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Abstract

Hypersonic test facilities are used to accelerate the fluid to the desired test conditions. Hypersonic
nozzles are classically designed by using the Method of Characteristics (MoC) in combination with a
boundary layer correction. However, previous studies has shown that this design method is only valid
for design Mach numbers below eight, since it assumes a boundary layer that remains relatively thin
compared to the nozzle radius. This assumption is no longer valid for higher Mach numbers.

An alternative approach to overcome this limitation is the design-by-analysis method, which uses
the results from numerical simulations of the nozzle flow to generate the nozzle contour at the desired
design point. For this purpose, the framework HyNCO (Hypersonic Nozzle Contour Optimization) has
been developed at the Institute for Aerodynamics and Gas Dynamics, University of Stuttgart (IAG), com-
bining numerical simulations with a multi-objective genetic optimization approach to generate a group
of optimized nozzle contours.

To obtain accurate and reliable results, selecting the appropriate numerical setup is crucial. The
choice of gas model significantly influences the simulation’s precision and computational efficiency.
Therefore, a numerical study has been conducted consisting of three cases: thermally and calorically
perfect gas with a range of constant isentropic exponents, real gas as one species with an temperature
dependent isentropic exponent and a gas in thermochemical non-equilibrium. These results were com-
pared with experimental results obtained at the STB shock tunnel at French-German Research Institute
of Saint-Louis (ISL) for a nozzle with exit Mach number of M, = 8.

Among the numerical cases, the thermochemical non-equilibrium model provided the closest repro-
duction of the experimental results. However, its high computational effort makes it impractical for the
optimization process. On the other hand, the case using a constant isentropic exponent also agrees
well with the experimental data while requiring significantly less computational effort. It is therefore the
preferred choice for nozzle optimization.

Based on this study, a nozzle contour optimization with HyNCO for the Mach 8 nozzle at the STB
shock tunnel is conducted. In addition to the nozzle flow, the thermal and mechanical loads on the
nozzle are evaluated with regards to the possibility of modular nozzles and different materials for the
nozzle wall.

Keywords: Nozzle, Optimization, Non-equilibrium, Shock tunnel, Hypersonics, Experimental Investi-
gation, Numerical Investigation, Comparison, Validation

Nomenclature

Latin Obj — Objective function
X — Design parameter

H - Geopotential height ¢ — Speed of sound

M = Mach number ¢, — Isobaric specific heat

N — Degree of Bézier spline d — Spline degree

R — Ratio of nozzle throat curvature radius tonoz- - ¢ _ Target field value
zle throat radius

p — Pressure
T — Temperature
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ppitot — Pitot pressure w — Weighting coefficient
g — Heat flux Subscripts
r— Radius . . 0 — Stagnation conditions
u,v,w — Velocity components in x, y and z direc- Axial

tions ar = AXia

e — Nozzle exit
inv — Inviscid
noz — Nozzle

z,y,z — Spatial directions
yT — Dimensionless wall distance

Greek tgt — Target value
® — Flow angle th — Throat

~ — Isentropic exponent v — Vibrational

0* — Displacement thickness visc — Viscous

w — Nozzle wall inflection point angle w — Wall

1. Introduction

The renewed interest in hypersonic flows necessitates the ability to investigate such flows under a
variety of conditions. A key aspect of this is the conduct of experimental investigations to validate both
numerical and analytical models. Examples of such facilities include the STA and STB shock tubes at the
French-German Research Institute of Saint-Louis (ISL), which can operate at Mach numbers between 3
and 10 [1]. To achieve this, a nozzle is utilized.

