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Abstract: This article aims to conduct a numerical inves-
tigation of phenomena induced by gas expansion in
chemical propulsion nozzles. A numerical simulation
of full-scale flat convergent-divergent nozzle geometry
using the finite volume method on structured meshes is
performed to predict the change in the convergent geo-
metry on the boundary layer separation resulting from a
shock/shock and shock/boundary layer. Two turbulence
models are tested, namely, the k−ε and k−ω shear-stress
transport (SST) models. Three steps are considered to
achieve this work. First, 10 numerical schemes are tested

to select the accurate one. The findings of the first step are
used to predict the boundary layer separation in a super-
sonic overexpanded nozzle. The available experimental
data from the NASA Langley Research Center are used to
validate the results. The third step concerns investigating
the impact of the convergent geometric profile on the
downstream flow of the nozzle. The obtained results
are analyzed and compared with the experimental data.
These results show that convergent geometry may cause
the formation of different shock structures and different
points of flow separation and modifies several parameters
of the flowand nozzle performance downstream the throat.
The findings indicated that the convergent profile must be
considered during the design phase when focusing on the
problem of boundary layer separation in the supersonic
overexpanded regime nozzles.

Keywords: lateral load, separation criterium, shock tube,
plan convergent divergent nozzle, Riemann problem

Nomenclature

A section
e internal energy
E total energy
N number of intervals
P pressure
R constant of the gas
S term source
T temperature
t time
u velocity
x abscissa
Y Coordinates
γ adiabatic index
ρ density
φ the flux vector
ω the vector of the conservative variables
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Indices

0 generative condition
a inlet
amb ambient
s outlet
sep separation
t nozzle throat

Abbreviations

AUFS artificially upstream flux vector splitting
AUSM advection upwind splitting method
HLL Harten, Lax et van Leer
Mach Mach number
NPR nozzle pressure ratio

1 Introduction

Predicting flow separation in supersonic overexpanded
nozzles resulting from a shock/boundary–layer interac-
tion represents a significant stake in aerospace science
[1]. The prediction allows the control of this phenomenon
and develops in rocket nozzles. Indeed, during the thermal
energy conversion into kinetic energy inside the conver-
gent-divergent nozzle, an overexpanded flow process is
needed to obtain the maximum power [2]. This expansion
induces an increase in gas momentum and simultaneously
a significant decrease in pressure and temperature, which
causes a shock wave formation [3]. Due to the flow aero-
elastic characteristics and the interaction of the shock
waves with the boundary layer, a phenomenon of flow
separation is generated [4]. The boundary layer separation
causes a recirculation zone (reintroduction of ambient
air) between the wall and the external environment and
detached flow. This zone may give uncontrolled lateral
loads [5]. Therefore, closer is a separation point to the
nozzle outlet lip, the more a recirculation zone formation
is avoided [6].

Several studies [7–9] were performed experimentally
on subscale and full-scale models to demonstrate and
understand the relation between the shock wave and
boundary layer, notably how to cause the separation
flow in an overexpanded nozzle [10,11].

The previous studies [12,13] revealed the existence of
two different patterns of separation defined as the free
shock separation (FSS) and restricted shock separation
(RSS). In the case of FSS, flow/wall separation continued

until the exit of the nozzle. While in RSS, the flow is
reattached to the wall downstream of the separation loca-
tion [5,14,15]. Papamoschou et al. [16] achieved an experi-
mental investigation on the supersonic case with a planar
converging–diverging nozzle where the geometry is
flexible with variable nozzle pressure ratio (NPR). They
pointed out that the section ratio As/At > 1.2 and the ratio
NPR > 1.4 have a decisive impact on creating the shock
wave and boundary layer separation. Gouidmi et al. [17]
carried out a numerical study on the influence of the
boundary layer profile and separation and the behavior
of the flow in front of shock–the boundary layer interac-
tion. Quadros and Bernardini [18] conducted a numerical
investigation on the transitional shock wave–boundary
layer interaction in the supersonic regime. It was found
that the extent of the interaction region and properties
are highly affected by the regime of the incoming flow.
Meister et al. [19] studied the external nozzle parameters,
precisely the parietal temperature and the ambient airflow
velocity around the nozzle. They pointed out that the out-
ward flow velocity causes the thickening of the mixed layer
in the recirculation zone, which remains in contact with
the nozzle wall during the stationary phase. This phenom-
enon is due to the thermal stress on the nozzle wall. Genin
and Stark [20] studied the influence of the divergent geo-
metry (dual bell nozzle) on boundary layer separation.
They concluded that the extension length is the principal
parameter for optimizing the flow behavior and side-load
generation.

