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1. Introduction

Optimizing the profile of the diverging part of the engine
nozzle with the aim of minimizing losses and maximizing
thrust is an essential step for designing space rocket
engines. This study deals with the optimal design of the
profile of the divergent part of an over-expanded
supersonic nozzle in order to achieve the maximum thrust
with a fixed length and exit to throat area ratio. To this end,
a reliable and robust tool was developed by combining the
Computational Fluid Dynamics (CFD) and Artificial
Intelligence (Al). Firstly, the original profile was modeled
using a third-order B-spline. Then, by changing the control
points of the profile, a set of profiles is produced. This set
of profiles was analyzed by the CFD to estimate the
generated thrust. The geometry of the nozzle along with
the thrust force obtained from the profiles were used to
train an Artificial Neural Network (ANN). Afterwards, the
optimal profile was obtained by applying the Genetic

Algorithm (GA) to the ANN results. Finally, the

performance of the optimal profile in off-design conditions
was compared with the original nozzle.

2. Numerical modeling

In the present case, the air is accelerated through a
converging-diverging nozzle, exits the diverging part of
the nozzle at supersonic speed, and enters the surrounding
ambient. Figure 1 is a schematic diagram of the
converging-diverging nozzle geometry and illustrates the
computational domain and boundary conditions.

The supersonic jet flow exiting the nozzle and entering
the surrounding environment is viscous and turbulent.
Accordingly, the governing equations of the problem
consist of the conservation equations of mass, momentum,
and energy alongside the ideal gas equation of state. These
equations are solved for compressible axisymmetric flow.
Turbulent flow was modeled using the Spalart-Allmaras
turbulence model. The advantage of this method is
reducing the computational costs, while it provides
suitable results for wall-bounded flows, complex internal-

external flows, and boundary layers subjected to adverse
pressure gradients.

In order to optimize the divergent part of the nozzle, it is
necessary to select a reference profile as the base model so
that the final optimized model can be compared with it in
terms of the geometry and performance. For this purpose,
the profile according to Figure 2 was selected.
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Figure 1. Schematic diagram of the nozlle geometry,
computational domain and boundary conditions

O  Original Profile
+  Selected Break Points

6 8 10
x (m)
Figure 2. Refrence profile points and the selected
breakpoints used to generate B-spline curve

Moreover, it is necessary to present this profile, which
consists of discrete points, in the form of a parametric
function so that its geometric shape could be subjected to
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the optimization by changing the relevant variables. For
this purpose, 3" order B-spline is used. In addition to very
good accuracy, this geometric shape also has high
flexibility. To generate a spline, it is not necessary to use
all the points of the reference profile, but it is possible to
create profiles exactly equivalent to the reference profile
with a few breakpoints. The fewer the number of
breakpoints used, the fewer the variables of the developed
model. According to Figure 2, a total of 5 breakpoints were
selected, while the initial and final points of the profile are
also part of this group.

After modeling the reference profile, it is possible to
create a set of related profiles. By changing the control
points, 24 profiles were created, as shown in Figure 3.
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Figure 3. Refrence profile along side the developed profiles

3. Results and discussion

The set of profiles presented in Figure 3 was analyzed with
the CFD. The geometry of the nozzle along with the thrust
force obtained from the profiles were used to train the
artificial neural network. At the next step, by applying the
genetic algorithm, the optimal profile was obtained
according to Figure 4.
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Figure 4. Optimum nozzle profile in comparation with
original nozzle one

Figure 5 shows the details of the gas dynamic structure
of the flow in both the reference and optimized nozzles,
including the Mach disk, oblique and reflected shock
waves, shear layer, vortex core, and flow separation. Close
to the nozzle throat, the wall divergence angle in the
reference profile is greater than the optimal profile. This
divergence has caused the flow separation in the reference
nozzle to happen earlier. In general, the process of the flow
separation in over-expanded nozzles is accompanied by an
internal shock wave. When the shock wave hits the
boundary layer, an adverse pressure gradient is created in
the boundary layer, which leads to the disturbing of the
velocity profile, separation of boundary layer, and an
increase in its thickness. This separation pattern is called
free shock separation (FSS). The greater divergence of the

nozzle wall near the throat in the reference nozzle has
caused a longer Mach disk and a shorter oblique shock
wave. This increases the static pressure drop and reduces
the static pressure recovery factor.
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Figure 5. Mach number contour for optimized (upper
image) and reference (lower image) profiles

Optimum nozzle operating in off-design conditions

In order to examine the performance of the optimized
nozzle profile in off-design operating conditions, the thrust
obtained from the reference and optimal profiles were
compared at different nozzle pressure ratios (NPR). Table
1 shows the results. As can be seen, the improvement
percentage of thrust decreases with increasing the pressure
ratio. Although, up to a pressure ratio of 30, the optimal
nozzle still produces more thrust than the original one.

Table 1. Comparison between optimized and reference
profiles at different pressure ratios

Nozzle Thrust Thrust Improvement
pressure | obtained from obtained percentage
ratio the original from the
profile optimized
profile
14 384.10 523.20 36.2
20 561.61 744.84 32.6
30 928.69 1155.59 28.0
40 1964.27 1824.11 -7.1
50 2471.63 2359.99 -4.52
4. Conclusion

In this study, by combining the CFD and artificial
intelligence, the profile optimization of the divergent part
of an overexpanded nozzle was discussed. The comparison
between the reference profile and the optimal profile for
the nozzle pressure ratio of 14 shows a 36% increase in
thrust and 138% increase in static pressure recovery factor.
The comparison of the details of the flow structure in the
reference and optimal nozzles shows that in the optimal
nozzle, the flow separation, which corresponds to the free
shock separation pattern is happened later. In order to
analyze the performance of the optimized nozzle profile in
off-design operating conditions, the thrusts and pressure
recovery factors obtained from the reference and optimal
profils were compared at NPRs of 20, 30, 40 and 50. The
results shows that in off-design operating conditions, the
performance of the optimal nozzle is better than the
reference one up to a NPR of 30.
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Optimal Design of Divergent Part of an Over-expanded Nozzle Profile using Artificial Intelligence
Seyed Amin Bagherzadeh Sobhan Emami Seyed Ahmadreza Salehi

Abstract The present article deals with the optimal design of the contour or profile of the divergent part of an over-
expanded supersonic nozzle in order to achieve the maximum possible thrust while maintaining the length and the exit to
throat area ratio of the nozzle. To do so, a reliable and robust tool has been developed by combining computational fluid
dynamics (CFD) and artificial intelligence. At first, the original profile is modeled by an innovative method using a third-
order B-spline, and then by changing the breakpoints of the profile, a set of possible profiles is produced. This set of
profiles has been analyzed by CFD. The geometry of the nozzle along with the thrust force obtained from the profiles
have been used to train the artificial neural network. In the next step, the optimal profile was obtained by applying the
genetic algorithm. Finally, the prediction of the artificial intelligence for the optimal nozzle thrust is compared with the
value obtained from the CFD, which shows the validity of the present approach. The comparison between the original
profile and the optimal profile for the nozzle pressure ratio of 14 shows a 36% increase in thrust and a 138% increase in
the total pressure recovery factor. The comparison of nozzles for off-design conditions shows that the performance of the
optimal nozzle is better than the original nozzle up to a pressure ratio of 30. If the nozzle pressure ratio exceeds 30, using
the optimal nozzle instead of the original nozzle will not have priority.

Key words Convergent-Divergent Nozzle, Optimization, Artificial Neural Network, Genetic Algorithm, Nozzle Profile,
Flow Separation
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