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Abstract. Gimbaled thrust vector control (TVC) systems are widely employed in modern launch vehicles to provide
attitude control during powered flight. However, the aerodynamic influence of the circumferential geometric discontinuity
introduced by the gimbal joint gap on nozzle internal and external flow remains insufficiently studied in open literature.
The purpose of this study is to evaluate aerodynamic losses and flow field modifications of bell-shaped rocket nozzles
with the presence of a gimbal joint gap using computational fluid dynamics (CFD) simulation. These calculations were
done using the Reynolds-Averaged Navier–Stokes (RANS) model in 2D axisymmetric flow in ANSYS Fluent software.
For modelling the flow properties in compressible separated flows, the k-ω SST turbulence model was selected. Two
nozzle configurations, with and without the gap of the gimbal joint, were compared. The Sutherland viscosity law and the
NASA polynomial thermodynamic data were used for the working fluid and it was modeled as an ideal compressible gas
representative of the combustion products of LOX/Kerosene. The exit to throat area expansion ratio for nozzle geometry
is 8.97, which means that the nozzle is designed to have a supersonic exit condition. The CFD results showed a good
agreement with the theoretical results, showing the validity of the numerical approach. The nozzle studied here operates
under overexpanded conditions at sea level, where the nozzle exit static pressure falls below ambient pressure, giving rise
to oblique shock waves in the exhaust plume and making the accurate characterisation of flow disturbances particularly
important. The presence of the gimbal joint gap was found to introduce aerodynamic losses in Mach number of 6.74%,
providing quantitative design-relevant data for gimbaled nozzle systems in launch vehicles.
Keywords: gimbal joint gap, bell nozzle, TVC, CFD

INTRODUCTION

Rocket nozzle flow dynamics are of fun-
damental importance in propulsion engineering
as they directly impact thrust performance, effi-
ciency, and operational stability of liquid propel-
lant rocket engines (LPREs). Rocket nozzles gen-
erate thrust by expanding and accelerating high-
pressure, high-temperature combustion products
into a directed supersonic jet [1, 2]. Very light-
class launch vehicles have small upper stages
that impose strict requirements on all subsystems
for minimal dimension, high reliability and func-
tional completeness [3].

The ability to accurately direct the thrust of
rocket nozzles is essential to mission success.
Thrust Vector Control (TVC) systems enable this
by deflecting the exhaust jet, allowing the vehi-
cle to maneuver and maintain attitude stability

throughout the powered flight phase. Effective
TVC is therefore an essential component of mod-
ern launch vehicles and aerospace propulsion sys-
tems [4]. Among the different TVC techniques,
the gimbaled nozzle remains the most widely
used mechanism in liquid-propellant rockets. In
this configuration, the entire nozzle assembly is
mounted on a pivoting joint that allows angular
deflection about one or two axes. By introduc-
ing a gimbal angle δ , the thrust vector is redi-
rected, generating a lateral force component that
enables effective control of the rocket’s attitude
during flight [5].

TVC nozzle flow research experiments pro-
vide useful data but involve significant technical
and economic challenges. Physical studies are
limited due to high operating costs, the need for
near vacuum conditions and the inability to du-
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plicate these conditions in ground-based facili-
ties. The use of Computational Fluid Dynam-
ics (CFD) is very useful in the development pro-
cess as full scale experiments of the rocket en-
gine elements are quite expensive and time con-
suming [6]. Reynolds-Averaged Navier-Stokes
(RANS) simulation with the k-ω SST turbulence
model has been demonstrated to be accurate in
predicting wall pressure distribution and shock
structure for internal nozzle flows and supersonic
plumes, and is appropriate for parametric studies
[6]. However, despite the prevalence of gimbal
nozzle systems in the rocket industry, the aerody-
namic influence of the gimbal joint gap geometry
on the nozzle flow field has received limited at-
tention in the open literature.