The conventional approach to nozzle design involves the application of the Method of Characteristics
(MoC), developed by Prandtl and Busemann in the 1920s [2]. Initially developed as a graphical design
method for inviscid, two-dimensional (2D) nozzles, it has been refined over the decades, for instance, for
axisymmetric nozzles [3]. However, nozzles designed using the MoC do not account for viscous effects,
particularly the boundary layer developing along the nozzle wall. To address this limitation, the MoC was
extended to include a boundary layer correction (MoC/BL) [4], in which the displacement thickness §* is
added to the inviscid nozzle contour. This approach assumes that the boundary layer is small compared
with the local nozzle radius and that the characteristic lines reflect at the displacement thickness.

With the advent of Computational Fluid Dynamics (CFD) in the latter half of the 20th century, it
became possible to investigate nozzle flows in greater detail and to account for thermochemical non-
equilibrium effects. In the early 1990s, CFD was used to assess the limitations of MoC/BL. Benton and
Perkins [5] and Candler and Perkins [6] showed that for nozzles designed with M, gesign > 8, the MoC/BL
method becomes unreliable because the boundary layer thickness constitutes a significant fraction of the
nozzle radius. Consequently, the characteristic lines penetrate the displacement thickness and reflect
closer to the wall than expected.

2. Methodology

2.1. Nozzle Contour Design

Due to the limitations of the Method of Characteristics, several alternative design approaches have been

developed. One such approach is the Design-by-Analysis method [7], which employs numerical simu-

lations to derive the desired nozzle contour. Originally proposed by Korte et al. [8], this approach led

to the development of the CAN-DO design program. CAN-DO evaluates the results of two-dimensional

(2D) or axisymmetric numerical simulations and iteratively adjusts a parameterized nozzle contour.
The program assesses three objective functions, Obj(X), which serve as measures of nozzle perfor-

mance and depend on the design parameters X. These functions are based on the exit Mach number

M., the exit flow angle ®, = arctan (Z—), and the centreline Mach number distribution M. While the

target values of M, and ®, are set as constants, the centreline Mach number distribution is determined
for each nozzle using the method of Sivells [4], as it depends on the nozzle contour.

The nozzle contour itself is represented using N cubic splines. The spline coefficients constitute the
design parameter space, which can be reduced to NV + 3 coefficients by enforcing slope and curvature
continuity between splines [8]. Nevertheless, alternative spline formulations may also be employed.
For instance, Bézier splines [9] define the parameter space through Bézier control points, while B-
splines [10] use basis function coefficients. For a spline of degree d, both formulations require 2(d + 1)
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design parameters.

Whereas CAN-DO applies a least-squares optimization procedure, nozzle contours can alternatively
be obtained using multi-objective genetic algorithms (MOGA) [11], as demonstrated by Matsunaga et
al. [9]. In this method, a population of candidate solutions is randomly generated from the design pa-
rameter space and evaluated against the chosen objective functions. Successive populations are then
formed through crossover of parent solutions and mutation of offspring. This evolutionary process is
repeated over a prescribed number of generations. In comparison to single-objective optimization, this
approach allows the user to choose a result from a family of results if no global minimum exists.

The concepts described above are integrated into the framework HyNCO (Hypersonic Nozzle Contour
Optimization). Within this framework, numerical simulations are performed using the open-source toolkit
OpenFOAM [12], specifically with the HiSA extension [13], while optimization is managed through the
open-source library Dakota [14]. The workflow of the framework is shown in Fig 1, and it is currently
capable of designing both two-dimensional and axisymmetric nozzles.

- i
[ Input design parameters ] Control points

Nozzle contour

[ Design of initial Contour by MoC/BL ] ® Inflection point
[ Generation of initial population }
k2 >
[ Preprocessing ]
y
[ Solving ][ New population ]
y
[ Evaluation of OBF (X) ]
y
[ Satisfying criterion? ]—-@
z

@ Fig 2. Exemplary nozzle contour (blue line) described as a
contour selection

single eigth degree Bézier spline. The control points of the
Fig 1. Flowchart for HyNCO spline are shown as black dots, the inflection point of the
contour is marked as a red dot.

