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Abstract

A numerical study of the base drag reduction of axisymmetric body projectiles in supersonic flight using a base bleed injection is presented
in this paper. Unsteady computations of compressible viscous flow have been achieved in order to investigate the coupled effect of the bleed
temperature and the bleed mass flow rate on the base pressure. The idea developed in the study, consists in the addition of metallic particles in
the propellant composition used to provide the additional mass injected in order to obtain the lowest base drag. Indeed, for a low mass addition,
a significant increase of the mixture energy is expected due to the particles combustion. Base flow with reactive two-phase injection is then
simulated. Results show the ability of the method to describe such flows and the efficiency of the particles combustion to increase the base bleed

reducing drag effect.
© 2006 Elsevier SAS. All rights reserved.
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1. Introduction

Reducing the drag acting on a supersonic projectile is a chal-
lenging task. During flight, the low pressure in the afterbody
region is responsible for up to 50% of the total drag. Reduc-
ing the base drag is an efficient and practical way to reduce
the total drag of the projectile. Two methods of drag reduc-
tion are typically employed. The first way is to optimize the
shape of the projectile, typically through the use of a boattailed
afterbody which reduces the base surface area exposed to the
afterbody expansion. The second method consists of increasing
the pressure behind the projectile. This can be accomplished
with injection of a low velocity fluid in the recirculation region
directly behind the base, otherwise known as base bleed. Due
to the relatively low mass injection rates, the amount of thrust
produced by the base bleed injection is negligible, especially
when compared with high thrust rocket motors used on rocket-
assisted projectiles. Base bleed is particularly effective for long
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range flights, where the integrated effect of the drag reduction
is manifested. Such a capability is of significant current inter-
est.

The detailed knowledge of the flow around the projec-
tile, and particular the afterbody flow is a requirement before
proposing solutions to reduce the drag. Hence, numerous papers
can be found in the literature concerning experimental [1-7],
theoretical [1-3,8] and—since the eighties—numerical studies
[9-14].

Basic studies consider a simplified problem of a cylindri-
cal projectile in a supersonic flow. The main characteristics of
the afterbody flow are depicted at the top of Fig. 1. The flow
is characterized by a low pressure recirculating region at the
base, also called “dead air region”. The recirculation is sepa-
rated from the external flow by a stream line starting from the
base corner, point A, and ending on the symmetry axis at the
stagnation point, point B. An expansion fan is centered on the
base corner because of the streamlines curvature induced by the
separation mechanism. Downstream, the streamlines conver-
gence at the stagnation point leads to recompression waves: the
upstream pressure value is recovered. The mixing layer which
exists along the streamline (AB) turns into a trailing wake after
it has crossed the recompression waves.
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Nomenclature
Sbase basesurface ...................... i m?
De average base pressure . ...................... Pa
p StAtiC PreSSUIE . .« v .vv v ieeeeeeeeaeeeens Pa
T EMPETatUre. . ...t eeeeeeenn. K
0 density of the considered phase.......... kgm™3
Tp pressure drag (or shapedrag)................. N
1 injection parameter, = n1 /(0o UoSpase)
m injection mass flowrate................. kgm™3
U velocity vector of the considered phase
N density number of particles ................ m~3
& energy of the considered phase
F, ¢—p momentum transfer between the gaseous and the

dispersed phase due to particles drag

Qg—p convective heat transfer between the gaseous and
the dispersed phase

Wp,i mass transfer within the dispersed phase

fg_ p  mass transfer between the gas and the particles due
to the aluminum combustion

Ienerg  heat released by the combustion of aluminum
particles

Subscript

0 relative to the upstream flow

bb relative to the base bleed injection

g relative to the gaseous phase

p relative to the particles (dispersed phase)

The pressure drag (or shape drag), T,, is defined by the in-
tegral of pressure force applied on the body projectile: T, =
/. g pridS. Considering the base, the lower the pressure acting
on the base is, the higher the base drag is.

Considering the boattail effect (Fig. 1, middle), it first de-
creases the base surface, and so diminishes effects of the low
base pressure. Secondly, since the radial component of the flow
is non-zero upstream of the base, the boat tail decreases the
strength of the expansion fan centered on the base corner. The
higher base pressure is manifested by an increase of the recir-
culation length. The boattail also decreases entrainment in the
mixing layer [5].

Considering the base bleed effect, the flow pattern is changed
as depicted at the bottom of Fig. 1. The recirculating flow (now
labeled PRR for Primary Recirculating Region) has moved
downstream due to the motion of the injected gases. Bleed gases
escape from the bleed section between the PRR and the exter-
nal supersonic flow and create a secondary recirculating region
(labeled SRR) against the annulus surface of the base. The re-
circulation is now separated by a stream line starting and ending
on the symmetry axis. There are two distinct mixing layers: the
external mixing layer (between the PRR and the external super-
sonic flow), and the bleed jet mixing layer (between the bleed
jet and the SRR, on the edge of the bleed jet).

