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A theoretical analysis of a variable area ejector with and without combustion is presented. The flowfield is solved

using a steady, quasi-one-dimensional, inviscid control volume formulation with combustion effects included via a

generalized equilibrium calculation. Results for the compression augmentation due to area constriction in a

nonreacting ejector flowfield show good agreement between theoretical predictions and numerical simulations using

an approximate wall pressure distribution that does not require experimental data. Compression augmentation is

shown to be sensitive to the equivalence ratio within the primary rocket chamber, where ejector performance is

greatest at both low and high equivalence ratios but near a minimum at stoichiometric conditions. For an

axisymmetric ejector with a 15% decrease in area along its length at an equivalence ratio of 2.5, the compression

factor obtained can be increased by over 14% when compared with a straight ejector with the primary rocket

operating at nominal conditions.

Nomenclature

A = area
a = speed of sound
Cp = specific heat at constant pressure
CR = Contraction ratio 1 � Am=Ai
�h = molar enthalpy
ho = specific total enthalpy, (h� u2=2)
�hf = molar standard heat of formation
L = length of ejector duct
M = Mach number
_m = mass flow rate
N = molar flow rate
p = pressure
R = gas constant
Ru = universal gas constant
T = temperature
W = molecular weight
x = axial distance
Y = mass fraction
� = air/rocket mass flow ratio
� = ratio of specific heats
� = air/rocket specific total enthalpy ratio
�m = compression ratio, pom=p

o
a

��m = compression augmentation, �m=��m�CR�0
� = rocket exhaust/ejector inlet area ratio
� = rocket equivalence ratio

Subscripts

a = air
i = ejector inlet
k = species
m = mixed flow (ejector exit)
r = rocket
ref = reference conditions (273 K, 1 atm)
w = wall
2 = point of maximum expansion

Superscripts

o = stagnation conditions
� = sonic conditions

Introduction

C URRENTLY the only available means of orbital insertion is by
using chemical rocket engines. Although rocket propulsion

offers a high thrust-to-weight ratio, it suffers from a relatively low
specific impulse (on the order of 300 s), as well as the burden of
having to carry a large quantity of onboard oxidizer. A promising
alternative is the so-called combined-cycle propulsion system
(CCP), which integrates different propulsive cycles into a single
engine/flowpath architecture. One of the variants of the CCP system
is the rocket-based combined-cycle (RBCC), which has at its core a
chemical rocket. A RBCC engine typically operates in four flight
modes, namely the rocket ejector mode, the ramjet mode, the
scramjet mode, and finally a pure rocket mode. The multimode
operation of the engine is where it draws most of its benefits since
each propulsive cycle can be used at its optimum operating
conditions (altitude and Mach number). More detail on RBCC
operation as well as a summary of technical issues can be found in
Daines and Segal [1].

Given the inherent advantages of such an engine significant
research has been carried out in the field dating back to the work of
von Karman [2]. The focus of the majority of this work has been on
the low-speed ejector mode. In this mode, the pumping action of the
rocket stream entrains and compresses atmospheric air through a
turbulent mixing process. To exploit the incoming supply of fresh
oxygen and further enhance thrust extra fuel can be added by either
running the rocket fuel rich and operating the ejector in the
simultaneousmixing and combustion (SMC) scheme, or by allowing
both streams to mix first and injecting extra fuel further downstream
thereby operating in diffusion and afterburning (DAB)mode. To date
numerous experimental studies on the ejector have been carried out
ranging frommixing only operation (Fabri and Paulon [3], Lineberry
and Landrum [4], Quinn [5]) to those including the effects of
combustion in either the SMCmode (Masuya et al. [6], Jos et al. [7],
Li et al. [8]) or inDAB (Lehman et al. [9]).Many of these studies have
been focused on improving themixing process within ejectors due to
its importance. For example, mixing can be improved by inducing
large scale axial vortices inside an ejector by using either a
hypermixing nozzle (Bevilaqua [10], Fancher [11], Quinn [12]) or
forced mixer lobes (Presz et al. [13], Tillman et al. [14]). Another
method is to use a dual thruster arrangement which was shown to
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significantly improvemixing and air entrainment for an ejector under
SMC operation (Cramer et al. [15]).

