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The results of optimizing some of the geometric design variables of the inlet/ejector section of a rocket-based
combined-cycle (RBCC) engine and the study of its performance trends are presented. A two-dimensional rocket-
ejector system was studied over a matrix of engine design variables. Bypass ratio, ejector compression ratio,
and ejector/mixer thrust efficiency were used to analyze RBCC internal flowpath physics. The primary thruster
exit flow properties were calculated with the reacting and multiphase program, which was used as fixed inlet
conditions for the ejector/mixer analysis. The computational fluid dynamics simulations of the inlet/ejector system
were carried out with a finite difference Navier–Stokes code. The GO2/GH2 combustion physics were solved for
finite rate conditions with a system of seven species and nine reactions. Neural networks techniques were used to
generate the response surface. The desirability function approach of optimization, tied with the response surface,
was used for inlet/ejector optimization. This approach gives the designers the freedom to set up their own priorities
on the response values to be built into the optimization procedure. Optimum values of primary thruster size, duct
length-to-diameter ratio and ramjet burner to ejector/mixer inlet area ratio were obtained. Engine performance
trends as functions of geometric variables were also studied.

Nomenclature
As/Ap = secondary to primary flow area ratio
A8/A5 = ramjet burner to ejector/mixer inlet area ratio
D = desirability function
L/D = ejector/mixer aspect ratio
β = bypass ratio
ηt = ejector/mixer thrust (nozzle) efficiency

Introduction

AMAJOR goal driving current space propulsion research is to
decrease significantly the cost of access to space. There are

currently efforts underway to develop reusable launch vehicles that
promise to decrease long-term costs as compared to the traditional
expendable staged vehicles. One way to use high-efficiency air-
breathing cycles during ascent in a reusable system is through the
use of combined-cycle propulsion (CCP) systems. CCP systems
can be broadly divided into two categories: airbreathing combined
cycles and combined-cycle systems that include a rocket subsys-
tem. Airbreathing combined-cycle engines are intended primarily
for missions involving high-speed cruise in the atmosphere, but are
not candidates for transatmospheric flight. Out of many types and
variations of CCP systems, one class of rocket-based CCP systems
shows promise for Earth-to-orbit (ETO) missions. These are engines
that operate in rocket-ejector mode and also have the capability of
operating in ramjet, scramjet, and rocket-only modes and are typi-
cally referred to as rocket-based combined-cycle (RBCC) engines.
A schematic of an RBCC engine is shown in Fig. 1. Many of the
advantages of RBCC engines result from certain synergistic bene-
fits that would not occur if the two units operated separately.1 The
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ability to use the rocket as an ejector increases the thrust. Afterburn-
ing in rocket-ejector mode, using the ramjet/scramjet fuel injectors,
further increases the thrust and specific impulse compared to the
rocket alone. The specific impulse continues to increase with the
increasing flight speed because the cycle more closely resembles
ramjet operation. In ramjet and scramjet modes, the rocket could be
advantageously used as a fuel injector and mixing enhancer. In the
rocket-only mode, the use of the engine duct as a highly expanded
nozzle at high altitudes increases the specific impulse of that mode
of operation. Another key advantage of RBCC systems is the reduc-
tion in the amount of onboard oxidizer required. This decreases the
size and, therefore, the weight, of the tank and vehicle.2

An integrated inlet/ejector is one of the most critical parts of an
RBCC engine propulsion system. Its design must be such that it
delivers air to the engine at the desired mass flow rate and flow
conditions for all flight Mach numbers. This delivery must be ac-
companied by as few losses, drag, weight, and complexity as pos-
sible. In short, the design is a tradeoff or compromise between a
high-pressure recovery and low drag. This compromise can only be
found after several propulsion and vehicle performance calculations,
which strongly depend on the mission of the vehicle.

The objective of this paper is to optimize the inlet/ejector system
of an RBCC engine. For this purpose, a two-dimensional rocket-
ejector system was studied over a matrix of engine design variables.
Figure 1 defines some of the RBCC engine design variables. Each
variable had three values, so that the initial trade space was 27
configurations as shown in Table 1. A 28th configuration was run
to explore the effect of a constant-area mixer (A8/A5 = 1.0). The
performance of the ejector/mixer was measured with the following
figures of merit (FOM): bypass ratio, ratio of secondary flow to pri-
mary flow, ejector compression ratio (ECR), ratio of total pressure
at the ejector/mixer exit to total pressure of secondary flow and ejec-
tor/mixer thrust (nozzle) efficiency, and thrust at the exit divided by
thrust at the mixer inlet. Primary thruster mass flow rates were kept
constant for all configurations, but each As/Ap ratio resulted in a
different primary thruster area ratio and, therefore, a different pri-
mary thruster exit pressure. The primary thruster exit flow properties
were calculated with the reacting and multiphase program.

