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ABSTRACT

Future propulsion systems will be essential to enable sus-

tainable high-speed flight and routine space access. Such con-

cepts usually employ base-embedded, convergent-divergent noz-

zles and cavity regions to facilitate their mission, thus altering the

flow dynamics at the base notably in comparison to contemporary

launch vehicles. This paper presents a numerical investigation

on the impact of a cavity region on the base flow unsteadiness for

a sub-scale, high-speed exhaust system at over-expanded mode.

The fully-installed model in the test section of a wind tunnel is em-

ployed to facilitate an ongoing experimental campaign. The De-

layed Detached Eddy Simulation turbulence modeling approach

is utilized to investigate the flow at the base. The configuration

featuring the cavity is directly compared to a baseline apparatus,

where the cavity has been removed, thus allowing for the impact

of the cavity to be identified. Results show that the cavity region

can reduce the base pressure fluctuations up to 20% and acts in

a damping-like manner for the base flow unsteadiness. The total

energy of the pressure fluctuations spectrum at the base can be

reduced by as much as 38% compared to the baseline configu-

ration. However, the impact of the cavity on the time-averaged

pressure distribution at the base is negligible. Finally, the cavity

is found to have a notable effect on the nozzle side loads, which

are are reduced by an order of magnitude compared to the base-

line case, and behave in an axisymmetric manner. This indicates

that the cavity could act as a passive flow control mechanism for

side loads reduction.

Keywords: Base Cavity, Hybrid RANS/LES, DDES, Over-

expansion, Side Loads, Base Drag, Passive Flow Control

NOMENCLATURE

Roman letters

𝐶𝑝 pressure coefficient
𝐶𝑉,𝑠 nozzle standard velocity coefficient
𝐷 model diameter [m]

∗Corresponding author: spyros.tsentis@cranőeld.ac.uk

𝑓 frequency [Hz]
𝐹𝐺 gauge stream force [N]
𝐿 model length [m]
𝑝 static pressure [Pa]
𝑅 model radius [m]
𝑇 static temperature [K]
𝑦+ non-dimensional wall distance

Greek letters

Δ grid spacing
𝜃, 𝜙 ŕuid force in drag and thrust domains [N]
𝜎 standard deviation
𝜏 viscous shear stress [Pa]

Dimensionless groups

𝑅𝑒𝐷 Reynolds number based on model diameter
𝑆𝑡𝐷 Strouhal number based on model diameter

Subscripts

𝑏𝑠 referring to baseline case
𝑟𝑚𝑠 root mean square
𝑠 standard
𝑤 referring to the wall
∞, 0 indicating ŕow conditions at the base and 0° angle
0 indicating total conditions

Acronyms

𝐷𝐷𝐸𝑆 Delayed Detached Eddy Simulation
𝐹𝑆𝑆 Free Shock Separation
𝐺𝑃𝐹 Gross Propulsive Force
𝐿𝐸𝑆 Large Eddy Simulation
𝑁𝑃𝑅 Nozzle Pressure Ratio
𝑃𝐷𝐹 Probability Density Function
𝑃𝑆𝐷 Power Spectral Density
𝑅𝐴𝑁𝑆 Reynolds-averaged Navier-Stokes
𝑅𝑆𝑆 Restricted Shock Separation
𝑇𝑃𝑅 Tunnel Pressure Ratio
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1. INTRODUCTION

1.1 Background

High-speed propulsion is usually linked to space access as
well as supersonic, and hypersonic ŕight. When it comes to
space access, the options are typically limited to launch vehi-
cles and rocket-based transportation systems. On the contrary,
sustainable, high-speed ŕight has been traditionally related to air-
breathing propulsion systems [1, 2]. In this context, the most
commonly found approaches include systems which feature no
rotating components, namely ramjets [3] and supersonic com-
bustion ramjets (scramjets) [4] for the supersonic and hypersonic
regimes, respectively. These systems however, do not feature the
capability of generating static thrust, since their operating princi-
ple is based on ram air compression. Combined-cycle concepts
have been developed to address this issue, where two (or more)
propulsion systems are usually combined to cover a bigger Mach
number range from static conditions to very high-speeds. These
include turbine-based [5] as well as rocket-based [6] combined-
cycle concepts, among others.