The initial nozzle contour is generated using the MoC design tool Contur [15] and subsequently fitted
to a Bézier curve of degree N, specified by the user. The design parameters for the optimization are
defined as the differences between neighbouring control points together with the throat radius, which
initially results in 2(N + 1) design parameters.

This number is reduced by imposing constraints on the wall angle and curvature at both the throat
and the nozzle exit, with the throat wall curvature optionally constrained as well. At the throat, the wall
angle is fixed at zero and the curvature is defined as a multiple of the throat radius, which also serves
as an input variable for the calculation of the axial Mach number distribution. At the nozzle exit, the wall
angle remains a design parameter while the curvature is set to zero. Applying these constraints reduces
the parameter space to 2N — 3 design parameters describing the nozzle contour.

An exemplary nozzle contour with its control points and design parameters is shown in Fig 2. Based
on these parameters and the user-defined bounds, the optimizer generates the initial nozzle population,
which is pre-processed and run by the numerical solver. The data for the objective functions is then
extracted from the results and transferred back to the optimizer for evaluation.

Similar to the CAN-DO code developed by Korte, the Mach number M, and the flow angle @, at
the nozzle exit, as well as the axial Mach number distribution 17, are defined as the primary design
targets. Additional targets, such as the radius of the inviscid flow at the nozzle exit r;,, . or the nozzle
length i,,,., are available but are not considered in the scope of this publication. Each objective function
is then calculated as

HiSST-2025-0057 Page | 3
A Numerical-Experimental Comparison and Optimization of Hypersonic Flow Characteristics Copyright © 2025 by the author(s)



HiSST: International Conference on High-Speed Vehicle Science & Technology

Nk

Obji(X) = [wii(fi = frgr)’] (1)

j=1
with the individual weighting coefficient [16]

o exp(—|fj — figtl) 2
= S op(1F, — fugt]) @)

For M. and @, only the core flow at the nozzle exit is used in determining the objective function
values. Therefore, the boundary layer thickness is determined and subtracted from the viscous contour.
For M,., the inviscid contour provides the necessary input parameters, such as the wall angle at the
inflection points # and the ratio of the throat radius to the radius of curvature at the throat,

R— Tth (3)

Tcurv,th

The design Mach number M, 4.4, and the isentropic ratio - are also required. The axial Mach
number distribution is divided into four regions: (i) between the throat and the inflection point, a fourth-
degree polynomial describes the Mach number, (ii) the region close to the inflection point is assumed
to be radial, (iii) a fifth-degree polynomial is used to model the Mach number distribution, (iv): uniform
flow at the design Mach number is assumed. These regions are illustrated in Fig 3. For a detailed
description of the Mach number curve, refer to the original work by Sivells [4].

Fig 3. Nozzle flow regions for the determination of centreline Mach number distribution. According to
Sivells [4]

Thermochemical Non-Equilibirum Flow

For hypersonic flows, the usual assumption of a perfect gas in thermochemical equilibrium with a con-
stant isentropic exponent ~ is no longer valid. To illustrate this, Fig 4 shows the different mechanisms
of excitation, dissociation, and ionization of air as a function of temperature.
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Fig 4. Temperature ranges of excitation, dissociation, chemical reactions and ionization for Air. According
to Zhang et al. [17].

For example, if a vehicle is flown at a Mach number of M = 8 in the atmosphere at a height
of H = 30km, the atmospheric temperature and pressure are T = 227K and p = 1172Pa, respec-
tively [18]. Calculating the stagnation conditions using the isentropic relation with an assumed v = 1.4
yields a temperature of T, = 3128K and a pressure of p, = 114 bar. At this temperature, compared to
the range in Fig 4, the gas is vibrationally excited and oxygen dissociation has begun, which alters the
gas properties and must be considered in numerical simulations. For nozzle flows, the rapid expansion
of the gas additionally leads to the freezing of the vibrational energy states [19].