Approaches
Computational Fluid Dynamic (CFD) Simulation

The RBCC flowpath configuration for this analysis was two di-
mensional with a single primary thruster on the engine centerline.
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Table 1 RBCC inlet/ejector design trade space

L/D = 7 L/D = 14 L/D = 21
Design
variables As/Ap = 4.5 As/Ap = 7.3 As/Ap = 15.6 As/Ap = 4.5 As/Ap = 7.3 As/Ap = 15.6 As/Ap = 4.5 As/Ap = 7.3 As/Ap = 15.6

A8/A5 = 1.0 ×
A8/A5 = 1.5 × × × × × × × × ×
A8/A5 = 2.0 × × × × × × × × ×
A8/A5 = 2.5 × × × × × × × × ×

Table 2 Primary thruster exit conditions for different design configuration

Design Chamber Exit Pressure Supersonic Velocity Temperature at
variables pressure pressure ratio area ratio at rocket rocket
As/Ap Pi , atm Pe , atm Pi /Pe Ae/At exit, m/s exit, K

4.55 34.08 0.7 48.625 9 1289.7 1604.65
7.33 34.08 1.04 32.730 6 1338.0 1737.94
15.66 34.08 2.08 16.365 3 1422.7 1988.1

Fig. 1 Schematic of two-dimensional axisymmetric RBCC engine.

Fig. 2 Grid distribution for L/D = 14, As/Ap = 7.33, and A8/A5 = 2.0 RBCC engine configuration (excluding far-field boundaries).

The primary thruster was housed in a centerbody that created an
annular constant area inlet. The inlet/ejector plane is defined to be
the exit plane of the primary thruster. The secondary inlet length L
was a function of two of the trade space variables, L/D and As/Ap .
As is the area of the secondary flow at the mixer inlet plane, and Ap

is the area of the primary thruster exit plus any base area surround-
ing the thruster. A5 is the total flow area at the ejector/mixer inlet
plane (As + Ap), and A8 is the flow area of the ramjet burner. The
computational fluid dynamics (CFD) simulation of the RBCC inter-
nal flowpath was performed with a finite difference Navier–Stokes
(FDNS) code.3,4 The code solves the Reynolds-averaged transport
equations with a variety of options for physical models and boundary
conditions. A pressure-based predictor plus multiple corrector solu-
tion method is employed so that flow over a wide speed range (from
low subsonic to supersonic) can be analyzed. The present analysis
was solved steady state, implementing the third-order total varia-
tion diminishing scheme and an extended two-equation turbulence
model with compressibility correction. The GO2/GH2 combustion
physics are solved as a system of seven species and nine reactions.5,6

Grid Description
To obtain a grid-independent solution, several grid density para-

metrics were performed. The computational domain consists of a
two-dimensional representation of the experimental hardware inter-
nal flowpath and is shown in Fig. 2. The structured grid had approx-
imately 15,000 nodes in 15 zones. Nonmatching zonal boundaries
were implemented at several locations to keep the number of nodes
from becoming excessive. The geometric definition of the 27 con-

figurations was provided by an engine design spreadsheet. All grids
contained the same number of nodes in the freestream, inlet, ram
burner, and nozzle portions of the domain. The number of nodes in
the axial direction of the ejector/mixer varied because of their differ-
ent lengths. A consistent axial delta-s was used in the ejector/mixer
region. The blockage created by the rocket engine was modeled in
the flowpath; however, the rocket engine’s internal flowpath was not
contained in the present computational domain.

Boundary Conditions
The geometry of an RBCC engine to be analyzed has two inlet

boundaries. One is for the secondary air inlet and the other one is
for the primary thruster inlet. In real practice, the primary thruster
was built as an integral part of the RBCC engine system, but for
computational benefit the rocket engine’s flow computation was
performed separately.