In the present study, the base bleed effect is considered. In
actual system, the mass flow rate injected in the afterbody flow
is provided by the combustion of a propellant. It is important
to notice that the injection of mass has not a rocket effect.
Actually, three regimes for base bleed injection are observed
according to the experimental and theoretical studies from the
1950°s [1,8]. This description is based on the amount of injected
mass:

e In regime I, the injected fluid provides a portion of the
mass required for the mixing layer entrainment process.
The PRR decreases in strength with the injection rate, the
recompression shock is weakened, and the base pressure
increases approximately linearly.

e Regime II starts when the bleed flow rate is sufficient to
provide all the fluid required by the mixing entrainment
process. At this point, the recompression shock is consider-
ably weakened, and the base pressure reaches a maximum
value. As the bleed rate is increased, the wake opens be-
cause the bleed jet contains enough momentum to penetrate
through the primary recirculation region.

e Regime III is reached as the bleed rate is increased even
further, and eventually leads to power-on conditions. The
bleed flow acts as a highly underexpanded jet and the base
pressure increases with the bleed flow rate. This regime is
not used for base bleed applications.

The optimal mass injection rate value for base bleed is lo-
cated at the transition between regime I and regime II (see
Fig. 2).

In numerical studies on afterbody flows with or without base
bleed, one can note that most of the latest references are fo-
cused on the turbulent aspects [9,10,12,15,16]. Nevertheless,
turbulence modelling for base flow is not yet a resolved prob-
lem [17] even if some LES modelling has improved the quality
of the agreement with experiments [18].

Kaurinkoski [19,20] and also Rose et al. [21,22] investigated
base bleed configurations with special emphasis on the effect of
chemical reaction between the bleed gases and the external air
flow (post-combustion).

The combustion products temperature appear to be a very
important parameter in the base bleed effect. It was shown that
for the same external flow conditions, hot bleed gases lead to
higher base pressure because of volumetric effects [2].

We will demonstrate that a possible way to obtain hot gases
consists in the addition of metal particles in the propellant (alu-
minum particles). The energy released in the core flow or in
the jet by the combustion of the metal particles will reduce the
drag: this combustion is an energy source for the external flow.
A very few work has been done in this way. In [23], the au-
thors have shown that combustion of metal particles allows a
post-combustion benefic for base bleed. In these experiments,
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Fig. 1. Scheme of a blunt afterbody base flow (top), a boattailed afterbody flow (middle) and a base flow with base bleed (bottom).

magnesium has been chosen over aluminum because of higher compressible two-phase flow equations take into account the

energetic properties of magnesium. Nevertheless, aluminum  combustion of aluminium particles. The governing equations

particles are largely used in the formulation of propellants and are based on a dilute two-phase flows assumptions.

some numerical investigations are necessary to understand such Then, the flow simulations are presented and largely de-

a complex system. tailed. The results will show that hot gases reduce the drag.
The paper is organized as follow. In a first part, the governing ~ Then, the best way to obtain hot gases is to include some re-

equations are reminded. It will be assumed that the unsteady active particles in the propellant formulation.
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Fig. 2. Base pressure vs. injected mass flow rate.
2. Governing equations

The combustion of propellant inside the projectile provides
the base bleed and induces a mixture of compressible flows and
metal particles. Consequently, a multi-phase model is neces-
sary to describe the flow in the afterbody region. This model
must also describe the one-phase flow around the projectile.
The flow may present some quasi-steady characteristics (mix-
ing layers, vortex shedding) then an unsteady model for viscous
compressible two-phase dilute flows is considered. The gaseous
phase is described by the typical Navier—Stokes equations sys-
tem. The dispersed phase dynamics is described by an Eulerian
approach. The effects of the combustion of metallic particles are
here investigated. It was successfully proven that the specific
combustion of aluminum particles can be included in general
codes devoted to Solid Rocket Motors flows [24].

The two-phase flow equations are hereafter reminded. More
details about this complete model can be found in [24,25]. The
particles phase (dispersed phase) as well as the gaseous phase
are described by a set of partial differential equations represent-
ing the mass, momentum and energy conservation laws. The
volume fraction of the solid phase is low enough to use a dilute
flow assumption.

Gaseous phase equations

5%+ $.(p, 0,0+ p) - 9.5,

= Fo_p+ U, M
a’;gteg + V. (Uglpgeg + P1) = V(=G + Ug.Ty)

= Fy—p-Up + Tenerg + Qg—p 2
% + V.04 Up = [pyg.i (3)

with ) pgi = pg and P = p,RT,.