Modern computational methods have also been used to study
ejectors under various operating conditions. Work in this area
generally involves the solution of the averaged (Reynolds or Favre)
Navier–Stokes equations coupled with eddy viscosity based
turbulence models. When considering mixing without combustion
computational simulations have been used to demonstrate methods
for improving performance such as injecting the rocket exhaust
around the annulus of the ejector (Etele and Sislian [16]) or by
forcing the primary jetflowdirection to oscillate (Daines andBulman
[17]). To simulate ejector operation under more detailed conditions
the effects of combustion can also be included. This influences both
the mixing rate and degree to which atmospheric air is entrained into
the engine, especially under SMC conditions (Daines and Russel
[18]). In fact, it has been shown both computationally (Daines and
Segal [1]) and theoretically (Dobrowolski [19]) that DAB tends to
perform significantly better than SMC unless specific modifications
are made to the ejector to delay the combustion process (Russel et al.
[20]).

One of the key influences on ejector performance is the quantity of
entrained, or secondary, fluid that is obtained under a given set of
conditions. To calculate this value many of the theoretical treatments
of ejector systems assume that initially the primary and secondary
streams do not mix and that the secondary stream chokes (Aoki et al.
[21], Dutton and Carrol [22], Dutton et al. [23], Fabri and Paulon [3],
Mikklesen et al. [24]). Further refinements to this approach can
involve the calculation of a limited amount of mass transfer between
streams up to the choke point (Chow and Addy [25]) or the effects of
viscosity and heat transfer on the development of the shear layer
(Papamoschou [26]). Alternatively, if one assumes that some
uniform flow condition at the exit of the ejector section is known
(such asMach number or static pressure) then this information can be
used to calculate the entrained flow rate without the need to specify
how the two streams initially interact (Han et al. [27], Etele et al.
[28]). However, without knowing the wall pressure distribution
within the ejector, all of these methods are limited to constant area
sections. Therefore, researchers have developedmodified analyses in
an effort to incorporate either experimental wall pressure data
(Masuya et al. [6]) or approximations for the pressure variation
within the ejector (Dobrowolski [19]).

This paper outlines a method capable of considering both the
effects of variable area and combustion on the compression factor
within an ejector without the need for experimental data. This is done
by approximating the wall pressure with a function that qualitatively
matches that produced by the effects of the shock structurewithin the
supersonic primary stream. In addition, combustion effects are
considered through the implementation of a chemical equilibrium
calculation (similar to the work of Vanka et al. [29], Peters et al. [30],
and Masuya et al. [6]). This allows the assessment of the effects due
to both thermal choking as well as gas composition to be considered.

Theory

The solution procedure is based on previous work [28] which
considers a quasi-one-dimensional flow through the control volume
shown in Fig. 1. The flow conditions of the primary rocket stream
entering the ejector at plane i are completely specified (Tor , p

o
r , and

Mr) along with the chemical composition of the fluid (Yr and thus

both �r, and Rr). The flow conditions of the secondary, or entrained
airstream, are set so as to reflect the atmospheric flight conditions
(Toa , p

o
a, �a, Ra) but do not require one to set the massflow of

entrained air entering the ejector. Instead, this value is obtained
through the calculations and the solution is closed by specifying the
pressure at the ejector mixed flow plane. Since the properties at the
mixedflowplane are assumed uniform, this implies completemixing
is obtained at this location (generally requiring an ejector duct length
on the order of 5 times the inlet diameter depending on the rocket
configuration used). If the rocket area and ejector geometry are
specified (�, A�x�) then the conservation of mass through the control
volume can be expressed as

_m r��� 1� � pmAm
�������������
�m
RmT

o
m

r
Mm

��������������������������������
1� �m � 1

2
M2
m

r
(1)

where

�� _ma= _mr (2)