Primary Thruster Simulation
A one-dimensional rocket simulator code for the calculation

of complex chemical equilibrium compositions and applications
(CEA)7 was used to calculate the rocket exit properties for different
primary thruster area ratios. For this analysis, primary thruster size
was varied to justify the amount of secondary air entrainment. This
GO2/GH2 primary rocket was designed to operate at an operation
pressure of 3.45 MPa with oxygen to fuel (O/F) ratio of 4.0. The
three different As/Ap ratios resulted in three different supersonic
area ratios, which drastically change the rocket outlet conditions.
Table 2 summarizes the results of individual rocket analysis with
a chemical equilibrium code for three different design conditions.
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These thruster exit flow properties were defined as fixed inlet con-
ditions for the ejector/mixer analysis.

Inflow, Outflow, and Engine Surface Boundaries
In the computational model, the secondary inlet was specified as

a subsonic, fixed total condition boundary. In this boundary, the val-
ues of two dependent flowfield variables were stipulated, whereas
the values of other variables were allowed to float. The rocket nozzle
exit condition was supersonic and was used as a fixed inlet condi-
tion for the RBCC engine analysis. All engine surfaces were set
to no-slip adiabatic walls, and the centerline of the engine was set
to a symmetric boundary condition. The zones downstream of the
nozzle had a far-field boundary condition applied that maintained
one atmosphere pressure on the boundary. The rightmost face was
set as an exit boundary.

Combustion Modeling
The GO2/GH2 combustion physics were solved for finite rate with

a system of seven species and nine reactions using FDNS. In this
analysis, it was assumed that the excess GH2 in the rocket plume
depleted the GO2 in the airstream and that there was no downstream
introduction of GH2.

Neural Network
Neural networks are composed of simple elements operating in

parallel. As in nature, the network function is determined largely by
the connections between elements.8 A neural network (NN) can be
trained to perform a particular function by adjustment of the values
of the connections (weights) between elements. Commonly, NNs
are adjusted, or trained, so that a particular input leads to a specific
target output. The network is adjusted, based on a comparison of the
output and the target, until the network output matches the target.
Typically, many such input/target pairs are used in this supervised
learning to train a network. In this study, a backpropagation NN was
used. Standard backpropagation is a gradient descent algorithm. The
term backpropagation refers to the manner in which the gradient is
computed for nonlinear multilayer networks. The present study used
an NN to build a response surface from 27 CFD runs of a steady-state
flow of an inlet/ejector system, and it was later used for evaluating
an objective function. The data were entered into the net as a [3 × 1]
matrix. In the first layer, a “tansig” function from the MATLAB®

NN toolbox was used as a transfer function in three neurons. Tansig
is a short name for hyperbolic tangent sigmoid function. Tansig (N )
takes one input N , which is a matrix of net input (column) vectors,
and returns each element of N squashed between −1 and 1. In the
second layer, a “purelin” function was used in one neuron. Purlin
is a transfer function that calculates a layer’s output from its net
input.

Optimization Approach
In this paper, the desirability approach of optimization, tied with

response surface and an NN technique, has been used for response
surface generation and inlet/ejector optimization. The desirability
function approach is one of the most widely used methods in industry

Fig. 3 Static pressure contour of RBCC engine internal flowpath for configuration L/D = 7, As/Ap = 4.55, and A8/A5 = 2.0 (case 2).

for the optimization of multiple-response processes. The method
allows the designer’s own priorities on the response values to be
built into the optimization procedure. One method of optimizing
multiple responses simultaneously is to build a composite response
known as the desirability function from the individual responses.
It is based on the idea that the quality of a product or process that
has multiple quality characteristics, with one of them outside of
some desired limits, is completely unacceptable. The method finds
operating conditions that provide the most desirable response values.
The method gives designers the freedom to set up their own priorities
on the response values to be built into the optimization procedure.
The desirability approach of optimization was successfully used in
the rocket engine ejector optimization.9

In the current study, it is desirable to maximize simultaneously
the bypass ratio β, ECR, and ejector/mixer thrust (nozzle) efficiency
ηt . The first step is to develop a desirability function D for each
response. In the case where a response should be maximized, such
as β, the desirability takes the form

D1 = [(β − A)/(C − A)]S

where C is the target value and A is the lowest acceptable value such
that D1 = 1.0 for any β > C and D1 = 0 for β < A. For bypass ratio,
a target value of 4.5 and a minimum value of 0.5 were assumed.

