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Abstract

Scramjet propulsion systems offer seamless operation to the high-speed vehicles along their hypersonic

flight phase without carrying on-board oxidizer or any rotating component. To discuss the reliability and

feasibility of the entire system and trajectory, it is necessary to perform conceptual design exercises

which are based on reduced-order approaches and enable one to investigate effect of multiple parame-

ters. In this article, we created a multi-dimensional design space of a scramjet engine with five varying

design variables which are flight Mach number and altitude, intake wedge angle and exit Mach number,

and fuel-air equivalence ratio. We computed the intake and overall system performance parameters and

implemented Artificial neural network regression technique into the dataset to perform comprehensive

exploration the design space of the engine under investigation.
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1. Introduction
Ramjet and scramjet engines provide distinct advantages to their rocket counterparts for hypersonic

propulsion because they do not either require on-board oxidizer storage or contain any rotating parts.

The main distinction of scramjet engines over ramjet is that the flow keeps its supersonic character

throughout the entire engine whereas, in ramjet engines, the incoming air flow is decelerated to subsonic

conditions before the fuel is injected into it. Although the engine structure is simpler than turbo based

aero-engines, there are multiple phenomenon which describe the flow complexity inside the propulsive

duct and they should be well-investigated to make sure the system and flight trajectory reliability [1].

In this regard, the conceptual design methods based on zero-and-one dimensional approaches and

preliminary performance analysis are considered as cost effective solutions as compared to expensive

high-fidelity numerical and experimental methods. They basically analyze the impact of design parame-

ters and operational variables of main system components and make performance estimation for given

inputs such as in terms of thrust and fuel consumption [2, 3]. There are some efforts to build thermo-

dynamic models which can solve the flow the ramjet/scramjet propulsive paths and make low-fidelity

examination on the engine phenomenon. Zhang et al. coupled the one-dimensional inviscid flow equa-

tions with regenerative cooling to examine temperature and pressure rises in a scramjet duct and effect

of heat transfer between the 1D supersonic flow and cooling channels placed around the combustor

[4]. Torrez et al. developed a one dimensional model to investigate the precombustion shock and dis-

sociation effects in a scramjet engine [5]. They examined the shock train structure in the isolator and

combustor in threemodes that are ram, early scram and late scram during the acceleration of the vehicle.

Birzer and Doolan utilized a one-dimensional ODE set to model a hydrogen-fueled scramjet combustor

and they validated their approach with Hyshot-II experimental case [6].

On the other hand, one of the major challenges in the scramjet engine design process is to make sure
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that the Mach number along the flow path is above than 1. Since the heat release and converged parts

of the system decelerate the supersonic flow, the Mach number can possibly drop under the unity. This

case is defined as thermal choke and causes several stability and performance issues. Therefore, en-

gine parameters such as captured mass flow rate of the air and fuel consumption should be chosen

carefully in the consideration of ambient conditions in order to both fulfill the trajectory requirements and

avoid approaching the limits of the sonic condition [7]. The ambient i.e. flight conditions do not play im-

portant role only on the thermal choking phenomenon, but also they are very critical in the intake design

and performance which is directly related with the overall system capabilities [8, 9, 10]. Additionally, the

considerations of total pressure recovery factor, losses and startability issues at the intake, one deal-

ing with the design and optimization of a scramjet is obliged to investigate plenty of design variables

and parameters. This makes design process be more complicated and causes designers to tackle the

problems when they want to portray the grand scheme of things. Because the multi-dimensionality of

the design matrix does not allow to read the impacts of the variables on the performance and design

parameters precisely with ease.

In the present work, we propose a methodology combining the reduced-order techniques and Artificial

neural network regression model in order to explore the design space of a dual mode ramjet engine

in scramjet operation. We create a data matrix including five independent design variables of the in-

take (wedge angle and exit Mach number), combustor (equivalence ratio) flight properties (altitude and

Mach number). We compute propulsive performance parameters which are uninstalled thrust, specific

impulse, fuel consumption, leftover fuel mass fraction and overall efficiency in each varying design pa-

rameter. Also we evaluate the intake design for given variables in the consideration of total pressure

recovery, captured air mass flow rate, startability index and compression ratio. Each objective function

is regressed by using the ANN method and a deep discussion is conducted for the intake and overall

propulsive system performances in the framework of the relevant flow physics.