Under the given conditions this expression contains three
unknowns. The Mach number at the ejector mixed flow plane Mm,
the entrainment ratio � whose value is directly related to the Mach
number of the entrained airflow at the ejector inlet planeMa, and the
total temperature at the ejector mixed flow plane Tom. Applying the
conservation of momentum to the control volume in Fig. 1 while
assuming inviscid flow can yield the following expression

M2
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1

�m

�
_mra

�
r

pmAm
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���
�
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��a � �r� � Fp;x � 1

�
(3)

where � and � are defined as
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Cp;aT

o
a

Cp;rT
o
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; ��

����������������������������������
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(4)

and the sound speed at sonic conditions is simply

a�2 � 2
� � 1

� � 1
CpT

o (5)

In this expression both �a and �r are functions of the particular
stream entering the ejector duct

���;M� �
�

M� 1
�M������������������������������

2
��1� �

��1
��1�M2

q �
(6)

and the term Fp;x is the dimensionless wall pressure force (which
reflects the influence of a changing area on themomentumof theflow
within the ejector)

Fp;x �
1

pmAm

Z
L

0

pw�x� 	 dSx (7)

Leaving Fp;x for the moment, Eq. (3) is a function with only two
unknowns, Mm and Ma (through �). Therefore, for a constant area
ejector in whichFp;x � 0, if the flow is assumed steady, inviscid, and
adiabatic then the total temperature at plane m can be expressed as

Tom � �Cpm��� 1��=��CpaToa � CprTor � (8)

and thus Eqs. (1) and (3) can now be solved for the air entrainment
Mach number and the resulting mixed flow Mach number that
corresponds to the given flight conditions and ejector back pressure.
However, to account for the possibility of simultaneous mixing and
combustionwithin the ejector Eq. (8) cannot be applied and thus for a
chemically reacting system the energy equation can be written as

Xns
k�1

Nk

�
�hk �Wm

u2m
2

�
� _mah

o
a � _mrh

o
r (9)

ṁr

ṁr

ṁa ṁm∞

i m

c.v.

pw (x)

Fig. 1 Ejector control volume.
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where ns is the number of atomic species being considered. The
enthalpy terms in Eq. (9) can be expressed relative to a reference state
to yield

ho �
Xns
k�1

Yk
Wk

�hf;k � Cp�To � Tref� (10)

while to simplify the kinetic energy term on the left side of Eq. (9) the
ideal gas law and the speed of sound can be used to yield

Wm

u2m
2

Xns
k�1

Nk �
1

2
�mNmRuTmM

2
m (11)

Substituting Eqs. (10) and (11) into Eq. (9) while invoking the
definitions of � and � and noting that NmRu � NmWmRm � _mmRm

Xns
k�1

Nk �hk �
1

2
�m _mmRmTmM

2
m �H (12)

where H represents the total energy flowing into the ejector

H � _mr

�
Cp;rT

o
r ���� 1� �

Xns
k�1

Yr;k
Wk

�hf;k � Tref��Cp;a � Cp;r�
�
(13)

Equation (12) is the nonadiabatic equivalent of Eq. (8). This
cannot be used to directly relate Tom toMa as was the casewith Eq. (8)
due to the additional unknowns

P
Nk. However, assuming the flow

at the ejector mixed flow plane is in chemical equilibrium allows one
to solve Eq. (12) using the Gibbs Minimization technique.
Additional properties at the ejector mixed flow plane can then be
calculated using mass averaging and the ideal gas law

Cpm �
Xns
k�1

YkCpk; Wm �
Xns
k�1

Yk
Wk

; �m � �1 � Rm=Cpm��1

(14)

Although this is enough to solve for a chemically reacting constant
area ejector, to extend the theory to variable area ejector ducts a wall
pressure distribution is required for Fp;x [Eq. (7)]. In this work the
fourth-order polynomial shown in Eq. (15) is used

pw�x� � pmin � c1�c2 � �x=L� 1�2�2 (15)

This qualitatively mimics the pressure felt along the wall due to the
expansion/compression process created by the shock train within the
supersonic primary stream. This pattern can be observed for primary
rocket streams located along the central axis of an axisymmetric
configuration and those with an annular rocket configuration
(Desevaux and Lanzetta [31], Aoki et al. [21], Kim and Kwon [32]).
However, this work will assume an annular rocket configuration as
this has been shown to produce better mixing within a given ejector
length. For cases in which this pattern is not observed care should be
exercised in applying this equation.