Additionally, routine space travel has been the topic of in-
tense research and engineering efforts, mainly focusing on the
development of re-usable systems [7]. A technology that appears
promising and can be employed to establish both improved space
access as well as high-speed, intercontinental travel capabilities is
based on the concept of pre-cooled combined-cycle engines [8].
This new class of engines, deeply cools down the incoming air
prior to compression, therefore substantially extending the oper-
ational range of the downstream turbomachinery. Such systems
have been investigated extensively from a thermodynamic point
of view, and have been found to exhibit notably improved effi-
ciency compared to contemporary rocket-based systems [9ś11].
Derivatives of this concept, tailored for high-speed ŕight instead
of space access can also be found in the open literature [12].

While the advantage of these systems is well-established
from a thermodynamic perspective, their overall aero-propulsive
behavior is not yet fully understood. In speciőc, these concepts
usually feature high-speed nozzles at the base, similar to contem-
porary rockets. However, the propulsive nozzle in most rocket-
based systems usually extends downstream of the base, while
in the aforementioned combined-cycle concepts, the nozzle is
embedded within the base. This poses a major difference from
a ŕow physics perspective, and therefore, speciőc attention must
be given to these concepts. Additionally, owing to the embedded-
nozzle design, these systems often require base cavities, to facil-
itate their operation and allow space for nozzle gimballing. Such
cavities have been recently found to have a severe impact on the
mean base ŕow and nozzle operation, and can notably increase
base drag at speciőc ŕow conditions by as much as 12% [13].
However, the potential impact of such cavities on the unsteady
base ŕow characteristics and nozzle side loads, has not been re-
ported in previous studies.

1.2 Unsteady base flow features

Base ŕow dynamics are of major importance for the design
and control of launch vehicles, owing to the massive separation
that occurs at the base and near-wake regions, which is typically
characterized by highly unstable features [14]. This region is

also characterized by very low pressure levels, therefore, sub-
stantially increasing base drag [15]. The ŕow characteristics at
the base of several, generic propulsive conőgurations have been
extensively studied over the years. Most of the studies available
in the public domain deal with both planar [16] and axisymmetric
conőgurations. In the context of axisymmetric topologies, many
studies focus on blunt-based geometries [17ś19] and backward
facing steps (BFS) for both power-off [18, 19] and power-on [20]
conditions.

Deprès and Reĳasse [21] investigated experimentally the un-
steady afterbody ŕow characteristics at transonic conditions for
both blunt-based and BFS axisymmetric conőgurations, with and
without a propulsive jet. They reported the length extension of
the nozzle in the BFS case to be a key parameter for the base
ŕow unsteadiness, primarily through the reattachment (or not)
of the separated shear layer on the downstream surface. The
presence of the jet had little effect on the large-scale dynam-
ics which were found to be dominant at non-dimensional fre-
quencies of 𝑆𝑡𝐷 ∼0.2. Deck and Thorigny [14] and Weiss et
al. [22] examined the dynamics of such separating/reattaching
ŕows for an axisymmetric BFS geometry, with and without a
jet respectively, employing the Zonal Detached Eddy Simulation
(ZDES) approach [23] and identiőed dominant large-scale mo-
tions at 𝑆𝑡𝐷 ∼0.2, corroborating the experimental observations.
Saile et al. [24] investigated experimentally a similar BFS topol-
ogy, focusing on the impact of nozzle length extension from the
base at over-expanded jet conditions and Mach 0.8, following a
previous study which showed an exceptionally excited area with
distinct turbulent quantities at such conditions [25]. They con-
cluded that the nozzle extension length is important in the base
ŕow unsteadiness, with the worst scenario being the length at
which the mean shear layer reattaches just on the tip of the noz-
zle [25]. Similar conőgurations have been studied by Statnikov et
al. [26] at the hypersonic regime (𝑀∞=6) and at the presence of
a highly under-expanded jet with a nozzle pressure ratio (𝑁𝑃𝑅)
of 100. A subsonic cavity was formed around the step extension
due to the displacement effect of the jet plume and the shear layer
shedding, which ampliőed the shear layer instability.