2. Methodology

2.1. Propulsive path design & analysis

2.1.1. Intake design and analysis module

The intake configuration is determined according to the design needs of a generic hypersonic cruiser

with a fuselage integrated propulsive system. In consideration of the flow development over waveriders

where the external aerodynamic characteristics are required to be in agreement with the flow topology

of the propulsive flow path which demands an axisymmetric flow layout due to the structural integrity and

performance requirements of combustion chamber [11]. Thus, the preliminary contouring of the scramjet

intakes is based on inward tuning intake geometries with a converging nature [12]. Accordingly, due to

the widespread applicability and modularity of its configurations, the intake geometry is described with

three dimensional axisymmetric flow template of a Busemann diffuser [13].

du

dθ
= v +

γ − 1

2
uv

u+ vcot(θ)

v2 − 1
(1)

dv
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= −u+ (1 +

γ − 1

2
v2)

u+ vcot(θ)

v2 − 1
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The template for any axisymmetric, conical flow formation can be described by the streamtube shapes

derived based on a two dimensional Taylor-Maccoll (T-M) flow [14] and it is shown that the validity of

the T-M flow can be extended to a three dimensional space by means of a streamtube shape, called

a Busemann flow [15]. Their mathematical description can be formulated by recasting the linearized

first order T-M equations by the radial, u (Eq.1), and angular, v (Eq.2) Mach numbers [16]. The set of

equations can be solved employing a numerical integration scheme of Runge-Kutta 4 (RK4)[17]. The

initial condition for the integration is determined by the intensity of the terminating conical shock and the

integration direction is from the exit of the intake, towards the freestream where the flow alignment with

the horizontal axis is met.
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The flow patterns observed for the designed family of high-speed intakes exhibit two main flow features.

These appear in the form of isentropic compression and expansion regions, and oblique shock waves

that either start or terminate the respective flow templates. Hence, in order to calculate flow field prop-

erties throughout those regions to determine the relevant performance specifications, two distinctive set

of formulations are utilized. The flow property variations over the shock waves are calculated using the

oblique shock wave relations [18] and fed into the respective flow characterization schemes. Moreover,

the isentropic relations are employed to compute the flow properties throughout the isentropic expansion

and compression regions [19].

2.1.2. Combustor analysis module

Furthermore, the flow development taking place in the combustor and the nozzle components is mod-

elled by a quasi-one-dimensional set of governing equations coupled with detail-chemistry relations

similar to the ones given in [4].
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The fuel-air mixture was assumed to behave as an ideal gas and the state equation is given in Eq.

6.
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As a result of the reaction and fuel addition, the change of molecular weight of the mixture is updated,

Eq. 7.
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Species equation is also implemented to find species mass fractions resulting from the reaction and

injection processes, given in Eq. 8.
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The mass gradient term
dṁi,added

dx represents mass addition i.e. fuel injection to the system duct. How-

ever, since the fuel is assumed as ideally mixed with air stream in the entrance of combustion, this term

is taken as zero in the solutions.

All transport equations and detailed chemistry coupling with the Arrhenius approach are defined as a set

of ordinary differential equations (ODE). The reaction rates are calculated by a detailed chemistry mech-

anism including 33 reactions among 13 species [20]. The thermophysical properties of each species

are computed with the data supplied by JANAF thermochemical tables [21]. A stiff ODE solver that can

operate in different time scales is necessary to solve the present problem. As also suggested in [4],
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the SUNDIALS (Suite of Nonlinear and Differential/Algebraic Equation Solvers) code [22], developed by

Lawrence Livermore National Laboratory was chosen for the iterative solution of this problem. CVODE

solver among other six solvers in the code is capable of solving initial value problems defined with stiff

or non-stiff ODE systems. In the version of Sundials 2.6.2, the CVODE solver can be accessible in

MATLAB environment. To deal with this mathematical stiffness problem, a non-linear Newtonian solver

accompanied with backward differencing approximations was selected.

2.1.3. Nozzle analysis module

The same transport equations in the combustor module are also solved for the inviscid flow in the nozzle.

Accordingly, the flow exiting the combustion chamber is perfectly expanded to the ambient conditions

through a contoured nozzle [23]. Nevetheless, in accordance to the efficiency and performance speci-

fications exploited for hypersonic cruise [24], Summerfield criteria conditioning the minimum nozzle exit

pressure is higher than 30% of atmospheric pressure is taken into account in the performance examina-

tion [25]. Since the ambient pressure varies in a wide range of the flight altitude in the present problem,

the overexpansion is not inevitable for many samples. Hence, the nozzle length variable becomes im-

portant and will be discussed later with the performance parameters in the framework of aforementioned

criteria.