In reviewing the literature, the prediction and the
understanding of the impact of the different parameters
on the apparition and behavior of the flow separation in
overexpanded supersonic convergent–divergent nozzle
geometry remain a significant research gap. However, it
is now well established that geometry, especially divergent
parts, impacts the flow separation apparition. However, the
influence of convergent geometry has remained unclear and
not fully understood.

This study aims to contribute to this growing research
field by focusing on three main axes: (1) to verify that the
convergent geometry impacts the boundary layer separa-
tion, (2) to define the effects of this parameter on flow and
separation behavior, and (3) determine the importance of
convergent geometry change on the flow behavior, appari-
tion of flow separation, and the nozzle’s performance.

To perform this study, different numerical schemes
are tested in a shock tube case to select the best one to
predict the boundary layer separation in a supersonic
overexpanded nozzle. A series of experimental investiga-
tions on the NASA Langley Research Center 16-Foot
Transonic Tunnel complex are performed to validate
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the numerical simulation, and hence, a deep analysis
of the impact of the convergent geometry on the flow
separation phenomenon is performed.

2 Formulation of the shock tube
problem

A diaphragm separates the shock tube in the middle,
creating two zones with different thermodynamics states
P4 > P1. When the diaphragm is broken, two shock waves
appear. The first one is formed and propagated along the
tube from a high-pressure zone to low-pressure one
called a shock wave (recompression wave). The second
shock wave is propagated in the opposite direction and is
known as a relaxation wave. This configuration is called
the Riemann problem, as shown in Figure 1.

The tube is considered to be sufficiently long to avoid
a reflection effect. We also assume that these two regions
(two sides separated by the diaphragm) contain the same
gas and negligible viscous effects. The fluid is considered
as an ideal gas under polytropic transformation and sub-
mitted to an expansion, leading to a variable velocity in
the space-time (x, t) domain. When assuming the ideal
gas assumption, Eq. (1), the Euler formulation can be
described by the conservative equation of a variable
( )ω , as shown in Eq. (2).
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The computation domain is discretized in xi intervals

(i = 1…N), where =N l
xΔ is the number of nodes and l is

the length of the tube. The finite volume method is used
to solve the conservation Eq. (2). It integrates the conser-
vation laws on an elementary cell ( )

− / + /
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cell, the vector of the conservative variables is assumed to
be constant and can be expressed as follows:

( )
( )∫ ∫ ∫

∂

∂

+

∂

∂

=

− /

+ /

− /

+ /

− /

+ /

t
ω x φ ω

x
x S ω xd d d .

x

x

x

x

x

x

i

i

i

i

i

i

1 2

1 2

1 2

1 2

1 2

1 2

(5)

The final equation form at the integration time t = n Δt is:
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The previous study has proposed several numerical
schemes [21] to predict the shock wave inside the tube

Figure 1: Schematic pressure distribution in the shock tube problem before and after diaphragm removal.
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shock. The Riemann approximation solution [22–24] can
be obtained by different schemes like Lax-Wendorf, cen-
tered scheme, scheme of decomposition flow, scheme
type Riemann solver, and no oscillation scheme.

