle with radial
coordinate).

(c) Random droplet velocity at (subsonic) inlet to nozzle.
2-D flow was crudely approximated as “fractional 1-D” from
the inlet plane through the converging section of the nozzle.

(d) Repeat (c) with magnified fluctuations of droplet
velocity (multiplied by 2.25).

When a “random” description is adopted, by assuming that
droplet trajectories begin at a random point in the throat (equal
probability per unit cross-section area) and that the orientation
of their velocity vector is randomly chosen, a good agreement
between computed and measured plume droplet flux is ob-
tained.

6 Conclusions

Numerical computations of droplet distributions were per-
formed in connection with a 10 N thruster, both in the rocket
nozzle and plume flow. The computed droplet mass flux is
found to be in good agreement with existing experimental data.

The present study leads to conclusions which can be as-
sumed typical for droplet distribution expelled from small
thrusters:

– The random radial component added to the droplet ve-
locity at the throat should be a small fraction of the average
velocity.

– The angular droplet mass flux distribution in the plume
decreases monotonically with the angle and for small droplets
of diameter 2.5 µm, vanishes at about 40◦ from plume axis.

– The angular droplet distribution in the plume is sensitive
to the mass of the droplet and to the average droplet velocity
at the throat.

– Far from the rocket, small droplets (D ≤ 3µm) follow
closely the gas streamlines with a velocity equal to about 95%
of the gas limiting velocity.

– In a conical nozzle the angular spread for droplets in
the plume is smaller than that of a contoured nozzle. Hence,
for reduced angular spread of droplet contamination, conical
nozzles are probably preferable to contoured nozzles.

– The necessity of random droplet velocity orientation in
the throat implies that the usually-made assumption of conti-
nuity of the particles flowfield does not hold in the present case.
Some further experimental and theoretical studies are called
for to determine the scope and validity of this conclusion.
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