2.2. Propulsive database of the scramjet engine

The design space of the scramjet engine under investigation in the present work was created with input

parameters given in Table. 1. The design variables are shown in fig. ??a. The objective functions which

are total pressure recovery at the intake, captured air mass flow rate, startability index, uninstalled thrust,

specific impulse, fuel consumption and unburnt hydrogen mass fraction were computed thanks to the

modules detailed above with given inputs. This paved the way for a compherensjove discussion about

the impacts of the input parameters on the engine performance.

Table 1. The design variables range of the scramjet engine under investigation

Variables Range

Cruise Mach number (φ1) [6 - 8]

Cruise Altitude [km] (φ2) [25 - 35]

Equivalence ratio (φ3) [0.14 - 0.5]

Wedge angle (φ4) [0 - 8]

Pre-combustion Mach number (φ5) [1.3 - 4.5]

2.3. Artificial neural network

A database including 3350 observations, was generated by the reduced-order modules detailed above.

It basically aims to generate surrogatemodel representing the scramjet engine performance as a function

of the elevation, flight Mach number, intake wedge angle, fuel-air equivalence ratio and intake exit Mach

number. The regression model in the present work is desired to build accurate mathematical pattern

between these independent design variables and the performance parameters. For this purpose, as a

regression method, we selected Artificial neural network (ANN) composing of interconnected network

of neurons. A basic ANN architecture consisting of input layer, a number of hidden layers, and an

output layer, is drawn in fig. 1. It basically aims to create a representative model by finding appropriate

mathematical relations between the input and output layers to make accurate predictions on the points

which are not explored in the simulations. By this way, we are enabled to explore entire design space

of the engine under investigation.

As seen in fig. 1, the input layer comprises the independent design variables while output layer is chosen

as the engine performance parameters in the current problem. The deep learning models were built on

the Keras platform [26]. In themodels, the information given by the independent variables are transferred

via the neurons in the consecutive layers with weights, w, biases, b, and activation functions, f . The

weights at the ith neuron represents the impact of each input (ai) on output aout. The computation of an

output from a neuron in the jth layer, is given in eq. 9.
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Fig 1. Schematic illustration of a deep neural network model built for the present problem.

aout = fj
(
bj +

N∑
i

aiwi

)
. (9)

The number of layers, neurons in each hidden layer, learning rate, activation functions and also the

scaling factors of the dataset are called as hyper-parameters of the regression model and the predic-

tion performance significantly depends on their selection [27]. In order to optimize these parameters,

Random search method [28] which is available in the Keras platform, is used to find the optimal hyper-

parameters for each ANN model constructed in this work. For the regressions of all of the objective

functions (engine performance parameters), rectified linear activation function (ReLU) showed better

performance than other activation functions (such as sigmoid or hyperbolic tangent). Thus, we selected

ReLU to activate hidden layers and activated output layer with a linear function. For determining the best

scaling factor for the input parameters, a cost function, L, proposed in the literature [29, 30] was utilized.
This allowed us to find the best scaling factor which promises the best regressibility of each objective

function. The individual costs Li([φ̃1, φ̃2, φ̃3, φ̃4, φ̃5], Fu, CPR, TPR, ṁfuel, Isp) were computed, where

tilde denotes a scaled value. The scaling factor selected with this way to minimize the cost value Li,

were noted in Table 2 in sec. 3.1. Each independent variable in the input matrix, φi, is divided by its

standard deviation s in Auto scaling, by
√
s in Pareto scaling, by s2/mean(φi) in VAST scaling. The

〈−1, 1〉 scaling scales each variable to the 〈−1, 1〉 range.

The computation of the coefficient of determination, R2, gives representative hint about the regression

prediction performance. R2 computations in each objective function regression are shown in the Table 2.

However, since the overall R2 can be misleading to make sure the regression performance accuracy,

the dataset is divided into several bins (25-30), local errors are also depicted by the parity plots detailed

in sec. . Equation 10 shows the calculation of the R2 in the jth bin. Nj represents the number of obser-

vations, φj
o,i and φj

p,i are observed and predicted outputs, respectively for the ith dependent variable in

the jth bin.
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R2
j = 1−

∑Nj

i=1(φ
j
o,i − φj

p,i)
2∑Nj

i=1(φ
j
o,i −mean(φj

o))2
, (10)

3. Results

3.1. Machine learning model and manifold assessment

The Artificial neural network (ANN) regression method was applied into the dataset created via the

modules given in sec. 2.1. The ANN models were built to regress each objective function separately.