3 Numerical study of the selected
NASA nozzle

Numerical investigations are carried out by considering
the experimental study achieved by Hunter [25] on a con-
vergent–divergent of a flat nozzle to simulate the inter-
action phenomenon of shock waves. The computational
domain is a 2D convergent–divergent nozzle with a sec-
tion ratio of 1.8 and a divergence half-angle of 11.01°. The
length of the divergent part L is equal to 0.0577 m, as
shown in Figure 2. After validation, the convergent geo-
metry will be changed to study its impact on the detach-
ment of the boundary layers caused by the shock waves
in the divergent part.

3.1 Nozzle geometry

Several studies [26–29] showed that the flow in a nozzle
subjected to a wave shock is asymmetrical, especially
during the starting or at the stop phases. Hence, in this
study, the flow is considered symmetric because we are

on an established flow regime, and therefore, only the
half geometry is represented with the axe of symmetry
in 2D space.

3.2 Computational mesh

Several grids are tested to find the best compromise
between the accuracy of the results and computational
cost. The selected mesh is a structured model with embedded
mesh refinement, as shown in Figure 3. The total number of
cells is 276,118 cells. It is refined at the throat and walls.

The results are compared with those obtained experi-
mentally by Hunter [25] for different NPRs. Figure 4
shows the results from four meshes compared to the
experimental data corresponding to NPR = 3.014. The
choice of the mesh depends on the precision with which
the boundary layer is processed. The commonly used
parameter to evaluate this accuracy is Y+. As shown in
Figure 4, the values of Y+ are less than 5 over the entire
interaction zone, representing good precision in deter-
mining the properties of the boundary layer.

3.3 Boundary conditions

The simulations are performed by CONVERGE CFD soft-
ware. The boundary conditions are illustrated in Figure 5.
A pressure inlet boundary condition is imposed at the
inlet of the primary nozzle. Another pressure-far-field
type is set on the ambient pressure, and a final boundary
condition of the pressure outlet is required at the output
of the computational domain. The walls of the nozzle are

Figure 2: Presentation of the NASA nozzle geometry [25].

Figure 3: The nozzle structured mesh.
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considered adiabatic and symmetry type. These condi-
tions are imposed at the top and the bottom of the com-
putational domain boundaries.

3.4 Turbulence models

In this study, different NPRs are considered: 2.008, 2.412,
3.014, 3.413, 3.816, 4.217, and 5.018. The experimental
work reported in ref. [25] corresponds to NPR = 3.014.
The choice of the turbulence model can affect the results
significantly. The Reynolds-averaged Navier-Stokes approach
is adopted as shown in ref. [30], and two turbulence models
have been tested in this study, namely, the standard k−ε and
k−ω SSTmodels [31]. The results are qualitatively compared
to the Schlieren flow visualization, as shown in Figure 6.

As shown in Figure 7, the Mach disk position is
apparent with the k−ω SST model, while for the k−ε
model, it is in an external position far from the exit. On
the other hand, the k−ω SST model accurately follows the
boundary layer separation zone compared to the experi-
mental visualization. Furthermore, Figure 8 illustrates
the comparison between experimental and numerical
nondimensional parietal static pressure of the nozzle. It
shows that the pressure decreases more with the k−ε
model than with the k−ω SST model at the separation
point and daily of the separation point. Consequently,
the k−ω SST model will be used in this study.

Figure 5: The different boundary conditions. Figure 6: Schlieren flow visualization for NPR = 3.014.
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4 Results and discussion

4.1 Shock tube problem

Ten Fortran programs were used to solve the shock tube
problem with 10 different schemes. Reference [21] showed
that this problem is numerically sensitive to the selected
scheme. Those schemes are tested to choose the best one
for describing the shock wave accurately.

They assume that the corresponding ratios are P4/
P1 = 10.0, ρ4/ρ1 = 10.0, and T4/T1 = 1.1. The Courant–
Friedrichs–Lewy number = 0.8. Air is considered a per-
fect gas with no viscous effect in the 1D flow.

