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Prediction of Two-Phase Flowfield in Ram Combustors

D. Albagli* and Y. Levy?
Technion, Haifa, Israel

The basic mixing phenomena in a ram combustor are investigated through implementation of an adequate
physical model and adoption of a numerical procedure for the solution of the equations representing the flowfield.
The proposed physical model is able to predict the fiowfield of particle-laden, chemically inert, confined, coaxial
turbulent flows. The particulate phase is treated as a continuum that is in dynamic and thermal nonequilibrium with
the host fluid. The resulting set of Eulerian conservation equations are numerically solved by means of a modified
version of the TEACH-T computer code, which has shown satisfactory convergence characteristics for the cases
investigated. Two numerical simulations are performed. The first one, representing low-speed cold flow of confined
jets, is the counterpart of an experimental study for the verification of the physical model and its numerical solution.
The second simulation adopts the assessed operating conditions of a ram combustor in sustained flight at sea level.
Profiles of primitive flow variables obtained from the simulations display a good quantitative agreement with the
experimental results in the first case and indicate the mixing performance of a relatively simple ram combustor

geometry in the second case.

Nomenclature

= sectional coalescence/fragmentation coefficient
,C = sectional vaporization coefficient (source and sink, |
respectively) '
= specific heat
= diameter
= interphase drag force per unit volume
= turbulence production term
= convective heat-transfer coefficient
= turbulence kinetic energy
= latent heat of vaporization
=number concentration
u = Nusselt number
= pressure
= interphase heat transfer per unit volume
=radial coordinate
= gas constant
= Reynolds number
= source term
= temperature
= control volume
= velocity
= molecular weight
= abscissa
= ordinate
= specie mass fraction
= axial coordinate
= dispersed phase volume fraction
= outer flow inclination
=inner flow spread angle
= transport coefficient
= specific heat ratio
= Kronecker delta
= turbulence kinetic energy dissipation rate
= von Karman constant
= dynamic viscosity
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P = density; concentration

o = Prandt! or Schmidt number
T = shear stress '

¢ = any scalar variable

v = operator 9/0x;

Superscripts

(") = absolute

() = derivative with respect to time
(") = fluctuating component

(") =time averaged

(") = Favre-averaged

Subscripts

D = drag

g = gaseous phase

H  =related to Prandt! number

i = directional component, ith specie
J = directional component

k = directional component, kth particulate phase
/ = laminar

P = constant pressure

p = particulate phase

t = turbulent

V= constant volume

Introduction

UTURE requirements for air-breathing supersonic mis-

siles impose the development of advanced propulsion sys-
tems. The ram rocket is considered one of the most promising
concepts in this field. In such a system, fuel-rich, metallized
solid propellants are burned in a primary combustion cham-
ber. The primary reaction products containing partly unre-
acted gaseous fuels and metal particles expand through a pri-
mary nozzle into a ram combustor, where they mix and
subsequently react with secondary ram air and are exhausted
through a secondary nozzle (see Fig. 1).

The two-phase flowfield in ram combustors determines the
mixing between the fuel-rich primary exhaust and the sec-
ondary ram air, which significantly affects the secondary
combustion efficiency. The objective of this study is to assess
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the governing equations of the two-phase flowfield and to
obtain their numerical solution in a basic ram combustor
configuration.

The ability to deal with the complex flowfield in a ram
combustor environment requires rigorous knowledge of a
number of physical and chemical processes, including turbu-
lent mixing of the gas generator exhaust with the ram air,
recirculating flow, finite-rate chemical kinetics of the gaseous
fuels, and particulate fuel ignition and combustion.

Although the first operational ram rocket concept was
introduced over 30 years ago, systematic theoretical and
experimental investigations began to appear in the unclassified
literature only in the early 1970’s. The development of new
measurement techniques and the enhancement of the compu-
tational capabilities, together with the growing interest in this
field, - led to a somewhat more liberal publication policy,
enabling more efficient communication among research staff
from different backgrounds.