The hyper-parameters of each model were optimized for the best prediction performance by using the

Random Search class found in the Keras platform. The performance parameters related with the entire

system which are uninstalled thrust Fu, specific impulse Isp, fuel consumption ṁfuel, overall efficiency

ηo, and unburnt hydrogen rate YH2 , were regressed by utilizing the five input parameters. However, for

the simplification and decreasing the computational cost, ER variance was removed in the regression

of the intake performance parameters which are CPR, ζ, ṁair, and startability index. As mentioned

above, the machine learning models trained in this work by using the data created by the reduced order

solutions, are expected to be a good representative of the scramjet engine design space and utilized

during the design exercises of the propulsion system. Therefore, maximizing the prediction performance

is quite essential, R2 values were checked in each bin of each performance parameters regression. The

global error rates are presented in Table. 2 with the optimized hyper-parameters of each ANN model

while local errors are shown by using parity plots given in fig. 3.

Table 2. The optimized hyper-parameters of the Artificial neural network that yield the best R2 value.

The hyper-parameters are respectively: scaling factor, the number of hidden layers, cost for independent

parameter optimization, Li, and the learning rate, α. We also show the overall R2 values obtained for

each objective function.

Obj. Fun. Scaling # Hid. lay. Li α R2

Fu Auto 19 1.17 0.0001 .99

Isp Auto 15 1.25 0.0001 .99

ṁfuel Auto 15 1.19 0.0001 .98

ηo Level 12 1.26 0.0001 .99

YH2
Level 5 1.32 0.0001 .97

startability Vast 4 1.03 0.0001 .99

CPR None 4 0.98 0.0001 .99

ṁair Auto 10 1.15 0.0001 .99

ζ Auto 9 1.17 0.0001 .99

The global and local errors respectively given in Table. 2 and fig. 3, indicate that the selected regression

technique was capable to predict the data of Fu, ṁfuel, startability index, CPR, ζ, and ṁair almost

perfectly. The computed Fu data via the reduced-order solutions lies down between -0.1 and 8MN

range. As will be discussed in next section, it was observed that the system produced more thrust with

increase of the cruise Mach number. In the dataset, there is a distinct gap between the number of the

observations obtained with flight speeds of Mach 6 and 8. The equivalence ratio range for the Mach

6 subdataset was selected as wider and investigated points are more frequent as compared to higher

flight Mach numbers. The reason of paying more attention on the lowest investigated flight speed is

to determine the thermal choking and non-combustion zone boundaries properly. Hence, an important

part of the Fu data was aggregated mostly the range between negative values and 2MN. In the zone

representing the thermal choking regime on the performance maps, Fu and accordingly Isp and ηo,
were calculated as 0 while they took negative values in the non-combustion zone since the propulsive

path could not gain enough momentum increase. The nonlinear regression model had some difficulties

to distinguish the independent variables which either cause the thermal choking or non-combustion
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Fig 2. Parity plots of each objective functions predicted by the Artificial neural network regression model

built correspondingly
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regime. It could cope with the non-linearity of the dataset by increasing the complexity of the network

i.e. requiring the high number of neurons and layers for instance in the objective functions of Fu and

Isp. This significantly increased the computational costs. Despite of the promising R2 values, the deep

learning model could not avoid confusing two phenomenon. In a small part of the dataset where the

engine encounter thermal choking phenomena, the ANN model Fu was computed as negative since

it presumed those points in the non-combustion region. Moreover, it can be also said since the Isp
was computed by the Fu and ṁfuel, its matrix includes both parameters non-linearity and this made the

prediction more difficult. The similar expression can be hypothesized about the ηo. We thus, recommend

to compute these performance parameters from the predicted Fu and ṁfuel for such a database which is

non-linear, complex and consists of multiple phenomena. Another remark can be made for the unburnt

rate of hydrogen, YH2
. There are two main reasons for the leftover hydrogen: thermal choking where

the fuel consumption stops because Mach number reaches unity, non-combustion where the hydrogen

leaves the combustor without reacting. In the rest of the scenarios, in general, the YH2 was very close

to zero. The ANN model constructed for this objective function failed to train the data when it took the

values beyond 0.004. The non-linearity of aforementioned phenomenon were also contributed by the

complexity of the combustion inside the duct and the model was not capable to make prediction every

part of the design space. As it can be seen in fig. 3, the number of data around zone where the model is

unsuccessful, are certainly less than the ones in other regions. The shortening the interval in the range

of the independent design variables and performing more simulations at Mach 6 could be an option to

improve the capability of the regression technique in terms of species mass fraction.