The ambient pressure environment experi-
enced by a rocket nozzle changes drastically over
the course of a typical mission. The nozzle is
located at sea level and during the lower atmo-
spheric flight phase, the ambient pressure at the
nozzle is around 101,325 Pa. In this case, a nozzle
with a high area ratio will operate in the overex-
panded regime in which the static pressure at the
nozzle exit will be lower than ambient pressure,
and oblique shocks, flow separation, and side-
load generation may occur [7, 8]. Understand-
ing nozzle flow behavior across this regime is es-
sential for the design of multi-stage launch vehi-
cles. Studies combining bell nozzle aerodynam-
ics, gimbaled TVC, and gap effects are sparse.
Available investigations mostly address gimbaled
nozzles at the system level and gap clearance ef-
fects in other TVC schemes, often in converging-
diverging nozzles [9, 10]. In addition, the pres-
ence of a gap between the tab and the nozzle exit
plane has been shown to affect the recirculation-
zone position. As the gap size increases, the
separation point moves closer to the nozzle exit
plane, while the plateau pressure decreases due to
gas leakage through the gap. This suggests that
the separated-flow structure and the pressure dis-
tribution can be greatly modified by the geom-
etry of the gaps, and thus a detailed investiga-
tion of gimbal-gap effects in rocket nozzles is still
needed [11].

Although numerous research projects are
currently underway in the field of rocket noz-
zle aerodynamics and thrust vector control (TVC)
systems, the local aerodynamic effects gener-
ated by the gimbal gap are not well understood.
Specifically, there is a need for detailed quanti-
tative analysis identifying the effect of this geo-
metric discontinuity on the internal flow structure,
the wall pressure distribution, the plume develop-
ment and on the overall thrust performance un-
der different ambient conditions. Given that even
small perturbations in high-speed compressible
flow can lead to significant performance losses, a
systematic investigation of this effect is necessary.
Furthermore, most existing studies focus either on
idealized nozzle geometries or on global system-
level behavior, without resolving the local flow
phenomena associated with structural discontinu-
ities such as gaps. As a result, the aerodynamic
penalties associated with the gimbal gap are often
neglected or underestimated in the design process
of gimbaled nozzle systems.

In this application, Computational Fluid Dy-
namics (CFD) is a very useful tool for solving
complex flow phenomena that cannot be easily
observed experimentally [6, 7]. High fidelity nu-
merical simulations can be used to study the in-
teraction of shock structures, boundary layers and
geometrical irregularities and to evaluate the com-
bined effect on nozzle performance. Based on
that, the aim of this research is to study numer-
ically the effect of the gimbal gap on the internal
and external flow characteristics of a bell-shaped
rocket nozzle in an atmospheric condition by sim-
ulating the flow using a 2D axisymmetric RANS
model. The novelty of this work is the compar-
ison of nozzle configurations with and without a
gimbal gap under the same operating condition,
mesh topology and physics model, which would
allow a legitimate and direct estimation of the
aerodynamic effect of the gap. The results give
insight into the flow disturbances, the shock be-
havior, the thrust performance and the flow field
characteristics of the thrust vector control sys-
tem with geometric feature, such as flow velocity,
flow temperature, flow pressure distribution etc.,
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which is useful for designing and optimizing the
rocket propulsion system with thrust vector con-
trol system.

MATERIALS AND METHODS

Geometry, Computational Domain, and Boundary
Conditions

A two-dimensional axisymmetric model of a
bell-shaped rocket nozzle was considered in this
study. The nozzle geometry is characterized by a
converging–diverging profile designed for super-
sonic flow expansion. Geometrical parameters of
the nozzle include the throat radius of 13.14 mm,
the exit radius of 39.36 mm, and the ratio of exit
to throat area of around 9.