Studies on more realistic space launcher conőgurations have
also been reported. In speciőc, the effect of side boosters on
the base ŕow of such cylindrical BFS geometries has been in-
vestigated both experimentally [27] and computationally [28] at
conditions of 𝑀∞=0.7. A signiőcant increase in the coefficient of
pressure ŕuctuations of approximately 45% was reported at the
base as a result of the presence of the side boosters. Furthermore,
results on the base ŕow and side loads of detailed geometries
of the European launchers, Ariane5 and Vega, from numerical
calculations as well as experimental activities, can be found in
the study of Schwane [29]. The studies mentioned previously,
demonstrate the signiőcant impact of base geometry on the mean
and unsteady base ŕow characteristics. Additionally, the widely
selected topology found in most of base ŕow studies, is inher-
ently connected with the design aspects of contemporary launch
systems, where the propulsive nozzle extends downstream of the
base. This conőguration can be simpliőed and examined from a
canonical ŕow physics perspective, with a cylindrical BFS conőg-
uration. However, for most high-speed, combined-cycle concepts
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as those discussed earlier, the nozzle is typically embedded at the
base [30]. Consequently, separate attention must be given to
those conőgurations.

A number of passive ŕow control techniques have been stud-
ied, mainly with the focus of reducing base drag and controlling
the base ŕow of bodies of revolution [31] at the absence of a
jet. They are mainly associated with base geometry modiőca-
tions, including base cavities, locked vortex afterbodies as well
as boat tailing [17, 31]. A comprehensive review on ŕow control
techniques for base drag reduction can be found in the study of
Tanner [32]. Base cavities in speciőc, have been traditionally
studied for base drag reduction capabilities and base pressure
control [31, 32]. It is known that their effectiveness is a function
of their length, and that they can have an adverse effect on base
drag at increased lengths [33]. Tripathi et al. [34], examined
experimentally the effectiveness of different base geometries for
base pressure control, including a base cavity case of 𝑙/𝐷=0.12,
with 𝑙 and 𝐷 being the cavity length and model diameter, respec-
tively. They reported a notable 42% increment of base pressure
coefficient at jet-off conditions with respect to the sharp-base
scenario. Most of the studies involving base cavities, are in the
context of base ŕow control and base drag reduction [32, 34].
However, advanced propulsion concepts with embedded nozzles,
could feature cavities as an integrated design aspect to allow space
for nozzle gimballing, with relatively high 𝑙/𝐷 ratios. Therefore,
separate attention must be given to study the impact of such cavi-
ties on the unsteady base ŕow and nozzle characteristics of future,
high-speed exhaust systems.

1.3 Nozzle side loads

The performance of launch vehicles is strongly connected
to the characteristics and operation of the propulsive nozzle(s).
The operation of the nozzle depends on the 𝑁𝑃𝑅 and could be
in over, under or ideal expansion. Over-expansion is usually
more important compared to under-expansion, in terms of nozzle
performance. Over-expansion occurs at low altitudes and during
engine start-up and shut-down, and involves ŕow separation at the
nozzle walls owing to a large adverse pressure gradient, therefore
creating undesirable side loads [35, 36]. Two states of ŕow sepa-
ration have been observed in convergent-divergent (C-D) nozzles,
namely Free Shock Separation (FSS) [35] and Restricted Shock
Separation (RSS) [35, 37]. The latter is known to appear in noz-
zles that feature an internal shock due to their contour design.
At this state, the separated ŕow reattaches on the nozzle walls,
transitioning from FSS to RSS in an unsteady manner, and thus
creating notable side loads [38]. In truncated, ideal-contoured
(TIC) nozzles [39], compression waves do not coalesce to form
an internal shock, and therefore only FSS state is observed for
this type of nozzle contour [35].

A number of studies can be found regarding side loads in
rocket nozzles at over-expanded conditions. Hageman et al. [40]
compared a thrust-optimized parabolic (TOP) and a TIC nozzle
contour in a sub-scale, cold-ŕow test campaign, to examine the
generated side loads at over-expanded conditions. They reported
that the side loads generated in the TIC nozzle were approximately
one-third with respect to the TOP nozzle, owing to the transition
from FSS to RSS in the parabolic nozzle contour. Deck and

Nguyen [41] conducted numerical studies (employing Unsteady
Reynolds-averaged Navier-Stokes or URANS computations) on
the side loads of a thrust-optimized contour nozzle during the
hysteresis regime between FSS and RSS conditions. They found
that the power spectrum of the side loads in FSS state is dom-
inated by low-frequency energy (less than 200 Hz), while for
the RSS state, the spectrum was dominated by higher-frequency
ŕuctuations (∼700 Hz).