3.2. Scramjet performance

3.3. Intake performance

Performance specifications of the intakes operating at different cruise conditions and design parameters

are analyzed by means of the flow properties extracted at the exit of the intake. The intake exit Mach

number (MI,E) and the leading edge truncation angle () are the two design parameters dictate the shape

of the intakes for a given cruise Mach number. Accordingly, for constant leading edge truncation angle,

decreasing MI,E increases compression pressure ratio. Although the total pressure recovery (TPR)

reduces with decreasingMI,E due to the strengthening terminating conical shock, the unique geometry

of the Busemann diffuser enables high efficiency compression of the incoming air. This is achieved by

minimizing the compression performed through the terminating shockwave which is the main source

of total pressure loss. On the other hand, increasing at constant intake exit Mach number decreases

CPR due to increasing total pressure loss induced by the incidence shockwave attached to the leading

edge. The geometric modifications introduced on the design procedure, which is governed by the flow

Mach number and alignment at the upstream end of the Busemann diffuser, by means of varying the

truncation angle is rather minimal. Thus, the terminal shock intensity is preserved while increasing

rises the intensity of the incidence shock which in return reduces TPR. Nevertheless, as a portion of

the compression is performed at the leading edge already, the deceleration required to slow down the

incoming air to the desired pre-combustion properties is relaxed for the Busemann diffuser component

which improves the startability characteristics of the intakes.

In terms of the influence of varying design parameters on mass flow rate (MFR), a strict dominance of

CPR is observed. The aforementioned effect of changing the exit flow properties to meet the demands

of combustion chamber on the static pressure development over the contours of the intake directly

correlates with the resultant MFR. Elevating the exit flow velocity in terms of MI,E lowers the induced

deceleration which reduces the level of compression performed by the intake. Even thought, at the

exit of the intake static temperature rises with decreasing MI,E , the effect of temeprature variation on

MFR is overpowerd by the static pressure elevation. Hence, decreasing MI,E at constant leading edge

truncation angle, yields the MFR values to rise. Whereas with increasing while the at constant MI,E

degrades the mass flow capturing capabilities of the intakes which is quantified by a corresponding

decrease in MFR.

Moving on to the effect of operating conditions in terms of altitude and flight Mach number, the intake

performance is observed to change drastically even with constant design parameters over the desig-

nated operational range. Accordingly, increasing altitude is reducing the dynamic pressure the intake
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Fig 3. Mass flow rate (MFR in kg/s) maps of the intakes under investigation with varying leading edge

truncation angle and intake exit Mach number for varying flight Mach number 6 - 8 (from top to bottom)

and altitude 25 - 35km (from left to right)
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is exposed to. The ratios of flow properties (TPR,CPR, TR) at the exit of the intake and at the inlet

do not change with altitude since the intakes are design with a Mach number dependent methodology.

Hence, variations in the cruise altitude don’t introduce any modifications on the CPR range achieved by

the intake. However, it reduces the mass flow rate through the intake which has a significant impact on

startability. Thus, with increasing mass flow rate while the CPR range is kept constant, the startability

is hindered which confines the operable design space of the intakes to provide feasible pre-combustion

conditions. Additionally, the effect on temperature is purely adiabatic for varying operating conditions

as the total temperature is preserved. Thus, the temperature ratio is kept constant as the cruise altitude

is varied. Nonetheless, as the static temperature is altered with changing altitude, the corresponding

pre-combustion temperature is modulated in relation to T∞. On the other hand, changing flight Mach

number and keeping the intake exit Mach number range constant, alters the temperature ratio. Hence,

the flow at the inlet of the intake (freestream) entails a greater stagnation temperature which is converted

to a higher static temperature values at the combustion inlet.