In numerical simulations, the effects of thermodynamic non-equilibrium can be accounted for us-
ing the two-temperature model [20], in which the internal energy is split into translational-rotational
and vibrational-electronic components. The vibrational-electronic energy, along with the total inter-
nal energy, is solved through separate differential equations. The relaxation of the vibrational energy is
modeled using the Landau-Teller approach [21]. Such simulations can be carried out with several codes,
including hy2Foam, an OpenFOAM extension [22, 23], or Eilmer [24, 25], developed by the University
of Queensland.

3. Computational Setup
3.1. Domain and Spatial Discretization

The computational grid for the flow simulation consists of three major components: the inlet plenum,
which provides the total conditions for the nozzle, the nozzle itself, and the outlet plenum. The nozzle
considered in this study is the M = 8 nozzle from the STB shock tube at ISL [1] and is represented by
an eighth-degree Bézier spline. A schematic representation of the domain is shown in Figs. 5a and 5b.
The block structured mesh contains 251317 hexahedral cells. The boundary layer consists of 41 points
in wall-normal direction with a growth rate of 1.1, see close-up of the mesh in Fig 5c.

HiSST-2025-0057 Page | 5
A Numerical-Experimental Comparison and Optimization of Hypersonic Flow Characteristics Copyright © 2025 by the author(s)



HiSST: International Conference on High-Speed Vehicle Science & Technology

Slip wall Slip wall /

Probe locations

Inlet
Slip wall

Outlet

Inlet plenum Outlet plenum

No-slip wall
Y

Nozzle ' .

(0,0)

(a) Schematic view of the computational domain
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Fig 5. Computational domain for the nozzle simulations. (a): schematic view of the domain; (b):
schematic view of nozzle with the position of probes for the experimental data; (c): close-up of the
mesh of the throat region

3.2. Numerical Setup

A finite volume, compressible solving algorithm with local time stepping approach is used for achieving a
steady state solution. The discretisation in both space and time is second order. As a turbulence model,
the Spalart-Allmaras turbulence model [26] with low-Reynolds wall functions (y* < 5) is used.

With the domain described in Section 3.1, three types of simulations are conducted, differing in two
aspects. These are gas model and the simulation code. The first type uses a perfect gas model for
nitrogen, in which the isentropic ratio ~ differs between each individual simulation. The second type
utilizes the Peng-Robinson equation of state [27] with the NIST-JANAF polynomials for modelling the
temperature-dependent change in the isobaric heat capacity ¢, [28]. These two types of simulations
are run with HiSA [13]. Finally, the third type uses a two-temperature model for thermodynamic non-
equilibrium effects in conjunction with a finite rate chemistry solver. This type of simulation is run with
Eilmer [24, 25].

3.3. Boundary Conditions

The domain walls are set as slip walls, except for the convergent and divergent nozzle sections, which
are modelled as isothermal no-slip walls with a wall temperature of 7, = 295K. The inlet provides
the desired total conditions of T, = 2650K and p, = 1.738 x 107 Pa, while the outlet in the post-nozzle
plenum is defined as a Neumann boundary conditions.

Simulations in thermochemical equilibrium with the perfect gas model are carried out for four spe-
cific heat ratios: v, = 1.29, 72 = 1.32, 43 = 1.36, and 4 = 1.4. These values were chosen because ~;
corresponds to nitrogen under total conditions, ~, is the classical value under standard conditions, 3
matches the design value of the nozzle, and ~; is an intermediate value between ~; and ~3. The nozzle
was originally designed using ~s.

For the real gas case, the Peng-Robinson equation of state [27] is applied, along with the NIST-
JANAF polynomials for the isobaric heat capacity ¢, [28].

The non-equilibrium simulation uses thermally perfect molecular and atomic nitrogen with chemical
reaction rates from Park [29] and vibrational-translational relaxation rates from Millikan and White [30].
To validate the numerical results, experimental data from the STB shock tube, obtained using Pitot
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probes in the nozzle flow, are employed [1].