To investigate the influence of the thrust vec-
tor control system, a geometric discontinuity rep-
resenting the gimbal joint gap of 0.4 mm was
introduced into the nozzle wall. For reference,
this value is consistent with sub-millimeter gap
heights reported in fluidic thrust vectoring stud-
ies, where gaps in the range of 1–2 mm have been
shown to directly influence the thrust vectoring
angle [12], and smaller gaps are expected in gim-
baled rocket nozzle hardware due to more strin-
gent leakage and structural constraints.

The computational domain consists of both
the internal nozzle region and the external flow
field downstream of the nozzle exit. The external
domain was extended to 16.1 times the nozzle exit
diameter in the radial direction and 8.15 times the
nozzle length in the axial direction downstream of
the exit plane, ensuring that boundary effects do
not influence the flow solution within the region
of interest. The domain dimensions were chosen
to be large enough to achieve the complete evolu-
tion of the exhaust plume, and numerical stability
and accuracy.

The computational domain and the boundary
conditions used in the numerical simulation of the
bell nozzle flow are shown in Fig. 2. The noz-
zle geometry was considered to be axisymmetric,
enabling the use of a 2D model to benefit from
the geometry while capturing the essential char-
acteristic aspects of the internal and external flow
fields.

At the inlet, corresponding to the chamber
entrance, a mass flow inlet boundary condition
was applied. The inlet mass flow was specified as
8.78kg/s, with a total temperature of 3000 K. The
total pressure at the inlet was set to 6.75 MPa. A
turbulence intensity of 5% and a hydraulic diam-
eter equal to the inlet diameter were specified at
the inlet boundary condition to define the incom-
ing turbulence length scale, consistent with the
recommended practice for internal combustion-
driven flows in ANSYS Fluent. It was assumed
that the flow properties at the inlet remain uni-
form, which guarantees a uniform inlet and pro-
vides numerical convergence. The walls of the
nozzle were represented by a no-slip boundary
condition, thereby considering the influence of
the viscous effects which are present in the near-
wall region. The assumption of an adiabatic wall
condition was applied, where it is assumed that
there will be no transfer of heat between the fluid
and the surface of the nozzle.

The flow was axisymmetric and a symme-
try boundary condition was used along the noz-
zle centerline to capture the three dimensional
behavior in a two dimensional solution. At the
outlet, a pressure outlet boundary condition was
specified. One pressure condition was considered
to simulate flight regime. For the overexpanded
flow case, corresponding to sea-level operation,
the outlet pressure was set to atmospheric pres-
sure (101,325 Pa). These boundary conditions en-
able an accurate representation of both internal
nozzle flow and external plume expansion under
atmospheric environmental conditions.

Mesh and Grid Independence

The computational mesh used for the numer-
ical simulation was generated using ANSYS Flu-
ent Meshing. Fig. 3 shows the computational
mesh of the bell nozzle with gimbal joint gap:
an overview of the full domain (bottom left) with
a close-up view of the gimbal joint gap region
showing local mesh refinement (top center). The
medium mesh configuration with 1,012,018 cells
was employed for all numerical simulations. A
quadrilateral-dominant mesh with boundary layer
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Figure 1 - Two-dimensional axisymmetric cross-sectional view of the bell nozzle geometry: (a) without
gimbal joint gap and (b) with gimbal joint gap

inflation is applied along all wall surfaces, ensur-
ing adequate resolution of near-wall flow features
and viscous effects.

To ensure that the numerical results are inde-
pendent of the spatial discretization, a mesh inde-
pendence study was conducted prior to the main
simulations. Three computational meshes of in-
creasing refinement were generated for the base-
line nozzle configuration without the gimbal joint
gap under atmospheric conditions: a coarse mesh,
a medium mesh, and a fine mesh. The key mesh
parameters are summarized in Table 1.

Since the Mach number at the nozzle exit
plane was one of the most important parameters
that has a direct connection with the nozzle per-
formance evaluation, it was used as the reference
parameter for the mesh independence level eval-
uation. The differences in the exit Mach num-

Table 1 – Mesh independence study results.