In accordance to the variations of CPR and TR induced by changing altitude, the mass flow rate of air

entrained by the intake is drastically reduced as the altitude is increased. There are two main compo-

nents affecting the value of the MFR at constant contraction ratio of the intake at constant the intake exit

Mach number which are the local flow density and flow speed. Increasing the altitude lowers the static

temperature which decreases the local speed of sound, thus the flow velocity at constant Mach number

increases. Moreover, the density variations with altitude are mainly governed by the static pressure as

modulations in the range of CPR overweights the ones in temperature ratio. Hence, the resulting effect

on MFR is a rather significant reduction in comparison to lower altitudes. Varying the flight Mach number

considerably alters the startability characteristics, as the operable range within the investigated design

space is shifted towards higher intake exit Mach numbers as the flight Mach number is increased. Ac-

cordingly, the increasing exit Mach number of the intake allows higher CPR design points to start since

the higher velocity of the exiting flow allows to overcome larger adverse pressure gradients. Referring

to the aforementioned discussion on the dominance of CPR for determining the MFR through the intake,

increasing allowable CPR (by self-startability constraints) enables a greater MFR to be accommodated

by the intakes.

3.4. Propulsive performance

The propulsive performance of the investigated DMR engine operating scramjet mode are evaluated

with uninstalled thrust Fu, specific impulse Isp, fuel consumption ṁfuel, overall efficiency ηo, and unburnt
hydrogen mass fraction YH2 . In this section, we also demonstrated the performance maps which enable

to comprehend engine characteristics in the investigated design space.

One of the utmost important performance parameters Fu are influenced significantly by the independent

variables under investigation in this present work. As seen in fig. 4, the higherMach number flight caused

the higher Fu to be produced by the propulsive unit. One of the main reasons is surely the ṁair captured

by the intake component. The ṁair changes remarkably with theMCI and it is worth to mention thatMCI

ranges vary for the three investigated flight Mach number. For the same MCI , elevation, and β, ṁair is

higher with the higher flight Mach number and this increases the computed Fu. On the other hand, the

pre-combustion flow conditions provided by the intake computations are significant for the performance

calculations. TheCPR increases with the flight Mach number for the sameMCI and at the same altitude.

The PCI is slightly higher with the lower flight Mach number, despite of this, the Fu was computed higher

as attributed to higher values of the ṁair. For the TCI , there is no remarkable difference between the

values with the increase of the flight Mach no. However, there are many points where the intake design

failed to satisfy for the favorable pre-combustion flow conditions and the mixture entered the combustor

with TCIs under auto-ignition limit of hydrogen-air combustion. If the compression along the combustor

is not enough to reach this limit, the mixture leaves the burner without combustion. These observation

points are generally clustered around the high values of the MCI for the specifically investigated cruise

Mach number (fig. 4). This can be also interpreted that the selected design parameters for the intake

component around these regions on the design maps, are not capable to provide the optimal initial flow

conditions and the Fu values were computed negative due to the deficiency of the momentum increase

(combustion) and aerodynamic losses.
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Fig 4. Fu [MN] maps of the propulsion system under investigation designed with 0 wedge angle scenario

for varying flight Mach number 6 - 8 (from top to bottom) and altitude 25 - 35km (from left to right)

(intersecting lines represent Isp [ks])
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The Fu showed an increasing trend with decreasing of MCI and increasing ER for the cruise speeds of

Mach 7 and 8. The curve of the Fu in the decreasing direction is cut by theMCI limit of non-combustion.

This indicates the limits of the operation range of these flight speeds in terms of the MCI . However, for

Mach 6 cruise investigations, the performance map is a bit different than the ones of the higher speeds.

The operating zone is limited by two regions which are non-combustion one (high pre-combustion Mach

number and insufficient compression at the intake) and thermal choke one. The thermal choke phe-

nomenon is generally reasoned by selection of low MCI and extreme compression at the intake. The

great CPR does not only increases the losses along the propulsive duct but also, it caused the flow to

decelerate more than optimal MCI point and thermal choking is not inevitable in such cases. These

regions represent two extremities, in one of them, the initial temperature is not enough to ignite the mix-

ture while the heat addition (depending on the ER) might decelerate the flow under the sonic conditions

in the other. The increase of the ER made the region of the thermal choking spread into the direction

of increasing MCI and the design space which can give promising Fu shrunk as seen in Mach 6 perfor-

mance maps (fig. 4). As long as the mixture is not at the conditions of enough temperature, the increase

or decrease of ER do not matter. It is worth to remind that the fuel is assumed to ideally mixed with air

and be heated up to the same temperature of the air before the mixing in the present work. In general,

the hydrogen is injected with lower temperature than the one of the air [31], this increases the gap be-

tween the mixture and auto-ignition temperatures and in such cases, MCI is recommended to select by

considering the heat transfer between the streams. The design of the scramjet flying at Mach 6 cruise

conditions are very critical as considering these examinations. One ought to pay attention for the selec-

tion of the MCI and ER (and accordingly ṁfuel) in order to avoid thermal choking and non-combustion

zones.