Dispersed phase equations

ap - -

g’t L +V.0,UpU, =~F4_p — U, @)
oN - o
— +V.NU,=0 )

ot

oppep = - = d

ar V.opepUp=—Fg—p.Up = Tenerg — Qg—p ©)
0ppi = P . .

81;1 +V.0piUp=—Tpgitwpi )

with pj, i = pa1 OF PALO;-

Both systems are coupled by source terms representing the
particle/gas drag effect Ij"g_ p» the convective heat transfer be-
tween inert (alumina particles) and gas Qg_p, and the heat
released by the combustion of aluminum particles Ieperg. One
can notice two species equations for the solid phase: they repre-
sent the evolution of the aluminum mass and the alumina mass.
Indeed, during the combustion, the aluminum particles evapo-
rate and burn: one part of the combustion products goes into the
gaseous phase as smoke of gaseous products; an other part is
condensing at the surface of the particle. Thus, the combustion
of metal particles is characterized by the presence of a resid-
ual particle of the metal oxide at the end of the combustion.
This phenomenon, and also the fact that the break-up or co-
alescence phenomena are omitted, is the reason why there is
global conservation of the density number of particles and thus
no right-hand side term in Eq. (5). The mass transfer within the
dispersed phase is modeled through the term w), ; while fp_ 0.
represent the mass transfer between the gas and the particles
due to the aluminum combustion. The model we use for the alu-
minum combustion is a development of the Law’s model (1973)
that was presented in [24,25].

3. Numerical solution

In the research code [24,26,27] used in this study, the set
of governing equations of the two-phase flow is solved by us-
ing a high order finite volume method. The different fluxes for
the gaseous and dispersed phase are obtained with the solu-
tion of exact Riemann solvers [26,28]. The method is based
on an explicit time integration. The boundary conditions are
set by classical methods based on the integration of locally
1D relations chosen according to the incoming or outcoming
waves.

Considering the initial conditions, base bleed simulations are
started from the solution of a no-bleed case computation where
the base bleed inlet condition is assumed to be a wall.

The specific flows encountered here involve boundary lay-
ers as well as Kelvin—Helmolthz instabilities that require a fine
spatial resolution. A multi-domains approach allows maintain-
ing a good numerical accuracy by using quadrangle cells and
efficient parallel algorithm: in each domain, the set of equa-
tions is solved on a single processor; the connecting values are
exchanged by using some MPI procedures.

In the following simulations, the mesh represents a simple
cylindrical base. A cavity in the projectile body represents the
combustion chamber and is numerically solved. The combus-
tion of the propellant is modeled as an inlet boundary condition,
for which the temperature and the mass flow rate are imposed.
Computations are made on three grids: the first one (grid 1) is
coarse, for a first approach, and consists of half as many points
in each direction as the second (grid 2) which has 55 000 cells;
for grid 2, the cell size is 5 x 1072 mm at the wall. The third
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Fig. 3. Left: boundary conditions. Right: zoom of grid 2 (55 000 cells).

grid has twice as many points in each direction as the second
and the cell size is 2.5 x 1072 mm at the wall. A zoom of
the near base region for grid 2 is shown in Fig. 3 (some do-
mains are also visible). The mesh is designed to include the
expansion waves generated at the detachment point i.e. the base
corner.

4. Results

Results are presented as follow. Recent experiments on base
flows with a gaseous base bleed injection are chosen as a
case of reference and, as the conditions of these experiments
are the baseline of the studies presented later, they are de-
tailed first. This allows us to introduce the important parameters
needed, the methodology adopted, and also the post-treatment
applied to our numerical results. The ability of our computa-
tions to describe correctly the transition between the different
flow regimes is also shown.

Then, the conditions of the case of reference are extended in
order to investigate different aspects of the base bleed injection.

In the first place, a gaseous one-phase base bleed injection is
still considered, but a parametric study on the influence of both
bleed mass flow rate and bleed temperature is investigated. In
the second place, the base bleed injection of a two-phase re-
active mixture is considered. One specific case—chosen from
results of the previous parametric study—is computed con-
sidering reactive particles added to the injection. Results are
largely detailed; combustion effects are analyzed as the corre-
sponding non-reactive two-phase injection case has also been
computed.

4.1. Definition of the case of reference

The base bleed experiments investigated by Mathur and
Dutton [6,7,29] are chosen as a reference. The flow behind
a 63.5 mm diameter circular cylinder aligned with a Mach
My = 2.45 supersonic air flow is considered (the correspond-
ing unit Reynolds number is Re = % =52 x 10° m™1). The
base bleed injection is made through a 0.4 diameter bleed
orifice. The gas, both for external supersonic flow and base

bleed injection is air. The total temperature of the bleed flow
is Ty = 300 K and the bleed mass flow rate values are chosen
to range regime I and regime II.