Studies on ram combuster geometry and performance were
published by a number of authors, e.g., Gutmark and
Schadow,!® Schadow et al.,?* Smoot et al., 262" Miller et
al.,'¢ Choudhury,* Zetterstrom et al.,®® Streby,? Tsujikado,>
Ishikawa,'? and Stull et al.*® These works range from cold-
flow water-tunnel simulations to combustion characteristics of
particle-laden flows, leading to certain basic conclusions:

1) Nonparallel injection of the secondary air enhances
mixing, and further enhancement can be obtained by increas-
ing the number of the inlet ports and injection angle.

2) Fuel injector modifications can be effective in widening
the stable combustion zone, especially on the fuel-rich side.

" 3) Both the combustion efficiency and the stability perfor-
mance are improved by increasing pressure and inlet tempera-
ture and by reducing combustor Mach number.

4) The combustion efficiency of metal particles is strongly
related to their ignition and multiphase mixing processes in
the combustor.

Theoretical studies on confined jets, leading to the basic
ram combustor configuration, were carried out by Curtet,’
Chigier and Beér,> Peters et al.,'® Ghia et al.® Tufts and
Smoot,* and Razinsky and Brighton.? Most of these analy-
ses are based on the boundary-layer approach, often revealing
good agreement with experimental data and showing the
predominance of the viscous effects in ducted mixing systems.

The incorporation of the particulate phase in such flow-
fields comprising all types of interaction with the host phase
has not as yet been achieved despite the attempts of Migdal
and Agosta,'> Genovese et al.,” and DiGiacinto et al.,® which
preclude certain interphase coupling effects.

Considering the difficulties of dealing with a multitude of
coupled mechanisms involved in secondary combustion, it
may be concluded that substantial progress toward the predic-
tion of such flowfields has been achieved in recent years.
Nevertheless, the models proposed so far suffer from 1)
oversimplifying assumptions, such as dynamic and/or thermal
equilibrium of the multiphase mixture, and 2) lack of avail-
able, quantitative experimental data.

In view of the need for further understanding of the flow-
field in ram combustors, the objectives of the present study
were determined as the assessment of the conservation equa-
tions for two-dimensional, axisymmetric, turbulent, dynami-
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Fig. 1 A typical ram rocket concept.
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cally and thermally coupled two-phase flow of confined
coaxial jets (simulating the basic ram combustor configura-
tion), and the numerical solution of the elliptic flowfield.

Physical Model

Basic Assumptions

The physical model implemented in this study predicts the
mixing characteristics of particle-laden, confined, coaxial, tur-
bulent jets with coupled mass transport, dynamic and thermal
nonequilibrium effects in a simulated ram combustor. The
equations governing the flow of both gas and particle phases
are assessed according to the Eulerian approach. Effects of
chemical reactions are not yet considered in this work.

The major assumptions used in the development of the
model are: 1) steady-state flow conditions for all phases; 2)
nonreactive, two-component, thermally and calorically per-
fect, ideal gas phase; 3) uniform, spherical particle base
treated as a continuum; 4) k-¢ isotropic turbulent transport
model, excluding particulate phase effects; 5) no Brownian or
thermal diffusion of particles; 6) no radiative heat transfer;
and 7) no gravity effects.

Governing Equations

Gas Phase Equations

Continuity:
V'(ngg)‘:ZSgk (N
k
ith specie:
pg(Vg 'V)Yi=V'[(#g/0,~)VY,-] 2)
Momentum:

(Ve V)V, = —VP +V[V-(u,V,)]
_KM;‘:Fpk _;(Vg_ l/;;k)Sgk (3)
Thermal energy:

c
peces(Vs VT, =V~ (ﬁ;— vrg)

H

+(Vg'V)P—;QPk—§ |Ve * Fol

- Z LkSgk - Z cre(Tg ~ Tpk)Sgk O]
x K
Turbulence kinetic energy:
pe(Ve * Ik =V [(1g [, ) VK] + S (3)
Turbulence kinetic energy dissipation rate:
Pe(Ve Ve =V [(1, /) Vel + 5. 6)
Particulate Phase Equations
Continuity:
V(oo Vor) = Spk )]
Momentum;

ppk(Vpk %) Vpk = V{V ‘ [(Ilg / Upk) Vpk]}
+F,+V, — Vpk)Sgk F+Vorer 1= Vo) Biebpic +1 (®)
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Thermal energy:

PoxCrpk(¥, pk V) =V [(Iichpk/ Hk)V il

+ O + LkSgk ey Tpes1— To)BePpev1 (9)

Auxiliary Relations

Under the assumption of ideal gas conditions, the equation
of state establishes the relationship between the pressure P,
gas temperature T,, and gas density p,,

P=p.R,T, (10)

R, is the gas constant that can be evaluated from the universal
gas constant R,, the mass fractions of gaseous ingredients Y,
and their molecular weights W,

R =Y (Y;/W)Ry (11)

The relation between the gaseous phase partial density p, and
the gaseous phase absolute density p, is

- (1 ) a,,k)ﬁg (12)

o, being the volume fraction of kth particulate phase in the
control volume, namely,

=VulV (13)

Equation (1) describes the conservation of mass within the
gaseous phase, i.c., the divergence of the gaseous mass flux
vector p, ¥, must be equivalent to the total gaseous phase
mass production per unit volume, X, S, due to the mass
transfer from particulate phases. This source term can be
related to a combined condensation/vaporization/volume
chemical reaction rate E, to yield

. 1
Sk = @ Epp (14)
where
. m
E =d? = ——Pk
k pk 7[d kppk (15)

is evaluated empirically.3¢

Equation (2) is related to the conservation of gaseous
species. The source term referring to chemical reactions is
omitted in accordance with the model assumptions. The term
K. is the effective viscosity of the gaseous phase and o,
represents the Schmidt number of turbulent diffusion for the
ith specie, for which various correlations are established.?!

The first and second terms in the right-hand side of the
gaseous phase momentum equation (3) represent the pressure
and shear forces applied per unit volume, respectively. The
third term is the total drag force exerted on the gas by the
particulate phase per unit volume, which can be expressed as

F, = Ny

kY dkaDk PglV pkl(Vg - Vpk) (16)

and is reduced to the form

8
= ‘ZP" pg(1+ 0.15ReSSTY W, — V) (17)
pk pk

by implementing the widely used drag coefficient expression®

24
C =
Dk Re

Pk

(1 +0.15Re%5% (18)
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The particle phase concentration p,, is the absolute mass of
the particles per unit volume, which is calculated from

nd;
Pore = Ny —— 6 Ppk (19)

whereas N, denotes the number concentration of the kth
particulate phase
The relative (slip) Reynolds number is defined as

Repk — pgdpleg - VPkl (20)
He

The particulate phase is treated as a true continuum in the
model. This implies that a cloud of particles is able to transfer
its momentum to the gas in the same way that the gas imparts
its momentum to the particles. However, if the particle cloud
is to exert a sufficient drag on the gas, the interparticle spacing
must be smaller than the diameter plus twice the boundary-
layer thickness on the sphere; otherwise, the gas acts as a
freestream, with the kinetic energy of particles dissipated
completely in their own wakes. To account for this situation,
a momentum transfer effectiveness K,, is introduced, such
that K,, = 1 for the case when particles are accelerated by the
gas and K,, < 1 when particles are decelerated by it.®

The fourth term on the right-hand side of Eq. (3) represents
the momentum contribution of the gaseous phase production
term (mass transfer from particulate phases) due to interphase
velocity lag.

Equation (4) sets the thermal energy balance for the
gaseous phase. In general, the temperature of a moving fluid
element changes because of heat conduction/radiation, expan-
sion effects, viscous heating, interphase heat/work transfer,
and phase change/chemical reaction sources. Radiative heat
transfer is not taken into account in this study. An additional
effect of the lower order, the viscous dissipation term, is
omitted.? The first term on the right-hand side of Eq. (4)
represents the diffusion of heat by conduction. ¢p, is the
specific heat of the gaseous phase at constant pressure, o, the
effective Prandtl number, and T, the gas temperature. The
second term refers to the reversible rate of thermal energy
increase per unit volume caused by compression. The third
term is the total convective heat transfer from particulate
phases per unit volume, which can be written as

ka = Nj’kndgkhpk(Tg - Tpk) (21)

which takes the form of

. 6 pox 2+0.6Pr Re2
= FrE ek )T 22
ka dgk ﬁpk ﬂgcl’g Pr ( k) ( )

by making use of the relation
Nuy =2+ 0.6PrRex, (23)