The constants c1 and c2 are found by applying the pressure
boundary conditions along the wall within the control volume (i.e.,
pw�0� � pr, pw�L� � pm)

c2 � �1�
����
�

p
��1c1 � �pm � pmin�=c22 (16)

where

�� �pr � pmin�=�pm � pmin� (17)

The parameter pmin represents the minimum pressure to which the
rocket exhaust expands and is found by considering only a small
portion of the ejector duct from the inlet i, to the location at which the
primary rocket stream expands to its lowest pressure x2. If no mixing
is assumed to occur within this length and a control volume is drawn
around each stream then the conservation of momentum leads to

��r � �r2� � �
���
�
p

���a � �a2� � Fp;x2 � 0 (18)

where

Fp;x2 �
1

_mra
�
r

Z
x2

0

pw�x� 	 dSx (19)

The term Fp;x2 is similar to Eq. (7) but is integrated only up to the
point where the rocket stream reaches its minimum pressure. The
axial location of this point can be obtained directly from Eq. (15) by
minimizing the expression and using the positive root to give

x2=L� 1 � �����
c2
p

(20)

Equations (15) and (20) can be substituted into Eq. (19) and
integrated to obtain a closed form expression in terms of the constants
c1 and c2 [in the same fashion as for Eq. (7)]. The continuity
expression for the control volumes surrounding each of the streams
up to point x2 can be combined to yield

Aa�	a=	a2� � Ar�	r=	r2� � A�x2� (21)

where

	��;M� � ���
�
p

M�1� ��� � 1�=2�M2�
����1�
2���1� (22)

Equations (18) and (21) contain a total of four unknowns (Ma,Ma2,
Mr2, and pmin) when trying to solve for the minimum pressure.
However, if one assumes isentropic flowwithin the distance from i to
x2 then the minimum pressure can be found from por and Mr2.
Therefore, the overall solution procedure involves first guessing at
the value for Ma. This then allows Eqs. (18) and (21) to be used to
solve for the Mach numbers at x2 and thus the minimum pressure to
which the primary rocket stream expands, pmin. This then fixes Fp;x
within the variable area ejector duct. Using the guessed value forMa

one can determine the oxidizer to fuel ratio within the ejector duct
while guessing a value for Mm allows the Gibbs Minimization
technique to be used to obtainvalues for themixedflowpropertiesTm
and Nks. Once the mixed flow composition and total temperature
have been obtained, along with the dimensionless wall pressure
force, Eqs. (1) and (3) can be solved and the resulting entrained air
Mach number Ma and mixed flow Mach number Mm can be
compared with the original guesses. This process can be repeated
until converged values of these Mach numbers are obtained.

Results

Minimum Pressure

Previous numerical simulations done by the authors have
considered a nonreacting flowfield within an axisymmetric ejector
with a converging area and an annular rocket configuration as shown
in Fig. 1. These configurations were solved using the axisymmetric,
multispecies, Favre-averaged Navier–Stokes (FANS) equations
combined with the Wilcox k! turbulence model (including the
Wilcox dilatational dissipation correction) in generalized curvilinear
form usingWARP [33] (window allocatable resolver for propulsion).
This codes uses an implicit Euler time marching scheme incorpo-
rating block implicit factorization to iterate toward a steady-state
solution using a pseudo time step determined from a combination of
both the minimum and maximum Courant–Friedrichs–Lewy-based
local time step conditions. The convective terms are treated using the
Roe scheme in conjunction with Yee flux limiters while the diffusive
terms are treated with a second order accurate, centered, finite
differencing stencil. Convergence is judged against the magnitude of
both the continuity and energy residuals. Details of the form of the
flux vectors and the validation of this code on other high speed flows
can be found in Parent and Sislian [34].