3.4. Adaptions for Nozzle Contour Optimization

Based on the results of the gas model comparison, a nozzle optimisation is conducted to improve the
contour for the specified flow conditions with the HyNCO framework. As the initial guess, the contour
of the M = 8 STB shock tube nozzle is employed and parametrised as an eighth-degree Bézier spline,
resulting in 14 design variables. These comprise seven parameters defining the axial distances between
control points, four for the radial distances, as well as the throat radius, throat curvature, and exit wall
angle.

Target values for the optimisation are defined as an exit Mach number of M, g = 8, an exit flow
angle of ®, = 0°, and a centreline Mach number M, , estimated using the method of Sivells [4]. Each
simulation setup is identical to the above mentioned with the exception of the outlet plenum, which is
omitted from the domain to reduce computational costs. The optimisation comprises 5000 individual
simulations and requires seven days to complete. Results are compared with the equilibrium case intro-
duced in the previous section, hereafter referred to as the initial case.

4. Results

4.1. Influence of Gas Models

The comparison of the numerical and experimental data, shown in Fig 6 for measurements taken 50 mm
upstream of the nozzle exit and in Fig 7 along the nozzle axis of symmetry, reveals distinct trends in
the equilibrium simulations with constant ~. With increasing ~, the Mach number and Pitot pressure
rise, while static pressure, temperature, and velocity decrease. This behavior agrees with the classical
isentropic area—Mach number relation, which predicts that for a fixed area ratio between throat and exit,
a higher isentropic ratio yields a higher Mach number.

Axial distributions further show an overexpansion of the flow, which becomes more pronounced at
higher ~. For instance, in the case of v, = 1.4, the Mach number increases up to M = 10.5at z = 0.55m
but subsequently decreases to M, = 9 at the nozzle exit. This overexpansion and subsequent reduction
in Mach number introduce disturbances in the nozzle core flow, visible as a Mach number deficit near
the symmetry axis at the nozzle exit. These effects are illustrated in Fig 8.

The primary cause of the observed overexpansion, particularly in the case 4, is the mismatch between
the nozzle contour and the imposed flow conditions. Specifically, the wall angle at the contour inflection
point, governing the expansion process, leads to deviations from the intended flow behaviour.

For the non-equilibrium case, Mach number as well as static and Pitot pressures most closely resem-

ble the equilibrium case with v, = 1.4, particularly with respect to the Mach number deficit at the nozzle
axis. However, the boundary layer is 2.4 % thinner and the axial Mach number 2.9 % higher compared
with the equilibrium counterpart. The thinner boundary layer in the non-equilibrium case is consistent
with previous investigations of hypersonic boundary layers [31].
Figs. 7c and 7d further show that the flow in the divergent nozzle becomes frozen shortly after the
throat, with a vibrational temperature of 2100K and an isentropic ratio of v = 1.3. The energy stored
in vibrational modes is therefore unavailable for acceleration, resulting in a reduced axial velocity. In-
terestingly, this velocity corresponds best with the equilibrium case for v3 = 1.36, which is the nozzle
design value. This indicates that, in terms of transforming stagnation enthalpy into kinetic energy, the
original design choice of v was appropriate.
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Fig 6. Distribution of flow quantities at x = —50mm. (a): M over y; (b): u over y; (C): ppitor OVEr y;
(d): povery

The real gas case shows good agreement with the 3 = 1.36 equilibrium case in terms of Mach num-
ber, static pressure, and static temperature. Moreover, the overexpansion of the axial Mach number is
less pronounced. This is attributed to the smaller effective ~ in the expansion region, which produces
shallower expansion waves. The reduced overexpansion is also evident in Fig 8e. In addition, the axial
velocity at the nozzle exit corresponds most closely to the v = 1.32 equilibrium case.
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Fig 7. Flow quantities along nozzle centreline (y = 0). The black dashed line denotes the position of
the nozzle throat. (a): M over z; (b): p over z; (c): T over y with T;, for the non-equilibrium case as a
dashed blue line; (d): ~ over y;