Additionally, experimental studies on the side loads of more
advanced nozzle contours such as the dual bell nozzle which
provides one-step, altitude compensating capabilities have been
reported [42], and found to have reduced side loads compared to
TIC nozzles. More recently, Cimini et al. [43] carried out nu-
merical simulations for an over-expaned, dual bell nozzle, using
the Delayed Detached Eddy Simulation (DDES) approach [44].
They reported that the generated side loads are an order of mag-
nitude lower compared to a TIC nozzle. A more detailed analysis
on the origins of side loads in over-expanded rocket nozzles can
be found in [36]. While the available studies on side loads gen-
eration during the over-expanded state of several types of C-D
nozzles are numerous in the open literature, the impact of a base
cavity region on the nozzle side loads has not been reported in
previous works, especially for base-embedded nozzle geometries,
as those typically featured in high-speed exhausts [13].

1.4 Scope of present work

This study presents a numerical investigation on the im-
pact of a cavity region on the unsteady ŕow characteristics at
the base, for a sub-scale, high-speed exhaust system at over-
expanded conditions. The examined apparatus is representative
of future, advanced propulsion concepts. The analysis involves a
fully-installed model in the test section of a wind-tunnel to facil-
itate an ongoing experimental campaign. The Delayed Detached
Eddy Simulation (DDES) [44] turbulence modeling approach is
selected among hybrid Reynolds-averaged Navier-Stokes/Large
Eddy Simulation (RANS/LES) methods [45] with scale-resolving
capabilities, to reduce the computational cost. A direct compari-
son of the exhaust system against an identical, baseline case with-
out the cavity region is performed. The instantaneous and time-
averaged ŕow organization at the base is identiőed and discussed.
The effect of the cavity on the mean and unsteady base pressure is
investigated, in terms of pressure coefficient and power spectrum
energy of the pressure ŕuctuations. Additionally, the impact of
the cavity on the unsteady side loads of the over-expanded TIC
nozzle is quantiőed and reported. To the authors’ best knowledge,
the impact of a base-embedded cavity region on the unsteady ŕow
characteristics at the base and side loads for a high-speed exhaust
system, has not been examined in previous studies.

2. METHODOLOGY

2.1 Experimental details

This study facilitates an experimental campaign which is
currently ongoing. In this section a brief description of the ex-
perimental rig is presented. The activities are designed to be
performed at the closed-circuit, ejector-driven, transonic wind
tunnel (TSWT) of the Defence Academy of the United Kingdom.
The facility has a working test section of 𝐻𝑥ℎ=0.228x0.206 m
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and features solid walls without perforation. The ŕow conditions
in the tunnel are controlled through the regulation of the pressure
of the ejectors, which are located downstream of the test section.
This pressure is referred to as 𝑝𝑜𝑢𝑡 in this study. The total pressure
of the ŕow approaching the model in the wind tunnel, denoted as
𝑃0,𝑡 is nearly atmospheric. Therefore, the tunnel pressure ratio,
which is deőned as 𝑇𝑃𝑅=(𝑃0,𝑡/𝑝𝑜𝑢𝑡 ) in this work, is regulated
by altering the outlet pressure. The model is mounted on the
right side tunnel wall through the pylon which features a NACA
0026 proőle cross-section. The details of the conőguration of the
test section with the model mounted can be seen in Fig. 1 [46].
The maximum pylon thickness and length, non-dimensionalized
over the model’s diameter, are approximately 0.46 and 1.77, re-
spectively. The relatively large pylon thickness is imposed by
the required space to accommodate the secondary air ŕow to the
nozzle. The test section dimensions relative to the diameter of the
model 𝐷, are approximately equal to 𝐻/𝐷=2.85 and ℎ/𝐷=2.6,
where 𝐻 and ℎ are depicted in Fig. 1. Additionally, owing to the
high blockage ratio (𝐵𝑅) of approximately 16.5%, the approach-
ing ŕow conditions are dependent on the ŕow conditions at the
vicinity of the model. Consequently, to avoid ambiguity in the
design variables, in the context of this work the nozzle pressure
ratio is deőned as the ratio between the inlet total pressure of the
nozzle 𝑃0,𝑛 over the outlet static pressure 𝑝𝑜𝑢𝑡 .