Mesh type Number of
cells

Min. element
size [mm]

Exit
Mach No.

Coarse 259,137 0.2 3.758358
Medium 1,010,101 0.1 3.765603

Fine 3,989,159 0.05 3.770503

ber between the coarse and the medium mesh
were 0.19% and between the medium and the
fine mesh were 0.13%, respectively, which meant
the solution converged to be mesh independent.
Thus, the medium mesh was chosen for all fur-
ther simulations, which gets an optimum balance
between computational accuracy and efficiency.
For the selected mesh, the CFD-predicted exit
Mach number of 3.776 was compared with one-
dimensional isentropic theoretical value of 3.650,
showing a difference of 3.17% which confirmed
the spatial discretization for the present study.

Governing Equations and Turbulence Model

The flow was simulated inside the rocket
nozzle as a steady, compressible and turbulent
flow with the Reynolds-Averaged Navier–Stokes
(RANS) equations. The equations are the con-
servation of mass, momentum and energy for a
viscous fluid.

The conservation of mass is described by the
continuity equation:

∂ρ
∂ t

+∇ · (ρui) = 0, (1)

where ρ is the fluid density and ui is the velocity
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Figure 2 - Boundary conditions of the computational domain

Figure 3 - Computational mesh

vector.
The conservation of momentum is expressed

by the RANS momentum equation:

∂ (ρu)
∂ t

+∇ ·(ρuu)=−∇p+∇ ·(µ∇u)−∇ ·(ρu′u′),
(2)

where p is the static pressure, µ is the dynamic
viscosity, and −ρu′u′ represents the Reynolds
stress tensor generated by turbulent velocity fluc-
tuations.

The conservation of energy is given by:

∂ (ρE)
∂ t

+∇ ·
(
u(ρE + p)

)
= ∇ · (k∇T )+Φ, (3)

where E is the total energy per unit mass, T is the
temperature, k is the thermal conductivity, and Φ
is the viscous dissipation.

The turbulence model is used to close the
RANS equations to include turbulence effects.

The k–ω Shear Stress Transport (SST) turbulent
model was used in this study. This model has the
benefit of being able to use the k–ω model close
to solid surfaces and the k–ε model in free-stream
regions and has been shown to be very effective in
predicting flows with adverse pressure gradients
and separation. The k–ω SST model is particu-
larly suitable for high-speed compressible flows
and has been widely used for predicting shock–
boundary layer interactions, flow separation, and
supersonic jet expansion.

The working fluid was modeled as a com-
pressible ideal gas, and density variations were
computed using the ideal gas equation of state:

ρ =
p

RT
, (4)

where R is the specific gas constant. The ther-
modynamic properties were defined by NASA
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polynomial 9 coefficients [13] and the viscosity
of the gas was calculated using Sutherland’s law
[14] to represent the high-temperature gas accu-
rately. The one dimensional isentropic flow rela-
tions were used for theoretical calculation of the
Mach number.

RESULTS AND DISCUSSION

The numerical results obtained were first
compared with theoretical results to confirm the
validity of the numerical model. The theoreti-
cal calculation of exit Mach number, using one-
dimensional isentropic flow relations, was done
for the area ratio of 8.97. The baseline de-
sign (gimbal gap absent) yielded a CFD calcu-
lated area-weighted average exit Mach number
of 3.766 with a 3.17% error from the theoretical
value. The degree of agreement shows that the
numerical solution is a good approximation of the
behavior of supersonic compressible flow in the
nozzle.