In the case of maximizing ECR, the desirability takes the form

D2 = [(ECR − F)/(E − F)]t

where E is the target value and F is the lowest acceptable value such
that D2 = 1.0 for any ECR > E and D2 = 0 for ECR < F . For ECR,
a target value of 2.0 and a minimum value of 1.0 were assumed.

To maximize ejector/mixer thrust (nozzle) efficiency ηt , the de-
sirability function takes the form

D3 = [(ηt − G)/(H − G)]u

where H is the target value and G is the lowest acceptable value
such that D3 = 1.0 for any ηt > H and D3 = 0 for ηt < G. For ejec-
tor/mixer thrust efficiency, a target value of 1.0 and a minimum value
of 0.1 were assumed.

The power values s, t , and u in the expressions of the aforemen-
tioned desirability functions are weighting factors and are set to 1.0
assuming linear desirability functions. Choices for A, C, E, F, G,
and H are chosen according to the designer’s priorities or, as in the
present study, simply as the boundary values of the domain of β,
ECR, and ηt .

A single-composite response is developed that is the geometric
mean of the desirabilities of individual responses. The composite
response is defined as

D = (D1 × D2 × D3, . . . , Dm)1/m

which, for the present case, is

minimized D = (1/D1 × 1/D2 × 1/D3)
1
3
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The reciprocal of each individual response was considered as the
total desirability, which is subject to minimization. This is then
submitted to a nonlinear gradient-based optimizer NPSOL,10 to be
minimized. In this analysis, there were three design variables; X1,
which represents the isolator aspect ratio L/D; X2, which represents
secondary to primary area ratio As/Ap; and X3, which represents
ram burner to total mixture area ratio A8/A5.

The CFD data of 27 cases were used to generate a response sur-
face. This response surface was used for training the NN, and later it
was used for objective function evaluation during the optimization
process. The optimization was done for a simple bounded form, in
which the objective function is both subject to the domain variables
and linear constraints. Some of the RBCC optimal constraints are
mentioned in Ref. 11, but the applied constraint was chosen arbitrar-

Table 3 Summary of FOM

Design Bypass Ejector compression Mixer thrust
variables ratio ratio coefficient

Increasing L/D Increased Decreased Decreased
Increasing As/Ap Increased Increased Increased
Increasing A8/A5 Increased Decreased Decreased

Table 4 Figures of merit results for inlet/ejector trade study

Ejector Mixer Objective
Bypass compression thrust Desirability Desirability Desirability function,

Case L/D As/Ap A8/A5 ratio ratio efficiency D1 D2 D3 D

1 7 4.55 1.5 1.749 1.158 0.352 0.312 0.158 0.529 3.370
2 7 4.55 2 2.211 1.119 0.550 0.428 0.119 0.707 3.030
3 7 4.55 2.5 2.368 1.190 0.393 0.467 0.190 0.571 2.703
4 7 7.33 1.5 2.523 1.239 0.360 0.506 0.239 0.538 2.487
5 7 7.33 2 3.092 1.162 0.545 0.648 0.162 0.704 2.382
6 7 7.33 2.5 3.399 1.253 0.425 0.725 0.253 0.601 2.087
7 7 15.66 1.5 4.050 1.310 1.100 0.888 0.310 1.000 1.538
8 7 15.66 2 5.449 1.235 0.628 1.237 0.235 0.766 1.650
9 7 15.66 2.5 5.888 1.321 0.720 1.347 0.321 0.830 1.407
10 14 4.55 1.5 1.670 1.152 0.394 0.293 0.152 0.571 3.400
11 14 4.55 2 1.900 1.096 0.318 0.350 0.096 0.492 3.925
12 14 4.55 2.5 1.926 1.132 0.323 0.357 0.132 0.498 3.493
13 14 7.33 1.5 3.827 1.224 0.432 0.832 0.224 0.608 2.066
14 14 7.33 2 4.116 1.149 0.378 0.904 0.149 0.556 2.374
15 14 7.33 2.5 4.495 1.184 0.351 0.999 0.184 0.528 2.176
16 14 15.66 1.5 3.758 1.308 0.761 0.814 0.308 0.857 1.670
17 14 15.66 2 4.643 1.272 0.917 1.036 0.272 0.953 1.550
18 14 15.66 2.5 4.946 1.250 1.269 1.111 0.250 1.000 1.532
19 21 4.55 1.5 1.728 1.137 0.240 0.307 0.137 0.395 3.915
20 21 4.55 2 2.114 1.144 0.321 0.403 0.144 0.496 3.265
21 21 4.55 2.5 2.250 1.136 0.268 0.438 0.136 0.432 3.393
22 21 7.33 1.5 2.398 1.226 0.987 0.475 0.226 0.993 2.110
23 21 7.33 2 3.691 1.206 0.512 0.798 0.206 0.677 2.081
24 21 7.33 2.5 3.870 1.185 0.429 0.842 0.185 0.604 2.197
25 21 15.66 1.5 3.841 1.294 2.712 0.835 0.294 1.000 1.596
26 21 15.66 2 5.933 1.295 0.761 1.358 0.295 0.857 1.427
27 21 15.66 2.5 6.857 1.277 0.470 1.589 0.277 0.641 1.524