H

L

D

pylon

nozzle

exit

cavity

r ight side 

wall pylon

nozzle 

inlet

cavity

h/2

nacelle base

left side 

wall

FIGURE 1: SCHEMATIC OF THE TEST SECTION AND MOUNTED

MODEL [46]

2.2 Investigated systems

Figure 2 shows the exhaust systems that are investigated
numerically in this work. The full, three-dimensional models,
mounted in the test section of the TSWT are employed in the
computations. Both conőgurations comprise the nacelle surface
of total length 𝐿, which is formed by an ogive-shaped nose and
the main cylindrical body of diameter 𝐷, as indicated in the
top schematic of Fig. 2. They both employ an identical, high-
speed, TIC nozzle embedded at the base. The conőguration
depicted in the bottom schematic, also features an axisymmetric
cavity region located between the nozzle and nacelle. The cavity
region has a depth of 𝑙/𝐷=0.95 and a corresponding thickness
of 0.0875𝐷. The two systems allow for a direct comparison and
therefore, identiőcation of the impact of cavity on the base ŕow
unsteady characteristics. The two conőgurations shown in Fig. 2,
are referred to as baseline and cavity case, throughout the rest of
this study.
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FIGURE 2: INVESTIGATED SYSTEMS; BASELINE CASE (TOP) AND

CAVITY CASE (BOTTOM)

The wall contour of the nozzle in the divergent section is gen-
erated using the axisymmetric Method of Characteristics (Moc)
procedure [39] to obtain a shock-less ŕow expansion. The near
critical properties of the ŕow at the sonic line are approximated by
employing Sauer’s small perturbation technique [47] and used as
an initial-value line for the MoC marching procedure in the down-
stream supersonic ŕow. The resulting ideal nozzle is truncated
at an angle of 7.6 degrees, and therefore, producing a design
exit Mach number of approximately 3.4 and design 𝑁𝑃𝑅𝑑 of
59. In this work, computations are performed for conditions of
𝑇𝑃𝑅=1.28 and 𝑁𝑃𝑅=10, for both baseline and cavity cases.

2.3 Performance accounting

Figure 3 depicts the methodology employed for the perfor-
mance accounting in this study. It is based on a well-established
thrust and drag book-keeping system [48]. A near-őeld approach
is selected to allow direct access on the constituent elements of
total forces, and therefore, evaluation of cavity impact on mean
and unsteady side loads [46]. It is of speciőc interest to quantify
the impact of the cavity region on the side loads generated in
the nozzle walls at over-expansion state. The aerodynamic forces
exerted by the ŕuid on the wall surfaces, that reside within the
thrust and drag domains are denoted as 𝜃 and 𝜙, respectively.
These are obtained through numerical integration of the gauge
static pressure and shear stress terms along the viscous surfaces,
as described in Eq. (1). The gauge stream force at the nozzle inlet
and outlet is calculated through numerical integration of the mo-
mentum ŕux and pressure terms at the corresponding boundary
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(Eq. (2)).

𝜃, 𝜙 =

∬

𝑆

(𝑝 − 𝑝∞) sin 𝑎 𝑑𝑆 +
∬

𝑆

𝑡𝑤 cos 𝑎 𝑑𝑆 (1)

𝐹𝑥
𝐺 =

∬

𝐴𝑟𝑒𝑎

𝜌𝑢2
𝑥𝑑𝐴 +

∬

𝐴𝑟𝑒𝑎

(𝑝 − 𝑝∞)𝑑𝐴 (2)

Here, 𝑝 is the local static pressure; 𝑝∞ is the ambient pressure
taken at the tunnel outlet (𝑝𝑜𝑢𝑡 ); 𝜏𝑤 denotes the local shear stress;
𝑎 is the local surface angle measured from the axial direction and
𝑑𝑆 denotes the elemental surface area. In Eq. (2), 𝜌 is the ŕuid
density, 𝑢𝑥 is the velocity component in the axial direction and
𝑑𝐴 is the elemental surface area of the corresponding boundary.