The term &, is the convective heat-transfer coefficient be-
tween the kth particulate phase and the surrounding gas, and
Nu,, is the Nusselt number defined as the ratio of d; 4, to the
particulate phase thermal conductivity. The fourth term on
the right-hand side of Eq. (4) is the total work done on the
particulate phase by the surrounding gas, causing a thermal
energy loss for the gaseous phase. The last two terms in the
gaseous phase thermal energy equation describe the heat loss
due to mass transfer by vaporization (or gain due to conden-
sation) process. The former is the heat needed to vaporize the
particles, L, being the latent heat of vaporization; the latter is
the heat spent to raise the temperature of the vapor to that of
the surrounding gas.

Equations (5) and (6) are those of the two-equation k-¢
model of turbulent transport.’*> The model assumes that the
turbulent viscosity is isotropic, and the transport equations
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are solved for the kinetic energy of turbulence
k =4 u; (24
and its dissipation rate
€ = (0u; [0x;)? (25)
The turbulent viscosity is calculated from the relation
s = Cupgk?e (26)
whereas the effective viscosity is defined by

Mo =W+ u (27)

1
u, being the laminar viscosity of the gaseous phase. The
turbulence correlations are related to p, by the Boussinesq

relations
~ ou; O, 204, )
7 AT i il ¥ (28)
Patti¥ K (6xj ox; 3ox. °
and
~ He 6‘5
. =-—— 29
Pt ® oy 0%, (29)

Appearing in the diffusion terms of Egs. (5) and (6), 6;, and
o, are the turbulent Schmidt numbers for turbulence kinetic
energy and its dissipation rate, respectively. The remaining
source terms are defined as

S, =G — Cpp,e (30)
and
s'e=clfG—cngf (31)
k k
where

The model comprises six empirical constants, common values
of which are®

Cl = 1.44,
C, =0.09,

Cy=192,
O = 100,

CD = 1.00
6, =122 (33)

Equation (7) describes the conservation of mass for the kth
particulate phase; p,, represents the phase concentration (par-
tial density) and ¥, its mean velocity. The production term
S, includes the interphase mass transfer to the surrounding
gas as well as the mass exchange between particulate phases
resulting from variations in mean particle size by condensa-

tion/vaporization and coalescence/fragmentation processes:

1V
Spk = kapk+ 1= Ckppk + 7 Z Z Aklmpplppm (34)
Ppx V17T 'm

The first two terms on the right-hand side of Eq. (34) set the
contribution from the larger-size groups and mass loss from
vaporization (or gain from condensation), respectively, and
the last term includes interparticle coalescence/fragmentation
contributions from all neighboring size groups / and m to the
kth size group. ¥V is the control volume, whereas ¥, stands for
the volume of a monomer, a unit particle definition used in
interparticle collision frequency evaluations.>” The derivation
of the functional forms of the coefficients A,,, By, and C, is
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given by Tambour.?? It is noted that since coalescence/frag-
mentation processes are overall-mass-conserving within par-
ticulate phases, they do not contribute to the gaseous phase
production term defined in Eq. (14).

The momentum balance for the particulate phases is formu-
lated in Eq. (8). The term o, is the turbulent Schmidt number
for the kth particulate phase, determining its turbulent diffu-
sion through the surrounding gas. More rigorous treatments
on the turbulent dispersion of particles can be found in
Hinze,!! Picart et al.,'® and Shih and Lumley.?’ The second
and third terms on the right-hand side of: the equation con-
cerning interphase momentum exchange have their counter-
parts in Eq. (3). The last term represents the momentum
contribution of particles leaving the higher size group as a
result of the vaporization process. Interparticle coalescence/
fragmentation effects on the average momentum transfer be-
tween the particulate phases, which require rigorous
modeling, are not incorporated.