The results from one of these simulations will be used to test the
accuracy of using the wall pressure profile defined by Eq. (15). The
computational fluid dynamics (CFD) wall pressure profile shown in
Fig. 2 corresponds to the set conditions listed in Table 1 for a
kerosene fueled rocket within the ejector. This ejector geometry has a

358 KOUPRIYANOVAND ETELE



mixed flow plane area that is 75% of the total inlet area and results in
an approximately uniform mixed flow with a Mach number of unity
within a length equal to 5 times the inlet diameter. Therefore, under
the given conditions the ejector is operating at the maximum air
massflow possible with an entrainment ratio of �� 0:75. At the
ejector inflow plane the static pressure ratio between the two streams
is approximately 2 and thus the rocket stream quickly expands into
the entrained air. This produces the pattern of expansion and
compression in the wall pressure up to approximately x� 0:5 m
seen in the CFD results. As shown, the lowest pressure produced by
this flowfield is approximately 20 kPa (an 83% drop in pressure from
the inlet conditions). Comparing this to thewall pressure distribution
obtained using the approximation inEq. (15) (when setting themixed
flow pressure so as to obtain the same entrainment ratio of 0.75) one
can see that the minimum pressure is approximately 25 kPa (a 79%
drop in pressure).

The reason for this difference is related to the shear layer, which
allows for some fluid transfer between the two streams through
mixing. This process is inherently nonisentropic and thus the total
pressure within each stream decreases, a phenomenon that is
modeled within the CFD simulations. However, up to the minimum
pressure point (x2) the theoretical analysis assumes isentropic flow
and that no mixing occurs between the rocket and air streams.
Although there exists a 4% difference in the predicted percentage
pressure drop, of greater importance is the effect this has on changing
the integrated value of the wall pressure on Fp;x and the resulting
effect on the calculated values ofMa andMm (which are then used to
define various ejector performance parameters like the compression
augmentation and the entrainment ratio). Since the mixed flow plane
pressure is a set variable it is possible to use a linear wall pressure
distribution (also shown in Fig. 2). In this case thewall pressure starts
at the same initial pressure as the other profiles and increases to the
mixed flow pressure required to obtain an entrainment ratio of 0.75.
Since the mixed flow pressure is higher than that at the inlet, this
profile is incapable of predicting the initial pressure drop and will
thus allow an assessment of the importance ofmodeling this effect on
overall ejector performance.

Ejector Compression Augmentation

Given that one of the main benefits of using a constricting area
ejector is to increase the compression ratio obtained at themixedflow

plane, the compression augmentation ��m will be used to evaluate any
improvements in performance. This configuration requires the wall
pressure to be considered and so three methods will be compared.
The simplest approach is to use a linear wall pressure distribution in
the theoretical analysis. Alternatively one can use Eq. (15) to more
accurately reflect the wall pressure conditions. In cases where
experimental or computational wall pressure distributions are
available, it is also possible to use this information in the theoretical
analysis through numerical integration of Eq. (7) (this represents the
limit in terms of accuracy for the theoretical modelwithwall pressure
effects included). All three of these approaches are used and their
effects on the compression augmentation achieved for various
degrees of area constriction are shown in Fig. 3. It should be noted
that compression augmentation can also be influenced by changing
the entrainment ratio, therefore, in all cases shown the mixed flow
plane pressure is varied so as to obtain �� 0:75 for all the
contraction ratios considered.