?nacelle
?cavity

FG,exit

?pylon

FG,inlet ?nozzle

wind tunnel 

wall
xy

z

?base

FIGURE 3: THRUST AND DRAG ACCOUNTING SYSTEM

The standard velocity coefficient 𝐶𝑉,𝑠 is used for the assess-
ment of the aerodynamic performance of the TIC nozzle. It is
deőned as the ratio of the standard gross thrust 𝐹𝐺,𝑠 , over the
ideal thrust (Eq. (3)), that is the thrust that would be produced un-
der isentropic, fully-expanded ŕow to the ambient pressure. The
standard gross thrust is obtained based on control volume theory
within the nozzle ŕow as 𝐹𝐺,𝑠 = 𝐹𝐺,𝑖𝑛𝑙𝑒𝑡 − 𝜃𝑛𝑜𝑧𝑧𝑙𝑒. The ideal
exit velocity 𝑉𝑖𝑑𝑒𝑎𝑙 represents the jet exit velocity that would be
achieved under fully isentropic expansion to the ambient static
pressure (Eq. (4)).

𝐶𝑉,𝑠 =
𝐹𝐺,𝑠

𝑚̇𝑎𝑐𝑡𝑢𝑎𝑙 𝑉𝑖𝑑𝑒𝑎𝑙
(3)

𝑉𝑖𝑑𝑒𝑎𝑙 =

⌜⃓⎷
2𝛾𝑅𝑇0

(𝛾 − 1)

(︄
1 −

(︃
1

𝑁𝑃𝑅

)︃ 𝛾−1
𝛾

)︄
(4)

In Eq. (4), 𝑅 is the gas constant, 𝛾 is the ratio of speciőc heats
and 𝑇0 is the total temperature at the nozzle inlet. The summation
of the aerodynamic forces that reside within the drag domain
constitute the total modiőed drag force [48] as:

𝐷∗
= 𝜙𝑛𝑎𝑐𝑒𝑙𝑙𝑒 + 𝜙𝑏𝑎𝑠𝑒 + 𝜙𝑐𝑎𝑣𝑖𝑡 𝑦 + 𝜙𝑝𝑦𝑙𝑜𝑛 (5)

Finally, the gross propulsive force, deőned as the overall aero-
dynamic force produced by the system in the free-stream ŕow
direction, can be obtained through Eq. (6).

𝐺𝑃𝐹 = 𝐹𝐺,𝑠 − 𝐷∗ (6)

2.4 Computational strategy

The model used to obtain the őeld variables is based on
solving the Reynolds-averaged (and őltered for scale resolving
simulation) version of the three-dimensional Navier-Stokes equa-
tions describing the conservation of mass, momentum and energy
(Eqs. (7)- (9)):

𝜕𝜌

𝜕𝑡
+ 𝜕 (𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0 (7)

𝜕 (𝜌𝑢𝑖)
𝜕𝑡

+
𝜕 (𝜌𝑢𝑗𝑢𝑖)

𝜕𝑥𝑗
+ 𝜕𝑝

𝜕𝑥𝑖
−
𝜕 (𝑡𝑖 𝑗 + 𝜌𝜏𝑖 𝑗 )

𝜕𝑥𝑗
= 0 (8)

𝜕 (𝜌𝐸)
𝜕𝑡

+
𝜕 (𝜌𝑢𝑗𝐸 + 𝑝𝑢𝑗 )

𝜕𝑥𝑗
−
𝜕 (𝑢𝑖 (𝑡𝑖 𝑗 + 𝜌𝜏𝑖 𝑗 ))

𝜕𝑥𝑗
+
𝜕𝑞𝑗

𝜕𝑥𝑗
= 0 (9)

In the equations above, 𝜌 is the density, 𝑢𝑖 is the velocity compo-
nent in the 𝑖th direction and 𝐸 is the total energy per unit mass.
The total stress tensor, is the sum of the viscous stress tensor, de-
noted as 𝑡𝑖 𝑗 , and the Reylonds stress tensor 𝜌𝜏𝑖 𝑗 , which is deőned
based on the Boussinesq approximation:

𝑡𝑖 𝑗 = 2𝜇𝑆𝑖 𝑗 (10)