Equation (9) sets the particulate phase thermal energy
balance. The first term on the right-hand side describes the
thermal diffusion within the particle cloud, ¢, being the
specific heat of the particles, o, the turbulent Prandtl num-
ber for the particulate phase, and T, the particle mean
temperature. The second and third terms represent the inter-
phase convective heat transfer and the latent heat of vaporiza-
tion, respectively, which were referred to in Eq. (4). The last
term represents the thermal energy contribution of particles
leaving the higher size group because of vaporization. As in
the particle phase momentum equation, coalescence/fragmen-
tation effects on interparticle heat transfer are not considered
for lack of an available model. ‘

It is noted that, under the assumptions for the transfer
processes, since the thermal energy of the particles can be
changed only by interphase heat transfer, the work resulting
from gaseous drag on the particles affects only the kinetic
energy of the particle cloud.

Boundary Conditions

For subsonic flow conditions, the elliptic nature of the
coupled conservation equations (1-9) requires the specifica-
tion of boundary conditions for each dependent variable at
the boundaries of the solution domain to complete the defini-
tion of the physical problem. The domain under consideration
is the half-section of an axisymmetric ram combustor model.
The combustor- geometry and appropriate boundary condi-
tions are illustrated in Fig. 2.
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Fig. 2 Ram combustor geometry and computational grid system.
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Inlet

As seen in Fig. 2, the inner and outer inlets simulate the gas
generator nozzle exit and air inlet, respectively. The inclina-
tion of the outer inlet flow is denoted by o, whereas the nozzle
spread angle B, for the inner inlet, can be set to describe the
expansion of gas generator exhaust. Distributions of all of the
dependent variables are specified at the inlet cross section.

Outlet and Symmetry Axis

The axial gradients of the dependent variables are set to
zero at the outlet whereas, at the centerline, the radial gradi-
ents vanish as a result of symmetry.

Solid Boundary

To avoid the need for detailed calculations for the gaseous
phase in the vicinity of the wall where the laminar and
turbulent effects are of the same order of magnitude, a
one-dimensional Couette flow analysis is made.® The layer is
assumed to be one of constant shear stress and constant (or
zero) heat/mass flux, which is adequate for an impervious
wall, with a zero or negligible streamwise pressure gradient.
The momentum equation is then reduced to a particularly
simple dimensionless form:

du T u,)du"
= (+m,) — = (1+¥)-— 35
7= (w Hh)dy or - ( o) dyF (35)

where

1
yt A u, =<fﬁ>2 (36)
The terms 7 and y represent the shear stress and the coordi-
nate normal to the wall, respectively, superscript + denotes a
normalized quantity, and subscript w refers to the value on
the wall; y* is identified as the local Reynolds number, with
u* the “friction velocity.”

The flow region near the wall is separated into three zones:
the viscous sublayer (0 < y * < 5), where viscous effects domi-
nate; the inertial sublayer (30 <y * < 400), where the flow is
assumed completely turbulent; and the transition zone
(5 <y ™ <30). The conventional approach is to dispose this
transition zone by defining a point y* = 11.63, below which
the flow is assumed purely laminar and above which it is
purely turbulent:

For y*=<11.63u*=y*, otherwise u* =1/kin(Ey*) (37)
where

B = Kpgyu,, k=04187, =~ E=9.793 (38)
K represents the von Kidrman constant, and E is an integration
constant depending on the magnitude of the variation of shear
stress across the layer and on the wall roughness.” The same
treatment goes for heat or any other scalar transport as the
momentum transport.

As for the particulate phase, no boundary-layer assump-
tions are made in the vicinity of the wall. The fluxes of all
particulate phase variables are merely set to zero on the solid
boundaries.

Solution Method
TEACH-T Code

The present study utilizes the SIMPLE (semi-implicit
method for pressure-linked equations) procedure developed
by Patankar and Spalding,'’ available as the TEACH-T
code,’ for the numerical solution of the equations system
described in the previous section. The governing equations
were reformulated into conservative form so that the SIMPLE
procedure could be appropriately implemented.