As can be seen, using the profile as defined by Eq. (15) yields a
trend that is in good agreement with that obtained when integrating
thewall pressure distribution extracted from theCFD results (thereby
including all the pressure variations within the shock train region).
Therefore, although there exists a larger difference between the pmin

predicted using the method described above and that observed in the
CFD simulation, the resulting effect on the overall compression
augmentation is not as significant. The same cannot be said about the
linear pressure variation, where as can be seen the trend with
increasing contraction does notmatchwellwith the others, indicating
that ignoring the influence of the expansion/compression process
within the supersonic primary stream on the wall pressure creates a
significant error for variable area ejectors. In addition to the trends
predicted by the theoretical analysis, the compression augmentation
as calculated directly from the CFD simulations at the mixed flow
plane is shown. The width of the mixing zone at the ejector mixed
flow plane in the CFD simulations is observed to extend across the
entire height of the ejector thereby producing a significant degree of
turbulentflow.However, the theoretical analysis does not include any
effects due to turbulence, which contributes to differences observed
between even the CFD compression augmentation trend and the
trend calculated using the theoretical analysis and the CFD wall
pressure distribution. In addition, any degree of non uniformity at the
ejector mixed flow plane would contribute to a difference between
the CFD and theoretical predictions. However, in the CFD
simulations the flow is found to be 93% mixed at the ejector mixed
flow plane based on an outflow mixing parameter which considers
the curvature of the velocity profile.

Effects of Combustion

The previous results are for an ejector in which there is no
combustion or heat release past the ejector inlet plane. For this to
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Table 1 Ejector configuration for CFD results [28]
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Fig. 3 Ejector compression augmentation ��m.

KOUPRIYANOVAND ETELE 359



occur requires that there are no species within the primary rocket
stream as it enters the ejector that can reactwith the oxygenwithin the
secondary entrained airstream to release heat. To achieve this, the
equivalence ratio within the rocket chamber must be set below the
values used in typical rocket applications (for the CFD simulations
this value is set to �� 0:2). If the equivalence ratio within the rocket
chamber is increased then the effects of secondary combustionwithin
the ejector mixing duct should be considered. To evaluate this effect
the ejector configuration studied previously with a contraction ratio
ofCR � 0:15will be evaluated while varying the equivalence ratio in
the rocket combustion chamber (see Table 2). For each equivalence
ratio considered, the mixed flow pressure pm is varied so that in all
cases an entrainment ratio of �� 0:75 is maintained. When
calculating the equilibrium composition of the primary rocket stream
entering the ejector and that of themixedflow, they are assumed to be
composed of some combination of the species listed in Table 3.

Figure 4 shows the compression augmentation factor normalized
by the value at a contraction ratio of 0.15 and with no combustion
within the ejector duct (��m��r�0:2). As can be seen, increasing the
equivalence ratiowithin the rocket combustion chamberwill actually
decrease the compression augmentation obtained for all values less
than �� 2. This is significant in that most rocket applications
operate at equivalence ratios above unity. This implies that any
theoretical estimates of compression augmentation within the ejector
that do not account for the possible effects of simultaneous mixing
and combustionwill overestimate the performance at or near nominal
operating conditions. Under fuel rich conditions neglecting the
additional combustion within the ejector mixing section will
underestimate the compression augmentation.

Since the compression within the ejector is a measure of the total
pressure at the mixed flow plane, Fig. 5 shows how both the static
pressure and the Mach number at this plane vary as the equivalence
ratio is altered. For each curve the percentage change from the
maximum is plotted. In the case of the static pressure the maximum

mixed flow pressure is obtained at �� 0:2 when operating at
�� 0:75, while for the Mach number the maximum occurs at
�� 1:2 at the same entrainment ratio. Comparing Figs. 4 and 5 one
can see that the compression augmentation curve follows the same
trend as that seen for the static pressure at the mixed flow plane. This
indicates that although the Mach number at the mixed flow plane
increases between an equivalence ratio of 0.2 and 1.2 (which would
tend to increase pom), the effect of a lower static pressure decreasing
the total pressure is the dominant factor. Past �� 1:2 the mixed flow
static pressure begins to rise and is within 3% of the maximum
pressure at an equivalence ratio of 2. This condition, combined with
an increasing Mach number above �� 2, leads to the increased
compression augmentation shown in Fig. 4 for � > 2. These results
indicate that ejector compression can be increased through area
constriction provided a minimum equivalence ratio is used which is
slightly above normal operating values. Further increases in
compression can be obtained through greater increases in the
equivalence ratio past this value (up to the choked flow condition for
the given entrainment ratio).