Direct comparison with experimental Pitot pressure data (Fig 6¢) shows a characteristic profile: a
peak at the end of the boundary layer, a reduction towards the symmetry axis, and a secondary peak at
the centreline. This behaviour becomes more pronounced with increasing ~ in the equilibrium simula-
tions. The non-equilibrium case again resembles the v, = 1.4 case qualitatively, but with Pitot pressures
reduced by approximately 1 x 10* Pa. It matches the experimental data well at the nozzle centreline
and boundary layer edge, but deviates in the intermediate region, where the equilibrium ~, = 1.4 case
provides the best agreement between the boundary layer and the centreline region.

For the nozzle contour optimization, the most important flow quantity is the Mach number. It is used
in two objective functions and has to match best with the non-equilibrium results. This is the case for
the perfect gas at v = 1.4. Therefore, this value for ~ is used for the optimization of the nozzle contour.
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Fig 8. Mach number contour plot of nozzle flow. (a): perfect gas case with v = 1.29; (b): perfect gas
case with v = 1.32; (c): perfect gas case with v = 1.36; (d): perfect gas case with v = 1.4; (e): real
gas case; (f): non-equilibrium case

4.2. Nozzle Contour Optimisation

For all three objective combinations, a distinct Pareto front is observed, demonstrating the interdepen-
dence of the objectives and the absence of a unique global optimum, see Fig 9. Consequently, the
results must be examined to determine which objective function should be prioritised; in this study,
emphasis is placed on minimising the objective function associated with the nozzle exit Mach number
profile when selecting the optimised contour.

With this prioritisation of M, solutions along the Pareto front were compared, revealing several
systematic trends in the nozzle contour. A selection of representative geometries is shown in Fig 10 in
three views: with equal aspect ratio, with the y-direction stretched, and with a close-up of the throat
region.
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Three distinct groups of solutions can be identified:
i C(for conic),

i LC (for Laval conic),

i L (for Laval).

Group C contains contours resembling conical nozzles, while groups LC and L exhibit characteristics of
classical bell-shaped nozzles. The distinction between LC and L lies in the wall angle at the inflection
point: LC contours have a smaller angle and typically transition into a conical shape near the nozzle exit,
whereas L contours have larger inflection angle and retain a closer resemblance to the initial contour
throughout. A feature common to all groups is an increase of approximately 30 % in throat radius com-
pared with the initial contour. This enlargement results from the higher ~ value used in the optimisation
(v = 1.4) relative to the original nozzle design (v = 1.36), which reduces the required area ratio between
throat and exit.

0.0
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Fig 11. Flow quantities of objective functions for initial and optimized nozzle contours. (a): Mach
number at nozzle exit; (b): Mach number at nozzle exit, close-up of Mach number around target value;
(c): Flow angle at nozzle exit; (d): Mach number along centreline

The influence of the nozzle contour groups on the target values—namely the exit Mach number
M., the flow angle ®., and the centreline Mach number A1,,—is presented in Fig 11. For M., all three
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groups reproduce the target value of M, = 8 more accurately than the initial contour, with a maximum
deviation of only AM, = 0.1 at the axis of symmetry. Among the three, group LC shows the closest
agreement with the target. All groups also exhibit a thinner boundary layer compared with the initial
case, which can be attributed to the reduced arc length of the optimised contours.

For @, group L demonstrates the smallest deviation, with the radial increase in flow angle remaining
below that of the initial contour. In contrast, groups LC and C show a larger rise in ®., with group C
reaching the highest values. In both cases, the maximum absolute value exceeds that of the initial
contour. Within the boundary layer, however, the flow angle decreases. The progressive increase in @,
from group L to LC to C is consistent with the growing proportion of conical sections in the corresponding
contours.