J. THERMOPHYSICS

The general form of the equations describing two-dimen-
sional flows is partial differential in form and elliptic in
nature: ’

d 10 i, 0 1 ¢
5;(pu¢) +;57(prv¢) =8¢ +6_Z <1“¢ —6—2—) +'; <1“¢r5>

(39

In this equation, u and v represent the time-averaged velocities
in the axial and radial directions, respectively. The variable ¢
stands for time-averaged quantities, such as mean velocities,
turbulence kinetic energy, turbulence energy dissipation rate.
The transport coefficient I";, assumes its proper representation
for each variable ¢. S? stands for source term contribution,
such as generation/destruction, pressure and body forces. For
¢ =1land I'y =S¢ =0, Eq. (39) transforms into the continu-
ity equation.

A typical computational grid system used in the present
study is shown in Fig. 2. This rectangular grid pattern is laid
out on the physical domain of interest. A nonuniform grid,
with finer spacings in the regions where large spatial gradients
prevail, is generally preferable. Each computational cell (con-
trol volume) surrounds the point of location of the relevant
variable. Staggered control volumes are used for the axial and
radial velocity components, as indicated in Fig. 2. The re-
maining scalar quantities of interest are computed at the grid
nodes. Hence, the storage locations of the velocities and scalar
variables pertaining to each node form a triad, as emphasized
in the same figure by dotted lines within the grid. This
staggered system has the advantage that the variables U, V, P
are stored such that the pressure gradients driving the veloc-
ities are easy to evaluate. Moreover, the velocity locations
readily facilitate the calculation of convective fluxes.

The finite-difference form of the time-averaged equations
can be obtained through a semi-integral approach to dis-
cretize the equations over each computational cell of the grid.
The resulting set of simultaneous, nonlinear algebraic equa-
tions are solved by an iterative line-by-line procedure.’

Modified Version of TEACH-T

The rather versatile and modular structure of the original
TEACH-T code allowed the accommodation of particulate
phase equations and the incorporation of mutual interactions
between the phases.

Equations (1-9), describing the multiphase flowfield, are
included in their complete form in the structure of the
modified version. Out of those, the newly introduced equa-
tions are: 1) the gaseous phase specie equation (2), 2) the
particulate phase continuity equation (7), 3) the particulate
phase momentum equation (8), 4) the particulate phase ther-
mal energy equation (9). The specie Eq. (2) was added to
gaseous phase equations to account for the second component
besides air; CO, for cold-flow simulation, and fuel-rich gas
generator exhaust for hot-flow simulation.

Since the particulate phase equations match the general
form of Eq. (39), their incorporation did not pose significant
problems. The particulate phase concentration Eq. (7) is
treated like that of any other scalar variable, whereas the
momentum Eq. (8) and thermal energy Eq. (9) both have
their counterparts in the gaseous phase equations. The differ-
ences are in the values of the transport coefficients and in the
additional source terms due to interaction between the phases.
All of the particulate phase equations are divided into sub-
phases (size groups) within themselves, enabling simultaneous
treatment of particles of up to five different sizes.

In order to attain reasonable convergence characteristics for
a system of strongly coupled nonlinear equations, a special
iteration procedure is employed, as outlined in the following.

In the beginning, iterations for the gaseous phase equations
are performed. Once the desired convergence is obtained, the
iteration process is switched to the particulate phase equa-
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Fig. 3 Convergence characteristics of case 1.
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Fig. 4 Convergence characteristics of case 1 for a different choice of
relaxation factors.

tions, leaving the previously converged gas field idle. After the
convergence of particulate phase equations, the entire set of
equations, including the interaction terms, are solved until the
desired accuracy is obtained for each equation. If a tendency
of divergence in the solution of one (or more) of the equations
corresponding to a certain phase is detected, the pertinent
relaxation factors are adjusted (in most cases, decreased), and
the equations of the other phase are temporarily abandoned
to secure the overall convergence.

Figures 3-35 illustrate the convergence characteristics of the
two numerical simulations that will be described in the next
section. The fluctuations in the residual sources for the
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Fig. 5 Convergence characteristics of case 2.

gaseous phase, shown in Fig. 3 (Case 1 simulation), result
from the improper specification of the initial field guess.
Particulate phase convergence exhibits a slow but persistent
character, until simultaneous iterations take over and both of
the fields converge in relatively few iterations. A different
convergence pattern for the same simulation is given in Fig. 4,
where the input of a previously converged field, as an initial
guess, has accelerated the gas phase convergence. From com-
parison of the last stages of convergence in Figs. 3 and 4, it
can be deduced that the underrelaxation factor employed in
the particulate phase axial momentum equation has a crucial
role in promoting stability. The optimal value of this factor
for the case under investigation was 0.3, with an upper limit
of 0.6.