The static pressure distribution along the
nozzle axis for both configurations is shown in
Fig. 4. The static pressure is approximately con-
stant in the combustion chamber region (x <
−0.04 m), as is consistent with the specified to-
tal pressure boundary condition. A sudden drop
in pressure is seen in the throat area where the
flow changes from subsonic to sonic. The pres-
sure then drops further and the flow becomes su-
personic in the diverging section, until it attains
near-atmospheric pressure at the nozzle exit. The
two configurations have almost the same pressure
distribution in the convergent and throat region,
which indicates that the gap of the gimbal joint
has a negligible influence on the flow field up-
stream of the throat. In the configuration of the
gimbal joint gap, however, a local pressure distur-
bance is noticed near the nozzle exit plane due to
the interaction with the flow of the geometric dis-
continuity resulting in local flow separation and
recirculation. A few geometric changes of noz-
zles, such as grooves or rings at the nozzle exit,
can create large variations in flow separation, re-
circulation zones, turbulence intensity and oper-
ating conditions [15].

The Mach number distributions for both con-
figurations are presented in Fig. 5. Under at-
mospheric pressure, the nozzle operates in an
overexpanded regime, leading to the formation
of oblique shock structures in the exhaust plume,
clearly visible in the Mach number contours. If
the flow is overexpanded, the flow detaches from
the nozzle wall and oblique shock waves de-
velop; for this, there are two distinct flow separa-
tion patterns: free shock separation and restricted
shock separation, resulting in significantly differ-
ent wall pressure distributions and flow structures
[16, 17, 18]. For the configuration without the
gimbal gap, the flow expands smoothly along the
nozzle contour, with a uniform pressure distribu-
tion and a symmetric and stable plume structure.

In contrast, the configuration with the gim-
bal gap exhibits noticeable flow disturbances.
The CFD-predicted area-weighted average Mach
number and velocity at the nozzle exit for the con-
figuration without the gimbal gap were 3.766 and
2328 m/s, respectively. With the introduction of
the gimbal joint gap, these values were decreased
to 3.512 and 2286 m/s respectively, or 6.74% in
Mach number and 1.79% in exit velocity respec-
tively. These reductions indicate that part of the
flow energy is dissipated due to increased turbu-
lence and flow separation induced by the gap ge-
ometry.

The static temperature and pressure profiles
for both configurations are shown in Figs. 6 and 7,
respectively. The temperature distribution is al-
most the same in the two cases as shown in Fig. 6.
The high temperature exists mainly in the com-
bustion chamber and decreases along the nozzle
due to expansion; in the external flow, the over-
all distribution is virtually the same for both con-
figurations. Likewise, no significant differences
are noted between the two cases in the static pres-
sure distribution, and there is no noticeable pres-
sure discontinuity or strong pressure gradient in
the vicinity of the gap.

The results indicate that the effects of the
gimbal gap on the flow are mostly kinematic in-
stead of thermodynamic. The effect on the flow
direction and the local velocity distribution is
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Figure 4 - Static pressure distribution along the nozzle axis for configurations with and without the gimbal
joint gap under atmospheric conditions

Figure 5 - Mach number distribution in the flow field for the nozzle under atmospheric conditions: (a) without
gap, (b) with gap

measurable, but the effect on the global pressure
and temperature fields is minimal, suggesting that
the primary aerodynamic effect is due to the redis-
tribution of momentum, and not the modification
of the thermodynamic properties. From an engi-
neering perspective, these results have direct im-
plications for the performance of gimbaled noz-
zle systems in real launch vehicles. The observed
6.74% reduction in exit Mach number translates
into a measurable decrease in effective exhaust
velocity (c∗ efficiency), which directly reduces
the specific impulse (Isp) of the rocket engine. For

a LOX/Kerosene engine, a reduction of this mag-
nitude in exit Mach number is estimated to corre-
spond to a reduction in thrust coefficient C f on the
order of 2–4%, depending on the ambient pres-
sure and nozzle operating condition. This in turn
degrades the delivered thrust and, over a sustained
burn, reduces the total velocity increment (∆v)
available to the launch vehicle, a critical perfor-
mance margin in the design of small upper stages,
where mass and propellant budgets are tightly
constrained. The results therefore demonstrate
that the aerodynamic penalty associated with the
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Figure 6 - Temperature distribution in the flow field
for the nozzle under atmospheric conditions: (a)

without gap, (b) with gap

Figure 7 - Static pressure distribution in the flow field
for the nozzle under atmospheric conditions: (a)

without gap, (b) with gap

gimbal joint gap should not be neglected in the
preliminary design and performance budgeting of
TVC nozzle systems. Accounting for this loss
may be particularly important for high-area-ratio
nozzles operating at sea level in the overexpanded
regime, where the interaction between the gap-
induced flow disturbance and the existing oblique
shock structures may amplify side-load genera-
tion and nozzle efficiency losses.