For the injection mass flow rate, the dimensionless injection
parameter I is generally used. It is defined as the bleed mass
flow rate normalized by the product of the base area and the
freestream mass flux:

. m
IOOUOSbase

For the bleed temperature, the dimensionless temperature
Tvw/ To—where Ty is the static temperature of the external flow
and Ty is the total base bleed temperature—is arbitrary em-
ployed.

®)

4.2. Preliminary study

The numerical study of this case of reference, which started
in a previous study [30], allows to show that computations are
able to describe correctly the transition between the different
bleed regimes (especially the two first ones) when the bleed
mass flow rate is increased. To do that, the behavior of the
base pressure p. is examined (the flow analysis is made in the
next section). Seven computations are performed with increas-
ing bleed rate ranging from / = 0 to I = 0.0226. The total bleed
temperature is fixed at the same value as the experiments i.e.
Tob =300 K (Tipp/ To = 2.26).

4.2.1. Procedure to obtain a significant value of the base
pressure

Here is described the methodology employed to extract a
base pressure value from each computation. The base pressure,
Dc, 1s the space-averaged value of the pressure acting on the an-
nulus surface of the base. Considering X as the axial direction:

= 1 o =
pe=——NTll e = —— / _piidS - ©
Sbase SbaseS
base

For each bleed rate value, the unsteady computations lead
to a quasi-steady solution. So, the base pressure is not a con-
stant function of time but varies around a constant value. In the
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Fig. 4. Construction of the graph: Base pressure vs. injection parameter. Left: Temporal evolution of the base pressure signal p. for three different bleed flow rates.
Each base pressure signal is time-averaged; the obtained p. value is plotted as a function of the bleed parameter I on the right. Experimental results from [19] are

also shown.

left of Fig. 4, the time-evolution of the base pressure signal
pe(t) for three computations using grid 2 with different bleed
rates is shown: for each case, the base pressure signal is clearly
unsteady, but a time-averaged value p. of the base pressure
signal can be extracted. Then, one can plot the dimensionless
base pressure p./po (Where pg is the upstream pressure; here
po = 32094 Pa) as a function of the bleed injection parame-
ter (Fig. 4, right). In the following, the term “base pressure” is
assumed to be the time-average value p. of the base pressure
signal, once the quasi-steady solution is attained. Concerning
the temporal evolution of the base pressure signals, an analysis
via FFT did not reveal any preponderant frequency.
Considering the behavior of p. when injection parameter in-
creases, experimental values and results from computations are
plotted on the right of the Fig. 4. Numerical results show that
the base pressure increases quasi-linearly with the bleed rate
from I =0 to / =0.0148, which is a characteristic of regime 1.
The optimum bleed rate value (I = 0.0148) is in good agree-
ment with experiments. Increasing bleed rate past this optimum
decreases the base pressure: regime II has been reached. Tran-
sition between regime I and regime II is well simulated. One
can notice disagreements between our calculations and the ex-
periments in the level of the base pressure values, or, more
precisely, in the variation of pressure inside each regime. Dif-
ferent causes may be suspected: mesh grid size, 3D effects,
influence of the boundary conditions. Mesh grid size influ-
ence is investigated in the next paragraph. Three-dimensional
mushroom type structures have been experimentally visualized
[31] but, of course, cannot be simulated with the axisymmet-
ric computations performed here. About boundary conditions,
the supersonic conditions of the external flow cannot disturb
the supersonic inlet boundary conditions. On the other hand,
when flow conditions are locally subsonic, as in the trailing
wake, outlet boundary conditions (if not well treated) may gen-
erate reflected acoustic waves which can disturb the flow near
the base. This kind of problem has been anticipated. Numerous
prospective computations, with varying computational domain
geometry, were carried out before this study and did not show
any influence of the outlet boundary condition on the time-
averaged base pressure p. or even on the base pressure signal
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Fig. 5. Grid size effects—Base pressure vs. bleed rate (case of reference).

(as already said, no typical frequency of the base pressure sig-
nal could be connected to any length).

4.2.2. Grid size effects

The influence of the grid refinement has been investigated
with three grids of decreasing cell size (described earlier). The
case of reference Ty, / Ty = 2.26 is still considered. Fig. 5 shows
the evolution of the base pressure for the three grids of increas-
ing cell number. Experimental data [6,7,29] are also plotted on
the same Fig. 5.

Strong dependence of the numerical results with the mesh
grid size is easily observable. The behavior of the base pres-
sure vs. bleed flow rate, when increasing the cell number, is not
simple. No solution has been found to be the “converged solu-
tion” in terms of mesh size: in our study, no cell size has been
found to be the size under of which decreasing the cell size even
further does not change the solution.