For the investigated ER values in the current work, there is no thermal choke observed for the cruise

speeds of Mach 7 and 8. Because the heat addition was not sufficient to decelerate the supersonic

flow to the sonic conditions in the selected range. Moreover, the MCI naturally is high enough not to

even close to the thermal choking region. However, the higher ER investigations are suggested to be

examined for determining the design limit of the engine in terms of the ER, and as indirectly ṁfuel.

Similar remarks with the Mach 6 would be possibly observed.

Another independent variable implying that ṁair is the dictating parameter for the Fu, is the flight altitude.

The greater elevation decreases the Fu and one of the root causes is the significant drop of the captured

ṁair. Flying at the different altitudes make also small changes on the limits of the thermal choking and

non-combustion regions with respect to the MCI and ER. The change of elevation is highly associated

with the initial flow conditions and even a little change on the TCI may alter the limit of these regions.

The TCI slightly rises with the increase of the elevation and this changes the limit of non-combustion a

bit and push it to further in the axis ofMCI . For instance, for Mach 7 and 0.3 of ER operation, the limit is

around 3.4 at 25 and 30km elevations while it becomes 3.5 if the altitude is selected 5km higher.

The PCI values change remarkably with the flight altitude, but its impact is not as strong as the one of

the ṁair. As also mentioned above, with the higher initial pressure, the higher Fu would be produced by

the propulsion power plant. The PCI and ṁair along the MCI axis followed opposite trend and the Fu

showed the same trend with ṁair. This indicates the importance of the ṁair for the engine performance.

The intake wedge angle, β has influence on the Fu even though it is not as big as other parameters. It

affects the engine performance via the captured ṁair and ζ. The increase of the β causes the ṁair and

ζ at the intake to decrease slightly. These changes can be seen from the thrust calculations and it can

be said that the selection of greater β made detrimental effect on the Fu. On the other hand, the higher

β increased the TCI and this resulted in the operation area of the thermal choking be reduced.

Specific impulse, Isp is the measure of the thrust production per consumed fuel. In many simulations, Isp
curves follows a non-linear trend which is the combination of the ones of the ṁfuel and Fu. The greater

ṁair is captured with the lower MCI selection at the intake design. After a certain threshold of the MCI

depending on the investigated flight Mach number, it is not possible to produce thrust anymore since

the favorable conditions cannot be provided for the auto-ignition of the hydrogen-air mixture. Therefore,

we confronted the negative thrust and Isp in the performance maps given in fig. 4. Except the non-
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combustion region, Isp increases in decreasing direction ofMCI for all investigated flight conditions. The

increase rate decreases and after a while, it was observed to be insensitive to the selected MCI . For a

given flight Mach and altitude, the increase of ṁfuel with the ER does not cause the same increment

rate of the Fu for the sameMCI i.e. ṁair. Therefore, it was observed that the Isp slightly decreases with
the ER for all flight conditions under investigation. Moreover, the increasing of flight Mach number at the

same altitude resulted in a dramatic increase of the ṁair. This increment means more consumed fuel

for the sameMCI and since the engine thrust did not increase same with this, Isp decreases remarkably

with the increase of the cruise speed. Despite of the increases on the CPR and ṁair with greater

values of the cruise Mach number, Fu increase was not at the same rate with ṁfuel. On the other hand,

the greater wedge angle selected at the intake design causes the aerodynamic losses as mentioned

above. The decrease of the Isp with the wedge angle can be linked to this examination. However, this

detrimental effect of the greater wedge angle is not as big as the other parameters. Also, it is worth to

say that the impact of the altitude was not found significant for the Isp.