These results account for changes in the ejector compression as a
result of twodistinct effects. First, changing the equivalence ratiowill
change the primary rocket stream conditions entering the ejector (Tor
and �r) which will effect ��m even in the absence of further
(secondary) combustion within the ejector duct. Second, as �
changes the resulting equilibrium composition of the primary rocket
stream entering the ejectorwill change (

P
kNk) and thus could lead to

secondary combustion (simultaneous mixing and combustion).
Therefore, it is helpful to distinguish these two processes and their
relative impact on the compression augmentation.

Figure 6 shows the compression factor of the ejector for various
equivalence ratios. For the curve with primary combustion alone,
even though the rocket stream entering the ejector may contain
species capable of reactingwith the entrained air to release heat, these
reactions are not considered. At low equivalence ratios there is little
difference between the two curves. At stoichiometric conditions, if
secondary combustion is not accounted for, the resulting
compression factor at the mixed flow plane is over estimated by
approximately 3%. Given that the effect of varying the equivalence
ratio on the compression factor is 8% or less as shown in Fig. 4,
neglecting the effect of secondary combustion can reduce the
accuracy of the results by 40%ormore. This difference is the greatest
at stoichiometric conditions, however, even as the equivalence ratio
is increased to values above 2 there remains a significant difference
between calculations done with and without considering the effects
of secondary combustion. For example, operating the primary rocket
at an equivalence ratio of 2.5, Fig. 4 indicates that the resulting
compression factor can be increased 4% above what one would
obtain under conditions where no secondary combustion is
occurring. However, if the secondary combustion effects are not

Table 2 Simultaneous mixing and combustion conditions
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Table 3 Species used in the Gibbs Minimization technique
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Fig. 4 Compression augmentation for SMC (CR � 0:15, �� 0:75).

0.5 1 1.5 2 2.5

0.8

0.85

0.9

0.95

1

Equivalence Ratio, φr

Fr
ac

tio
n 

of
 M

ax
im

um

Mm/Mm,max

pm/pm,max

Fig. 5 Change in pressure and Mach number for SMC (CR � 0:15,
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accounted for at this equivalence ratio, Fig. 6 indicates that the
resulting compression factor will be over predicted by approximately
1.7%, or over 40% of the expected increase.

Conclusions

A theoretical formulation for a variable area ejector is presented
which accounts for both wall pressure effects and the effects due to
simultaneous mixing and combustion within the ejector. An
analytical pressure distribution which qualitatively mimics the
effects of the expansion/compression process within the supersonic
primary rocket stream on the wall pressure is shown to produce
results similar to those obtained using extracted pressure distrib-
utions from CFD simulations. This pressure distribution does not
require any additional information about the flow other than that
already required to solve for the ejector performance, and is shown to
significantly improve the accuracy when compared with a simple
linear wall pressure approximation.

Results show that area constriction can be used to increase the
compression factorwithin an ejector, but that this increase is sensitive
to the equivalence ratio of the primary rocket stream. For a given area
constriction, the results show that compression augmentation is
highest at both fuel lean and fuel rich conditions,while at equivalence
ratios typical of kerosene/oxygen rockets the compression augment-
ation is near a minimum. An area constriction of 15% is shown to be
capable of an approximate 8% increase in the compression factor of
the ejector at an equivalence ratio of both 0.2 at 2, however, under the
same conditions an equivalence ratio of 1.2 decreases the
compression factor by the same amount. It is also shown that these
results are not due solely to the change in the properties of the
primary rocket exhaust entering the ejector (such as total temperature
or ratio of specific heats). Assuming chemical equilibrium of a total
of 17 species at the mixed flow plane, it is shown that nearly half of
the effect of changing the equivalence ratio is due to the presence of
secondary combustion occurring within the ejector.
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