Some comments have to be made for which Fig. 6 is needed.
The precise description of the flow features is not made here,
but one can just notice that this figure represents the mass frac-
tion contours of the bleed gas for the case I = 0.0075 and for
the three grid used. Detached flows, as the ones studied in this
paper, present strong instabilities which develop in the mixing
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layers, grow and lead to fully turbulent flow in the base region.
NS computations can simulate the largest scales of the instabil-
ities present in the flow (Fig. 6, middle) but the smallest scales
are not simulated (and erased by numerical viscosity) if the grid
is too coarse (Fig. 6, top). For higher detailed mesh, lower scale
instabilities are simulated as well in the mixing zones (Fig. 6,
bottom), and quasi-steady solutions are evidently modified, be-
sides base pressure level (Fig. 5). But, the typical spectrum of
instabilities found in a turbulent flow, from the largest scales to
the smallest, cannot be simulated until DNS is reached, which
is not currently possible on this configuration (predict the ‘real’
flow behavior is then impossible nowadays). Thus, a highly de-
tailed grid allows increasing the range of scale simulated, but a
converged solution, in terms of mesh size, is not attainable with
NS computations.

With a turbulence model, a converged solution (in term of
mesh size) would certainly have been obtained: by increasing
grid detail, which is necessary to obtain highest precision of
the model (but a solution which still depend on the selected
model), any small structure which tends to develop is destroyed
by the artificial viscosity generated by the model himself. Fur-
thermore, the lack of turbulence modeling is the most probable
explanation for the difference between experimental and nu-
merical values of base pressure. But, as said in the introduction,
the lack of turbulent model able to describe correctly base flows

is still one of the major problems of compressible CFD [17] and
the authors, considering that the major point of this paper is to
investigate a possible base bleed effect improvement by using
metallic particles combustion, made the choice to not use any
of the available models.

Finally, in the authors’ opinion, the point of numerical simu-
lations in this configuration is, in addition to describe the most
of the features of the flow, to predict correctly regimes transition
as from a regime to another, base pressure behavior is inverted.
Our computations show that the transition between regimes I
and II is well described with all of the three grids used: firstly,
it occurs at the same bleed rate / = 0.0148 for each grid, and,
secondly, the major features of the flow are present and rela-
tively similar regardless of the grid used (see the presence and
the length of the PRR in each case of Fig. 6). In order to ob-
tain a minimum level of details, grid 1 is however discarded.
The improvement in the description of the flow with grid 3, in
comparison with grid 2, is not enough important (Fig. 6, bot-
tom and middle) considering the much higher computational
cost of grid 3. With grid 2, finally, even if quantitative results
on base pressure should be taken with care, the major flow fea-
tures which lead the transition mechanisms (like explained in
Section 4.3.2.) can be well predicted. Grid 2 will be used af-
terwards for the extended one-phase study and the two-phase
injection study.
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4.3. Extended one phase study

4.3.1. Temperature effects

The influence of both the bleed mass flow rate and the bleed
temperature is now investigated. The same method as previ-
ously is adopted but here, both bleed mass flow rate and bleed
temperature can vary. Temperature values are chosen as follow:
one value lower than the experimental case (100 K), and sev-
eral values higher than the experiments from 500 K to 2300
K stepped by 200 K. The lower value is clearly not realistic
but only a tendency is here researched. The considered bleed
dimensionless temperature range is then 0.75-15.04. For each
temperature value, six computations are performed with an in-
creased injection parameter.

Fig. 7 summarizes the representative results of the entire
temperature and bleed rate range. Like explained before, each
point represents the time-averaged value p. of the “quasi-
steady” base pressure signal obtained during a computation.

Two major observations can be made. The first one is
that the higher is the injection temperature, the lower is the
mass flow rate where transition between regime I and II oc-
curs: with T/Tp = 0.75, the regime II is not reached even
for the highest simulated bleed rate, then, with 7/ Ty = 2.26,
T/Ty=06.77 and T /Ty = 15.04, transition is observed respec-
tively at I =0.148, 1 =0.0113 and / = 0.0075. The second ob-
servation is that the maximum base pressure attained at the tran-
sition (optimal) bleed rate globally increases with bleed tem-
perature ((pc/po)max = 0.68, 0.79 and 0.82 for T/ Ty = 2.26,
T/To = 6.77 and T/To = 15.04 respectively). Noticeably,
regime III is reached for both maximum bleed rate and max-
imum temperature simulated (7'/ Top = 15.04 and I = 0.0226).