Fig. 4 Static pressure contour of RBCC engine internal flowpath for configuration L/D = 7, As/Ap = 15.66, and A8/A5 = 2.0 (case 8).

ily to show the effect of constraints existence. Boundary values of
the variables were set as 7 < X1 < 21, 4 < X2 < 16, and 1 < X3 < 3,
and the relationship between the isolator aspect ratio L/D and the
ram burner and mixture inlet area ratio A8/A5 was considered as a
linear constraint. That is, X1 − 4X3 > 0.0

Results and Discussion
Flowfield Overview

Color contours of static pressure and Mach number of the RBCC
internal flowpath for two configurations are shown in Figs. 3 and 4,
respectively.The freestream zones downstream of the nozzle were
omitted from Figs. 3 and 4. The rocket engine plume is clearly vis-
ible on the horizontal centerline. The Mach number contours indi-
cate that the flow is entirely subsonic as it enters the diffuser section
of the duct. The average Mach number at the nozzle exit was ap-
proximately 0.40. The pressure contours of the As/Ap = 4.55 case
indicates that the primary flow attached to the mixture wall sooner
and incurred significantly stronger shocks than the As/Ap = 15.66
configuration. The shocks were caused by the primary flow’s inter-
action with the secondary flow and the mixer wall.

To compare the effect of duct aspect ratio on the RBCC internal
flowpath, three configurations with L/D = 7, 14, and 21 were sim-
ulated. The increasing length of the inlet section reduces the inlet
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Fig. 5 Bypass ratio analysis.

Fig. 6 ECR comparison.

Fig. 7 Mixture thrust efficiency.
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Fig. 8 Objective function convergence history.

Fig. 9 Design variable convergence history.

angle, which increases the pressure recovery. Again, the additional
length allows for another expansion and compression to occur in
the mixer. The effect of design variables on bypass ratio, ECR, and
thrust efficiency are shown in Figs. 5, 6, and 7, respectively, and the
overall trend is summarized in Table 3.

Optimization Results
The CFD data of 27 cases were used to generate a response sur-

face shown in Table 4. This response surface was used for training
the NN, and later it was used for objective function evaluation.
A spreadsheet was used to evaluate the individual and total desir-
ability/objective function. After 63 iterations, the system level con-
verged to the optimum value. Figure 8 shows a convergence history
of the objective function. The value of objective function, at itera-
tion number 30, jumps from one solution domain to another as it
tries to reduce the interdisciplinary discrepancies. This phenomenon

depends on the choice of the starting values of the design variables.
Figure 9 shows the system level convergence of the design variables.
Figure 9 shows that the values of each of the three design variables
decreases to a minimum before increasing to an optimal value. The
trend is opposite to the trend of the history of the objective function.
The trend depends on the choice of the initial values of the design
variables during optimization.

Conclusions
For the range of As/Ap studied, the smallest primary thruster

(As/Ap = 15.66), pumped the most secondary flow. The As/Ap =
15.66 configuration clearly had the highest bypass ratio and best
mixture thrust efficiency. Both L/D and A8/A5 had less dramatic,
yet significant effects on bypass ratio. For this configuration, the
rocket exit size was the smallest (0.762 cm). Again, the mixing re-
sults primarily from the turbulent and viscous shear forces in steady
flow ejectors. Increasing the interfacial shear area between the pri-
mary and secondary flows will increase the mixing action in terms
of required length. From this study, it is noticeable that smaller pri-
mary rockets have proven effective in reducing the mixing length,
which agrees with the conceptual design of an RBCC engine.
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