As observed in the velocity vector field
(Fig. 8), the flow inside the gap region exhibits
deflection and partial recirculation, confirming a
loss of flow uniformity. The presence of the
gap introduces a geometric discontinuity which
causes the combustion gases to expand through
the nozzle in a manner that is disrupted, causing
a measurable reduction in the nozzle exit Mach
number of 6.74%, which is aerodynamically sig-
nificant for rocket propulsion applications where
even small reductions in nozzle efficiency can
have a significant impact on specific impulse and
overall thrust performance.

Figure 8 - Velocity vector distribution near the
gimbal-gap region

CONCLUSIONS

In this paper, two-dimensional axisymmet-
ric RANS simulation of a bell-shaped rocket noz-
zle with the k-ω SST turbulence model in AN-
SYS Fluent is used and the effect of the gim-
bal joint gap on the rocket nozzle flow charac-
teristics is investigated numerically. The analysis
was conducted under atmospheric ambient pres-
sure conditions and based on the combustion gas
properties of LOX/Kerosene with a molar mass
of 24 g/mol and a total temperature of 3000 K,
for two configurations: with and without a gim-
bal joint gap.

The CFD results were validated with the one
dimensional theoretical predictions and the exit
Mach number of the baseline configuration was
found to differ by 3.17% from the theoretical
value of 3.65, showing good agreement. The noz-
zle is in an overexpanded condition in air and
exhibits oblique shock structures in the exhaust
plume as seen in such a flow with the area ratio of
8.97 at this condition.

The quantitative comparison between the
two configurations indicates that the gimbal joint
gap reduces the exit Mach number from 3.766 to
3.512, corresponding to a reduction of 6.74%, and
the exit velocity from 2328 m/s to 2286 m/s, rep-
resenting a reduction of 1.79%. The reductions
suggest that part of the flow energy is lost because
of increased turbulence, flow deflection, and re-
circulation zones within the gap region. The static
pressure and temperature distributions are, how-
ever, virtually identical in the two configurations,
implying that the gimbal gap effect is primarily
kinematic in nature.

In general, the results validate the conclusion
that aerodynamic losses caused by a relatively
small geometric discontinuity like a gimbal joint
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gap are measurable. The results presented here
have shown that the presence of structural discon-
tinuities in rocket propulsion applications is im-
portant to consider in the design and optimization
of thrust vector control systems. The 2D axisym-
metric approximation used here is numerically ef-
ficient and is applicable to the parametric study
shown here, however it is not necessarily repre-
sentative of a real simulation in 3D. Azimuthal
non-uniformity in the flow field, asymmetric flow
separation patterns and the three-dimensional re-
circulation zones that may exist in an actual noz-
zle with a geometrically discrete gap feature are
examples of conditions not captured by the 2D ax-
isymmetric model. Moreover, gimbal deflection
causes an off-axis loading condition, which is in-
herently not axisymmetric, and therefore cannot
be modeled in an axisymmetric fashion.

Future research could involve simulations of
the 3D case, transient effects in the flow, and the
effects of changing gap sizes to gain further in-
sight into the aerodynamic performance of gim-
baled nozzle systems. In particular, 3D simula-
tions of the gimbaled nozzle under gimbal angle
deflection would allow the full resolution of three-
dimensional flow effects that are inherently out-
side the scope of the present axisymmetric model.
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