Figure 9 shows that the schemes artificially upstream
flux vector splitting (AUFS), advection upwind splitting
method (AUSM), ROE, Steger-Warming, VAN-LEER, and
Zha-Bligen are in good agreement with the literature
[32–39]. Figure 1 shows that the three main zones are
captured: the first zone is where the shock wave propa-
gates from high to low pressure, the second zone is where
the relaxation wave propagates from low pressure to high
pressure, and the third zone is the isobaric line between
these two zones. The other schemes, HLLL, LAX, Rusa-
nove, and Ritchmyer, describe more than two different
isobar sliding lines [22–24], which is not consistent with
the literature.

Figure 10 shows for AUSM and Zha-Bilgne schemes,
and this evolution presents oscillations at the isobar line,
while the ROE, AUFS, and Steger-Warming schemes offer
a solution without numerical oscillations. However, the
Steger Warming scheme is noticeably more diffusive.

4.2 Supersonic NASA nozzle

Figure 11 presents the evolution of the pressure ratio P/P0
(fraction of the parietal pressure on the generative pres-
sure or pressure inlet), according to the nondimensional
distance x/xt with xt in throat abscissa. These results
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Figure 7: Impact of the two turbulence models on the numerical result: (a) k−ε and (b) k−ω shear-stress transport (SST).
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correspond to NPR = 2.412, 3.014, and 3.816. They are
compared with the experimental results reported in ref.
[25] concerning the same NASA nozzle (NASA Langley
Research Center 16-Foot Transonic Tunnel complex). Good
agreement has been obtained, and we notice that the
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Figure 12: Comparison between numerical and experimental shock
scheme for NPR = 2.412.
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Profile (A) Point X Y

A 0.000 0.000

B 0.000 -15.596
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Figure 13: Geometric profile of the three convergent shapes.
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numerical simulation captures the location of the boundary
layer separation. Figure 12 represents the shock scheme
case for NPR = 2.412. Although the angles of incident shock
and the reflection shock are mostly well simulated, the
normal shock length is underestimated with a relative error
of 18% compared to the experimental visualization case.

4.3 Impact of the convergent geometry

Some numerical and experimental investigations are focused
on the divergent profile impact on the nozzle flow behavior
[20,25–31,40]. Still, the effect of convergent remains a gap in

the current literature. Hence, we carried out numerical inves-
tigations to study the impact of the convergent geometry
change on the flow, the coordinates location of the boundary
layer separation inside the divergent, and the characteristics
of the flow. Three different shapes of the convergent are
considered: (i) the convex shape corresponding to the stu-
died nozzle (Profile A), (ii) the conical shape (Profile B), and
(iii) the concave shape (Profile C). The input and the output
sections of the convergent nozzle of NASA Langley Research
Center 16-Foot Transonic Tunnel complex are maintained
unchanged. Figure 13 shows the geometric profiles of the
three considered convergents.

Figure 14 illustrates the location of the boundary
layer separation for each profile. It shows the effect of
changing the convergent geometric profile on the appear-
ance of the boundary layer separation. Seven different
NPRs ranging from 2.008 to 5.018 are considered. Profile
(A) provides an earlier separation location for all NPR
values, followed by profile (B). It can be noticed that
profile (C) presents the daily point of separation. This
behavior is not changing for all NPRs. It can also be
seen that profile (C) illustrates the optimum regime beha-
vior for NPR 5.018, which is not the case for the two other
profiles (A) and (B).

Figure 15 shows the reached Mach number at the
separation section for each profile and each NPR. The
results show that the changing of the geometric profile
of the convergent influences the Mach number at the
separation point called Mach separation. For all NPRs,
profile (A) has a lower Mach number than those corre-
sponding to profile (B), and profile (C) provides the
higher Mach number separation This difference in Mach
number attenuated when the NPR increases and the
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Figure 14: Location of the boundary layer separation for different
NPR ratios and convergent profiles.
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almost same value was obtained at the NPR 5.018, so it
can be noticed that profile (C) offers a higher Mach
number than the other profiles, and this comportment
does not change for all NPRs.