Figure 5 shows the convergence history of the hot-flow
simulation, Case 2. Especially low underrelaxation factors
were employed in particulate phase momentum equations at
preliminary stages of the iterations. These factors were then
gradually increased after every 100 iterations up to their
conventional values.

The computational grid was selected following a resolution
study on successively finer grids and taking into consideration
the memory and run time restrictions. An axially stretched
42 x 42 orthogonal grid pattern was found to be satisfactory.
Every iteration step toward the solution of the coupled equa-
tions required ~ 3 s of CPU time at an IBM 3081D computer
whereas, in all cases studied, fewer than 2000 iterations were
sufficient to satisfy the total residual source criterion of 10~2,
This criterion compares the sum of the residues of the finite-
difference equations solved for each cell to the relevant exten-
sive property flux fed into the calculation domain.®

Ram Combustor Simulations
Two numerical simulations, named Case I (cold flow) and
Case 2 (hot flow) were performed during this study. The main
parameters of these simulations are summarized in Table 1.

Simulation Case 1

This simulation was planned as a preliminary study in order
to test the adequacy of the physical model employed through
comparison with experimental results. The geometry and flow
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Table 1 Simulation parameters of cases 1 and 2

Parameter Case 1° Case 2
Geometry
Combustor length, L 1.430 m 1430 m
Combustor diameter, d,,,, 0.103m 0.103 m
Primary inlet diameter, d,, 0.014m 0.014m
Secondary inlet slope, o 0deg —15deg
Primary inlet
Gas velocity. V, 42.5m/s 750 m/s
Mach number, M 0.12 0.92
Gas temperature, T, 300K 1800 K
Gas density, p, 1.24 kg/m? 1.06 kg/m?
Specie mass fraction, ¥, 0.10 1.00
Specie molecular weight, W; 44.0 kg/kg-mole  26.0 kg/kg-mole
Turbulence kinetic energy, & 27.1 m?/s? 1.7 x 10* m?/s?
Particle velocity, ¥, 414 m/s 675 m/s
Particle temperature, T, 300 K 1500K
Particle concentration, p, 0.01 kg/m3 0.01 kg/m?
Particle absolute density, §, 4 x 10° kg/m? 4 x 10* kg/m?®
Particle mean diameter, d, 20 pm 20 pm
Secondary inlet
Gas velocity, V, 22.5m/s 250 m/s
Mach number, M 0.06 0.53
Gas temperature, T, 300K 600 K
Gas density, p, 1.18 kg/m? 3.53 kg/m?
Turbulence kinetic energy, k 7.6 m?/s? 1.9 x 10° m?/s?
Outlet
Pressure, P 10° Pa 6 x 10° Pa
Average Reynolds no., Re 1.4 x 10° 9.8 x 10°
Duct wall Adiabatic Adiabatic
Impervious Impervious

conditions were identical to those of the experimental facility,
as described in our TAE report 627.

The case in consideration was the isothermal (300 K) flow
of confined, concentric two-phase jets. Particles introduced by
the primary (inner) jet, with a slight initial velocity lag, were
assumed to have a uniform diameter of 20 um (see Table 1).
The particulate phase Schmidt number in Eq. (8) was taken as
unity. The tracer gas (CO,) mass fraction in the primary flow
was 0.10. The resulting primary-to-secondary mass flow ratio
and momentum ratio were 0.035 and 0.066, respectively.
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Simulation Case 2