With all the base pressure values obtained with 60 compu-
tations (not all shown in the previous Fig. 7), the simple plot
which represents the optimal bleed conditions both in temper-
ature and mass flow rate can be constructed (Fig. 8). It shows
base pressure levels (lower levels in white and higher levels in
black) versus temperature in abscissa and injection parameter I
in ordinate. Solid lines highlight maximum base pressure val-
ues and remind the previously observed balance between those
two parameters that one has to take into account when optimiz-
ing the base bleed system. Also, best base bleed effect is found
for lowest injection rates with highest temperatures.

Pe: 0.35 0.39 0.43 0.47 0.51 0.55 0.59 0.63 0.67 0.71 0.75
T T T T T T T T T T T T

0.02

0.015

—

0.01 maximum base
pressure zone

Injection parameter
|

0.005

0 s
TITo
Dimensionless temperature

Fig. 8. Optimal bleed conditions.

4.3.2. Flow transition mechanism

Here, we focus on the flow changes occurring during the
transition from regime I to regime II in order to verify that com-
putations agree with the description of previous studies (see first
section). The case of reference T/ Tp = 2.26 is considered.

Figs. 9(a)-9(c) represent instantaneous contours of vortic-
ity in the base region for three different bleed rates; the instant
is chosen as the solution is representative of the quasi-steady
solution. Zero vorticity level is gray. Fig. 9(a) shows the case
I = 0.0075 which corresponds to regime I as seen in Fig. 4.
The main characteristic of this regime is the primary recircu-
lation region (PRR) which is clearly visible in the center of
the Fig. 9(a). It is slightly detached from the base: the for-
ward stagnation point is located at x = 0.02 m. The bleed gas
is stopped by the PRR and deviated from the symmetry axis
in the radial direction. Then it goes around the PRR trough the
external mixing layer in which shear layer instabilities (Kelvin—
Helmbholtz instabilities) are visible. The secondary recirculation
region (SRR), composed by two contra-rotative vortices against
the base wall, shows reverse velocities higher than 2/3 of the
upstream velocity. Maximum reverse velocity in the PRR is
obviously on the axis and does not reach 2/3 of the upstream
velocity.

Fig. 9(b) corresponds to the case I = 0.0113, which is
the end of regime I (the optimal bleed rate is reached for
I = 0.0148). Flow behavior is nearly the same as the previ-
ous case—the PRR is still present—excepted that the bleed jet
is stopped farther (approx. one radius) from the base. Here,
Kelvin—Helmholtz instabilities are also visible at the mixing
layer between the bleed jet and the SRR. The SRR has increased
both in length and strength. Maximum reverse velocities reach
3/4 of the upstream value.

In Fig. 9(c), regime II is attained as PRR is not present
anymore. The bleed jet has enough momentum to prevent any
reverse flow to develop on the symmetry axis. The higher bleed
velocity leads to an increased length and strength of the SRR,
in which the pressure is decreased enough to cancel the benefic
base bleed effect observed in regime I.

It is important to note that the Mach number inside the
bleed cavity and at the bleed exit is always subsonic, for all the
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Fig. 9. Instantaneous contour of vorticity for: (a) regime I, (b) end of regime I and (c) regime II.

0.05

case corresponding to regime I and the beginning of regime II.
Fig. 10 shows Mach number profiles at the bleed exit. The case
I = 0.0226 shows locally supersonic zone on the edge of the
jet.

4.4. Two-phase study

Previous paragraph has shown that the use of high tempera-
ture bleed gases increases the base bleed reducing drag effect.
The best way to obtain a high temperature (>2000 K) of gases
produced by the combustion of a propellant is to add reactive
metal particles into its composition. Indeed, the aluminum par-
ticles combustion, that we are interested with, leads to high
energy transfers between the particles and the gas.

Two-phase reactive computations have been achieved and a
sensitive increase of the base pressure has been obtained thanks

(c) 1=0.0226

0.1 0.15

to the reactive particles added to the bleed injection. One has
to notice that the Eulerian approach and the combustion model
have been successfully applied to this axisymmetric external
configuration, which is not a trivial problem. Indeed, several
numerical difficulties, some of which are described further, had
to be resolved before obtaining realistic results.

Hereafter, the combustion effects are pointed out and the
two-phase reactive flow is analyzed on a particular case, which
is an extension of the optimal case of the previous one-phase
study.

4.4.1. Flow conditions

Same external flow conditions as the previous section are
considered. Concerning the base bleed injection, it represents
a typical mixture produced by an aluminum loaded propellant:
hot gases and 10 pm diameter aluminum particles (Fig. 11).
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The mass rate of aluminum particles in the injection is taken
at 15%. Typical values for the temperature of gases and par-
ticles coming from the combustion of a propellant are respec-
tively T, = 2100 K and T}, = 2767 K. The chosen case is the
case where maximum base pressure (p./po = 0.82) has been
reached for this bleed gas temperature in the previous one-phase
study: 7 = 0.0075.