For the trajectory reliability, it is very essential to know the average fuel consumption and make sure

the fuel tanks have enough capacity to provide designed ṁfuel along the flight trajectory. The ṁfuel

strongly depends on the MCI and investigated ER value. Along the MCI range, ṁair varies and ṁfuel

does not remain same with a given ER. Since the lower elevation flight causes the higher amount of

air flow in-taken into the propulsive duct (due to the higher air density at ambient), the ṁfuel increases

oppositely with the flight altitude. The decrease on the captured ṁair with the increase of the wedge

angle caused the less fuel to be consumed for a given ER. This can be seen as another reason of the

thrust decrease except the losses mentioned above. In the comparison of the observations obtained

for Mach 7 and 8 flight speeds, ṁair and accordingly ṁfuel are higher for Mach 8 for the same ER and

MCI . Although the thrust is higher in the Mach 8 solutions, it does not follow the same increment rate

of the ṁfuel and thus, Isp decreases considerably.

Overall efficiency ηo which is obtained with the multiplication of the propulsive and thermal efficiencies,

is computed almost same (around 0.45) for all observations and it made plateau except the regions of

thermal choking and non-combustion. The independent variables under investigation made differences

on the thermal and propulsive efficiencies. When the engine losses from the thermal efficiency, it was

compensated by the propulsive efficiency. Or if the propulsive efficiency is low, ηo remained same

thanks to the high value of the thermal efficiency. Although the losses on the TPR attributed mostly to

the greater selection of β, influenced the Isp, ηo did not change significantly with the wedge angle.

The unburnt fuel mass fraction indicated with YH2
, is one of the engine performance parameters con-

cerning about the environmental impacts. In some of the observation points (non-combustion), the

hydrogen left the combustor without being burnt and this certainly affects adversely the engine per-

formance. The presence of unburnt fuel is reasoned by the incomplete combustion (like in the thermal

choking phenomenon) or non-combustion cases because of the inconvenient selection of the combustor

initial conditions. Except these regions, the fuel was consumed almost totally in all investigated obser-

vation points. In the Mach 6 performance maps, the all fuel flow left the combustor without burning in the

observations where the MCI is selected as higher than 2.8 and 2.9 for the 25-30 and 35km elevations,

respectively. So, the YH2 is directly determined by the independent variables playing important roles on

the ṁfuel. On the other hand, an important part of the fuel remained when the thermal choke happens

in the Mach 6 solutions. In thermal choking points, the YH2
is direct proportional to the ER while the

mixture reaches the unity of the Mach number more easily with the lowerMCI . For the investigated ER
ranges in the Mach 7 and 8 solutions, since there is no thermal choking is seen, the only reason of the

existence of the hydrogen at the nozzle is non-combustion beyond a certain threshold of theMCI .

4. Conclusion
In the present study, we carried out a comprehensive design space exploration of a dual mode ramjet

engine operating in scramjet flight conditions. We investigated several design variables and flight condi-

tions (which are flight altitude and Mach number, intake wedge angle, equivalence ratio and intake exit

Mach number) impacts on the overall (which are uninstalled thrust, specific impulse, fuel consumption

and thermodynamic efficiency) and component-based performance (which are compression ratio, total
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pressure recovery factor, and captured mass flow rate of air (for intake), leftover hydrogen (for com-

bustor)). We generated a propulsive database including 3350 observations and applied Artificial neural

network regression technique to generate a machine learning based model to ease the design process

of the propulsion system. We present the main conclusions and discoveries from the current work in

below:

• For the investigated equivalence ratio and pre-combustion Mach number ranges, thermal chok-

ing phenomenon was only observed in the design space created for the flight speed of Mach 6.

The zone locates close to the low limit of the initial Mach number and enlarges in the direction

of increasing equivalence ratio.

• Another significant observation should be paid attention is non-combustion region. Selecting

the exit Mach number as extremely high in the intake solutions led to the flow left the combustor

without reaction. This increased the leftover hydrogen rate and adversely affect the propulsive

performance and environmental characteristic of the engine.

• The uninstalled thrust had a increasing trend with the increase of the cruise Mach number and

decreasing altitude. We observed that captured mass flow rate of the air and air density (related

with the altitude) play very significant roles on the determining the propulsive performance. We

observed that there is a direct proportion between the uninstalled thrust and fuel consumption.

Hence, while the thrust increases, specific impulse remain same in majority of the observations

made for the same flight Mach number and altitude.

• The hyper-parameters of the deep learning model were optimized by using Random search

available in Keras platform. The Artificial neural network performed well in all intake perfor-

mance parameters and gave reasonable prediction for the uninstalled thrust and fuel consump-

tion. However, it was seen that more data is necessary to train the model not to distinguish

thermal choking, non-combustion and effective thrust production zones on the performance

maps.
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