After verification of the previous simulation by experimen-
tal results, a more realistic ram combustor simulation was
performed. The ram rocket was assumed to fly at sea level at
a Mach number of 2.3 with a normal shock at the ram inlet,
revealing a heating ratio of ~2 and a compression ratio of
~6. The inclination of the secondary airflow at the combustor
inlet was o = 15 deg (see again Fig..2). The gas generator
exhaust was treated as a single component gas of 26 kg/kg-
mole, containing inert particles of 20-um diameter. The par-
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Fig. 6 Measured a) gas and b) particle velocity profiles at the inlet cross section, taken as initial conditions for simulation case 1.
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a) gas and b) particle velocity profiles 100 mm downstream from the inlet plane (case 1).
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Fig. 8 Predicted a) gas and b) particle velocity fields (case 1).

ticulate- phase Schmidt number was again taken as unity. The
Mach number of the primary flow was 0.92 and the gas
temperature 1800 K. A velocity, as well as a temperature lag,
was imposed on the particles (see Table 1). The primary-to-
secondary mass flow ratio and momentum ratio were 0.019
and 0.060, respectively.

Computational Results and Discussion
Graphic representations of the calculated flowfields refer-
ring to the simulation cases 1 and 2 are given in Figs. 6—10.
For clarity, the scale of the ordinates in Figs. 8—10 has been
taken five times as great as that of the abscissas.
Case 1

Measured gas and particle phase velocity profiles in the
inlet plane of the combustor are shown in Figs. 6a and 6b,

respectively.! Smoothed profiles taken as initial conditions for
the numerical simulation are also shown in these figures.
Figures 7a and 7b show the evolution of the velocity profiles
100 mm downstream from the inlet plane. A satisfactory
quantitative agreement can be observed between predicted
and measured mean velocity values for both phases, with
discrepancies less than 2% at the central zone and slightly
larger elsewhere. The width of the inner jet wake was some-
what overestimated, which is characteristic to the adopted
turbulence model. The turbulence intensity predictions are
very accurate. This is especially emphasized at central double
peak and near-wall distributions, in location as well as in
magnitude. Achieving such an agreement between predicted
and measured values is quite unique and also indicates the
accuracy of the LDV measurements.!

As for the particulate phase, a very good matching is seen
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Fig. 10 Predicted a) gas and b) particle temperature profiles (case 2).

between the predicted and measured mean velocity distribu-
tion, with differences lower than 2% anywhere. The predlcted
and measured jet widths are almost identical. No comparison
could be made for the turbulence intensity dlstnbutlon be-
cause of the lack of an appropriate model.

Case 2

Vector plots of gas and particle phase velocity fields are
shown in Figs. 8a and 8b, respectively. Fuel-rich gas generator
exhaust mass fraction and particle concentration profiles are
given in Figs. 9a and 9b, whereas gas and particle temperature
profiles are shown in Figs. 10a and 10b, respectively. The
mass fraction and temperature profiles of gas generator ex-
haust gases display like behavior, as expected, since the
mechanism of mass and thermal energy transfer are similar in
the physical model.

It is noted that the particulate phase velocity and tempera-

ture profiles should be analyzed in coordination with the
corresponding concentration field, inasmuch as these values
lose their significance in regions where the particle concentra-
tion tends to vanish.

As can be seen in Fig. 8a, the gas phase flowfield exhibits an
intense stratification, starting from the gas generator nozzle
lip, suppressing the turbulent mixing of primary and sec-
ondary streams. Although discouraging at first sight, this may
be favorable for the auto-ignition process, which necessitates
the control of excessive mixing right after the primary nozzle
expansion.

Nonparallel injection of the secondary ram air does not
reveal a large recirculation zone needed for flame stabiliza-
tion, probably because of its high axial momentum and flow
rate. The limited resolution of the computational grid for
detection of minor domains with backflow might have also
contributed to this situation. It seems that a satisfactory
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recirculation can only be achieved by means of abrupt expan-
sion under such flow conditions.

Conclusions

A physical model describing the two-phase flowfield in ram
combustors is developed and validated by numerical simulat-
ions for simple combustor geometries. Although the investi-
gated configuration does not reveal an efficient ram
combustor with plausible mixing characteristics, the computer
code developed during this study has proved a useful tool for
the optimization of geometry and flow patterns toward a
better design of ram combustors. The model can be further
enhanced by the incorporation of chemical reactions, radia-
tive heat transfer, and two-phase turbulence modeling, all of
which are beyond the scope of the present study.
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