Figure 16 illustrates the different pressure separation
ratio at various NPRs. It can be noticed that the lower pres-
sure ratio (Psep/P0) was always generated on profile (C),
which is in good agreement with the result shown in
Figure 15. Indeed, the pressure decrease causes the velocity
to increase and, consequently, increases the Mach number.
For all NPRs, profile (A) has a higher-pressure separation

ratio than other profiles (B) and (C). But almost the same
results were noticed at NPR 5.018 for (A) and (B). For profile
(C), the nozzle is in the optimum regime.

Figure 17 describes the axial evolution of the pressure
ratio P/P0 according to the nondimensional abscissa x/xt.
The examination of these curves shows that in graph (a),
the pressure curve corresponding to profile (C) decreases
more rapidly (strong expansion) between the inlet of the
convergent and the throat section than in the other pro-
files. This effect is due to the impact of the convergent
profile, imposing the intensity to decrease along the
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Figure 17: Axial pressure ratio P/P0 along with the nozzle for different convergent profiles at NPR = 3.816.
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Figure 18: Wall pressure ratio P/P0 along with the nozzle for different convergent profiles at NPR = 3.816. (a) The evolution of the pressure
along the wall of the nozzle and (b) the evolution of the pressure at the separation zone on the wall of the nozzle.
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abscissa x. For graph (b), the shock wave of profile (C),
which recompresses the flow outside the nozzle, is 5%
higher than the other profiles. However, the shock wave
location is different for each convergent profile. Figure 18
describes the pressure ratio P/P0 close to the wall according
to the nondimensional abscissa x/xt. Similarly, this parietal
pressure ratio decreases strongly for profile (C) according to
the reduced abscissa x/xt. The ratio P/P0 is the same at the
throat section for all the profiles (sonic wall).

Figure 19 shows the difference betweenMach number
profiles at the throat section for different NPR and three

different convergent profiles. It can be noticed that at
the low NPR of 2.008, profiles (A) and (B) are mostly
superimposed, and profile (C) is relatively different. The
Mach gradient in this section (difference between the
highest value and the lower value of Mach) is more
important in the case of profiles (A) and (B) with Δ Mach
number = 0.4. While for profile (C), Δ Mach number = 0.2.
Also, for a higher NPR, Mach number = 3.413. This behavior
is confirmed, and the distinction between profiles (A) and
(B) are noticed but with the same gradient ΔMach number =
0.4. For profile (C), Δ Mach number = 0.15, the velocity
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Figure 19: Comparison between the Mach number profile at the throat section for (a) NPR = 2.412 and (b) NPR = 3.413 of different profiles.
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profile is one of the conditions that create different flow
behavior at the downstream (divergent) for different profiles
of convergent. At the same time, the Mach number near a
wall is always higher in the case of profile (A) followed by

(B) and profile (C), and that is true for all NPR. But, at the
axis of the flow (axis of the nozzle), the Mach number at
profile (C) is higher than profile (A) et (B). This behavior and
tendency are reversed in the separation section, as shown in
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Figure 21: Evolution of the Mach number in the convergent for NPR 2.008.

Figure 22: Recirculation zone for profiles a, b and c at NPR = 3.413.
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Figure 20, although for profile (C). The distribution of the
Mach number is smooth or with a low gradient Δ Mach
number. This behavior should result from the quasi-linear
acceleration in the convergent, as shown in Figures 17, 18
and 21.

Figure 21 shows the Mach number evolution near the
wall (at 1 mm) and at the axis of symmetry for different
profiles (A), (B), and (C) for NPR = 2.008. It is noticed that
the acceleration in the convergent follows a different curve
for different profiles of convergent geometric. Also, profile
(C) allows an almost linear acceleration, unlike profiles (A)
and (B). This behavior can explain why the profile of Mach
number downstream before separation is more uniform
and smoother than the two other profiles (A) and (B).