1.2

1=0.0226 ™

06 ;_____._._.__._._..-._._._._|.=9-.0_1.19._._/
0.4F \ :
02f

Concerning the gas phase, a lot of species are present in the
injected combustion mixture; they are classified in two groups
depending on their reactivity with the metal particles: the in-
erts (I) and the oxidizers (OX). A third group represents the
combustion products (PC). The external flow is considered as a
typical O», Ny mixture. Particles can react with (OX) from the
injection and/or O; from the external flow.

Concerning the particles, as already specified, two species
are present: aluminum (Al) first, and alumina (Al;O3) as a
solid combustion product condensed on the particles surface.
The thermodynamic characteristics of these two materials are
gathered in Table 1.

4.4.2. A sensitive increase of base pressure
Thanks to the energy released in the base region by the com-
bustion process, the base pressure reaches a higher value than

Table 1
Thermodynamic characteristics of aluminum and alumina materials

v 1=0.0075 “ Aluminum vaporization heat Iyap = 10896 x 103 KJ kg*1
- ) . ) ) ) ) ) . o Aluminum saturation temperature TsaT =2767K
0 0.005 0.01 Aluminum density oay = 1766 kg m—3
Y (m) Alumina density p;1203 =2513kgm—3
Distance from axis Liquid aluminum specific heat Cpar=117617 kg_1 mol !
P : : _ —1 op—1
Fig. 10. Mach number profiles at the bleed exit. Liquid alumina specific heat CpPAL0; = 1418 Tkg™ mol
- -
s e ~
& e
#y
supersonic external flow P <.
” e o

Air (N2, O2)

—

base bleeg-
injection

inerts (1), oxydizer (Ox)

/
reacting aluminum

particles

/ combustion products (PC)

Fig. 11. Sketch of the two-phase reactive injection case.
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Fig. 12. Streamtraces of the gaseous phase and mass fraction contour of combustion products (top), contour of gas temperature (middle) and contour of alumina

density (bottom).

all previous computations: p./po = 0.87. In the following, the
two-phase reactive flow is analyzed using Figs. 12 and 14 which
are, at the same time, instantaneous contours of several charac-
teristics of each phase.

Fig. 12 (top) shows the mass fraction contours of the gaseous
combustion products and also the streamtraces of the gaseous
phase. Combustion products are evidently not present at the
bleed boundary but appear progressively along the bleed sec-
tion showing the effectiveness of the combustion process. These
products are massively accumulated in the front of the PRR,
which is pointed out by the streamtraces in Fig. 12 (top). As
seen before, the presence of the PRR is a characteristic of
regime I, then the gas flow behavior is typical of this regime:
gaseous combustion products, and also inerts and oxidizers, are
stopped on the symmetry axis by the reverse flow of the PRR;
they go around the PRR trough the mixing layer before escap-
ing in the wake.

Fig. 12 (middle) shows contours of gas temperature. High
gas temperature levels are reached thanks to combustion energy

transfers (Tmax = 3200 K) near the forward stagnation point
of the PRR. Convective mixing leads to nearly 2700 K in the
SRR. These high temperature levels near the base surface are
certainly the reason of the high base pressure value observed.
Fig. 12 (bottom) shows contours of alumina density pal,05-
Alumina is the solid combustion product condensed on the
particle. Alumina mass fraction increases along the bleed sec-
tion as a result of the combustion of particles with the bleed
gas which contains oxidizers. Alumina mass fraction increases
again in the base region where the particles react both with ox-
idizers from the bleed gases and the oxygen from air. High
alumina mass fraction levels in the near wake region are due
to particles accumulation and not to higher combustion rate.
One can note that the solid and the gaseous combustion
products contours are not identical: even if the two phases are
described by two coupled equation systems, the particles iner-
tia allows them to have a motion different from gas. Particles
penetrate through the PRR and are stopped on the symmetry
axis inside of the PRR (=0.06 m from the base) by the re-
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verse gaseous flow. They are then radially deviated and forced
to escape in the wake dropping by the gaseous external mixing
layer. This motion leads to an important feature of this two-
phase flow: the presence of a no particle zone in the core of
a two-phase flow.