A similar trend is noticeable for the centreline Mach number. Group L reaches the target value more
rapidly and levels off earlier, while group LC follows a comparable trajectory but only stabilises close
to the nozzle exit. Group C, in turn, continues to rise up to the exit. The distance required for M,
to reach its target value correlates with the maximum wall angle: a shallower angle, whether at the
inflection point (groups LC and L) or as the conical angle (group C), results in a shorter distance for M,,
to converge.

Besides the flow characteristics and structural loads, heat loads are a critical aspect in nozzle design
and manufacturing. The total heat flux into the nozzle wall for the initial and optimised contours is
shown in Fig 12. For all cases, the wall heat flux reaches its maximum at the throat and decreases
towards the nozzle exit. Compared with the initial contour, the optimised nozzles exhibit reduced heat
flux at the throat. Up to = = 0.1 m, the heat flux of the initial contour as well as groups LC and L remains
in a similar range, after which the optimised contours show a slower rate of decrease. Groups LC and L
display similar qualitative trends, with group L consistently exhibiting lower heat flux than group LC. In
contrast, contours from group C show higher heat flux along the entire arc length, though approaching
the values of groups LC and L near the nozzle exit. Notably, in the exit region the wall heat flux of the
optimised contours is two to three times higher than that of the initial nozzle.

1084
108,
E 5’@107’
?.ﬁ 107 \ ? 106,
105,
108 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ —
-136 -134 -132 -130 —-1.28 —1.26 -125 —-1.00 -0.75 —-0.50 —0.25 0.00
z [m) x [m]
(a) Nozzle throat region (b) Full contour
— Initial C2 — LC2 — L2
— — LC1 — L1

Fig 12. Logarithmically scaled wall heat flux ¢, of initial and optimized nozzle contours. (a): nozzle
throat region, (b): full contour

All three groups of optimised nozzle contours demonstrate clear improvements in flow characteristics
compared with the initial design. However, prioritisation is required to determine which contour should
be investigated further. The decisive criterion here is the deviation of the exit Mach number A1, from
the target value. Taking into account both the requirements for the Mach number distribution at the
nozzle exit and practical engineering and manufacturing considerations, contour LC1 is recommended.
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For this configuration, the Mach number A and the density gradient Vp are illustrated in Fig 13.
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Fig 13. Contour plots for (a) Mach number M and density gradient Vp of nozzle contour LC1

5. Conclusion

In this study, a numerical evaluation of nozzle flows for the Mach 8 STB shock tube nozzle at flight
conditions corresponding to H = 30km was performed. Three models were considered: perfect gas
with varying , real gas, and thermochemical non-equilibrium.

The non-equilibrium simulations showed the closest agreement with experimental Pitot pressure
data. However, the resulting exit Mach number M, exceeded the target value of M, = 8. Among
the equilibrium cases, the perfect gas model with v = 1.4 exhibited the best agreement with the non-
equilibrium results.

Based on these findings, a nozzle contour optimisation was conducted. Three distinct groups of op-
timised contours were identified: (i) conical nozzles, (ii) bell-shaped nozzles with a conical exit section,
and (iii) bell-shaped nozzles, whereas the bell-shaped nozzle contours of group (ii) matches best with
the target nozzle exit Mach number distribution.

Future work will focus on assessing the influence of different working gases and initial conditions on
nozzle flow behaviour, particularly with respect to stronger thermochemical non-equilibrium effects at
higher initial temperatures. In addition, the sensitivity of the flow to specific contour parameters, such
as nozzle length, wall angle, and curvature, will be investigated in greater detail. Finally, the feasibility
of modular nozzle concepts will be explored.

In summary, the study demonstrates the successful integration of gas model evaluation with sys-
tematic contour optimisation, yielding enhanced nozzle performance under hypersonic flow conditions.
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