The recirculation zone located downstream of the separa-
tion point results from the reintroduction of ambient air inside
the nozzle. Figure 22 illustrates the difference between the
recirculation zones for the different profiles at NPR = 3.413.
It can be seen clearly that profile (A) induced the largest
vortex (+40% compared to profile (B) and +60% compared
to profile (C)), given the problems that can be generated by
this phenomenon such as the lateral load (side-load). It is very
important to understand that the change in the convergent
profile can influence the vortex intensity of the recircula-
tion zone.

Figure 23 illustrates the effect of changing the con-
vergent geometric profiles on the Mach number, the wall
pressure ratio P/P0, and the location of the separation of
the boundary layer for different NPR values. This figure
allows better distinguishing the difference between the
three studied convergent profiles and observing each pro-
file’s behavior for different NPR values. For all NPR

values, profile (C) depicts the lowest wall pressure ratio
at the point of boundary layer separation. Consequently,
it presents the highest resistance to separation than the
other profiles and develops a higher Mach number for all
NPRs of this study.

For the other two profiles, profile (B) resists the
separation relatively more than profile (A) for all NPRs
significantly beyond 3.413.

The insert of the obtained results in Figure 24 shows
that the three studied profiles follow the resulting ten-
dency found by previous researchers summarized by
Stark [40], but only for the NPR from 2.008 to 3.816
(delimited in the figure by the rectangle). It should be
noted that the three profiles follow the Schmucker separa-
tion criteria Eq. (7). However, it should also be noted that
apparently, the Schmucker criteria do not consider the
difference induced by the different geometries of the con-
vergent. Still, it is also unable to describe the evolution of
Psep/Pa as a function of Msep for NPR 1.608 and NPR 4.217
at 5.018. For these NPR, the separation is close either to the
throat or to the outlet lip of the nozzle. The influence of
this cretic location makes the relation Psep/Pa a function of
Msep obsolete. Figure 23, which is described by a relation
Psep/P0 according to Msep, which describes this evolution
well whatever the number of NPR, it also describes the
difference of changes in the convergent geometry.

The thrust efficiency results are shown in Figure 25.
The measured thrust ratio F/Fi [41] is plotted and com-
pared with the three curves resulting from the numerical
simulation of the three different convergent profiles (A)–(C).
The analysis shows that the curves of Figure 25 show that
the results of Cf resulting from the simulation follow the
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Figure 24: Separation database.
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experimental results well. This figure also shows that the
change in the convergent profile affects the thrust effi-
ciency. We notice that for NPR = 5.016, the three curves of
the numerical simulation almost coincide. This NPR repre-
sents the optimum regime case, where the separation of the
boundary layer is at the nozzle exit lip. For lower NPRs, the
curves separate gradually. But, still following the experi-
mental curve tendency, for an NPR of 3.014, profile (C)
develops a F/Fi higher than profile (A) by 5%.

5 Conclusion

This work investigated the impact of changes in the con-
vergent geometry profile on the boundary layer separa-
tion in an overextended supersonic nozzle numerically.
The ROE numerical flow scheme has better predicted the
shock wave phenomenon. The following conclusions are
drawn from the obtained results.
• The convergent geometric profile of the nozzle impacts
the localization of the boundary layer separation and
the shock wave because it modifies the profile of velo-
city and pressure at the throat section.

• The changes in pressure and temperature fields are also
due to the convergent geometry change, thus affecting
the kinetic energy repartition, potential energy, and the
intensity of the Mach, and creating the difference in
locations of the boundary layer separation.

• The profiles were adapted well to the Schmucker cri-
terion for NPR, where the separation is far from the
exit lip.

• The curve of P/P0 = f(Msep) can give a better criterion.
The convergent geometry also influences trust efficiency.

As a recommendation, the geometrical optimization
of the nozzles operating in an overextended regime must
consider the appropriate geometric profile of the conver-
gent and its impact on the flow behavior.

For future work, our approach will be based on two
main objectives:
1) To investigate the optimal convergent geometry pro-

file for nozzle,
2) to expand the simulations on other cases to obtain the

maximum data to develop a new boundary layer
separation criterion that takes into account the change
in the profile of the convergent.
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