This is a particularity that our numerical procedure has to
describe correctly. This is also true for the treatment of the
two-phase zone/no-particles zone interfaces. Another difficulty
is the existence of local high particles density zones, princi-
pally at the dispersed phase stagnation point (Fig. 13). These
zones lead to high heat and mass transfers (transfers due to com-
bustion are evidently proportional to the number of particles)
which increase the risks of numerical divergence. Let us remind
that the Eulerian description of the particles dynamics assume a
“dispersed” media. A high particles density zone could locally
make this assumption not valid. To prevent this problem and
to correctly describe these zones, a particles diffusion model
[32], which takes into account the particles interaction, is lo-
cally used. It modifies Egs. (4) and (7) respectively as follow:

wpUp = = om . .
gt L+ VppUpUp —Tp) =—Fg_p— IwU, (10)
0pp,i :

+ %-(pp,iﬁp - Dp%-pp,i) =—Ip_gi+t+ d)p,i (1)

dt

where T, = up(VV, + (VV,)T) — 2u,(VV,8;)) is the stress
tensor of the dispersed phase. u, and D, are respectively the
particulate diffusion coefficient and the particulate viscosity.

high particles density zone

no-particle zone

two-phase >
base bleed jet = >

gaseous phase \

forward \

stagnation point \
dispersed phase
forward stagnation point

Fig. 13. Difficulty for the Eulerian description of a two-phase base bleed injec-
tion.

0.04 |

0.02 |

002

-0.04

The values ), = 1072 kgm~' s~! and D, = 1073 s~ ! are used
here.

Fig. 14 shows the diminution of the particles diameter, from
10 um at the bleed inlet boundary to nearly 9 um at the bleed
section, and to nearly 7.5 um at a distance of 0.2 m down-
stream from the base. This diminution is obviously due to par-
ticles combustion. The combustion process is not finished yet
in the observed domain as the particles temperature contours
(not shown) shows a constant temperature of 2767 K every-
where particles are present: indeed the particles temperature is
imposed equal to the aluminum saturation temperature during
all the combustion process.

4.4.3. Two-phase inert injection & real combustion effects

Some comments have to be done to show that the observed
gain on base pressure is due to the reactivity of the particles
and not only to the presence of particles themselves. Indeed, the
presence of inert particles in the injection tends to decrease base
pressure levels in regime I and also when regime 1II is reached
(as shown on the Fig. 15, for the case of reference). This phe-
nomenon can be explained by the fact that particles movement
is leaded by drag forces acting on the particles: the particles mo-
tion needs momentum transfer from the carrying phase to the
dispersed phase. The injected gas undergoes a loss of energy
which is no longer available for the base bleed effect. Optimal
bleed rate is found to be the same as the one-phase injection
case, but maximum base pressure is decreased by more than
25% (Table 2).

Concerning the chosen case for the reactive two-phase injec-
tion (corresponding to the optimal conditions of the one-phase
study), an inert two-phase computation has been carried out in
order to highlight the combustion effects. It uses similar condi-
tions but the combustion source terms are turned off. In this last
case, the base pressure value is lower than the one-phase corre-
sponding case (8.5% less), even if heat transfers occur between
the hot particles and the carrying phase. The presence of par-
ticles leads to a loss of momentum for the gaseous phase that
the convective heat transfer cannot compensate. The base pres-
sure value is also lower than the two-phase reacting case (13.8%
less). Base pressure values obtained for these three cases are re-
grouped in Table 3.

The gain on base pressure may appear low regarding to
the increased difficulty to obtain aluminum loaded propellants,

DIAMETRE1
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7.6E-06
7.2E-06

0.1

Fig. 14. Contour of particle diameter.
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Fig. 15. Base pressure decrease when two-phase inert injection is considered
(case of reference).

Table 2
Base pressure values for a one-phase and a two-phase inert injection (optimal
conditions of the case of reference I = 0.0148)

Injection type One-phase Two-phase
7Y (K] 300 300
7" [K] - 300
(pe/ Po)max 0.68 0.50

Table 3
Base pressure values for one-phase, two-phase inert and two-phase reacting
case (optimal hot injection case I = 0.0075)

Injection type One-phase Two-phase inert Two-phase reactive
7Y K] 2100 2100 2100
7Y K] - 2767 2767
(Pe/ Po)max 0.82 0.75 0.87

however, such gas temperature levels cannot be reached easily
without metallic particles addition.

5. Conclusion

First, the one-phase study has shown the capacity of our
computations to describe the flow transition between the two
first bleed regimes (regime III is also well predicted but out of
the topic of the present paper). Transition occurs when the bleed
injection provide enough momentum and/or energy to the de-
tached flow in the base region. Coupled effects of bleed mass
flow rate and bleed gas temperature has been analyzed. The op-
timal conditions for base bleed have been shown to occur both
for lower injection mass flow rate and higher bleed temperature.

Then, the best way to obtain high temperature for gases
usually injected from the combustion of a propellant is to add
metallic load to the propellant composition. Two-phase reactive
unsteady computations have been achieved and have shown that
very high temperature levels could be attained thanks to high
energy provided to the gas by the aluminum particles combus-
tion process.
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