𝜌𝜏𝑖 𝑗 = 2𝜇𝑡𝑆
∗
𝑖 𝑗 −

2

3
𝜌𝑘𝛿𝑖 𝑗 (11)

𝑆∗𝑖 𝑗 = 𝑆𝑖 𝑗 −
1

3

𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖 𝑗 (12)

where 𝑆𝑖 𝑗 denotes the mean strain of rate tensor; 𝜇 is the dynamic
viscosity and is calculated based on Sutherland’s law [49]; 𝜇𝑡
is the eddy viscosity; 𝛿𝑖 𝑗 is the Kronecker delta and 𝑘 is the
turbulent kinetic energy. Additionally, the heat-ŕux vector 𝑞𝑗 is
obtained from the molecular and turbulent components as shown
in Eq. (13):

𝑞𝑗 = −𝑐𝑝
(︃
𝜇

𝑃𝑟
+ 𝜇𝑡

𝑃𝑟𝑡

)︃
𝜕𝑇

𝜕𝑥𝑗
(13)

with 𝑃𝑟 and 𝑃𝑟𝑡 denoting the laminar and turbulent Prandtl num-
bers, respectively. For compressible ŕows with density variations
the Favre-averaged mean conservation equations can be consid-
ered with variables representing mass-averaged values [50], not
repeated here for brevity.

Owing to wall-bounded ŕow topology examined, as well as
to the high Reynolds number in the surrounding ŕow which is
𝑅𝑒𝐷=0.85 ·106 at the tunnel inlet and approximately equal to
𝑅𝑒𝐷=1.03 ·106 at the vicinity of the base, the turbulence mod-
eling approach adopted herein is the DDES [44]. This approach
belongs to the hybrid RANS/LES methods [45] and its imple-
mentation in this work is based on the 𝑘 −𝜔 shear stress transport
(SST) eddy viscosity model, introduced by Menter [51]. The
model solves two transport equations for turbulent kinetic energy
𝑘 and speciőc dissipation rate 𝜔 (Eqs. (14), (15)). Its main for-
mulation is brieŕy reported here for convenience (Eqs. (16)- (25))
and to facilitate the implementation of the DDES approach based
on this turbulence model.

𝜕 (𝜌𝑘)
𝜕𝑡

+ 𝜕 (𝜌𝑢𝑖𝑘)
𝜕𝑥𝑖

= ˜︂𝑃𝑘 − 𝛽∗𝜌𝑘𝜔 + 𝜕

𝜕𝑥𝑖

[︃
(𝜇 + 𝜎𝑘𝜇𝑡 )

𝜕𝑘

𝜕𝑥𝑖

]︃
(14)
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𝜕 (𝜌𝜔)
𝜕𝑡

+ 𝜕 (𝜌𝑢𝑖𝜔)
𝜕𝑥𝑖

= 𝑎𝜌𝑆2 − 𝛽𝜌𝜔2 + 𝜕

𝜕𝑥𝑖

[︃
(𝜇 + 𝜎𝜔𝜇𝑡 )

𝜕𝜔

𝜕𝑥𝑖

]︃

+2(1 − 𝐹1)𝜌𝜎𝜔2
1

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
(15)

In Eq. (14) the production term of turbulent kinetic energy 𝑃𝑘 is
deőned as:

𝑃𝑘 = 𝜇𝑡
𝜕𝑢𝑖

𝜕𝑥𝑗

(︃
𝜕𝑢𝑖

𝜕𝑥𝑗
+
𝜕𝑢𝑗

𝜕𝑥𝑖

)︃
(16)

A production limiter is used in SST formulation of the 𝑘−𝜔model
to prevent the build-up of turbulence in stagnation regions [52]:

˜︂𝑃𝑘 = min(𝑃𝑘 , 10𝛽∗𝜌𝑘𝜔) (17)

The turbulent eddy viscosity is deőned as:

𝜈𝑡 =
𝑎1𝑘

max(𝑎1𝜔, 𝑆𝐹2)
(18)

In the equation above, 𝑆 is the magnitude of the strain rate tensor
and its use instead of vorticity Ω in the eddy viscosity deőnition
is a slight modiőcation over the original formulation of the 𝑘 −𝜔

SST model [52]. The blending function 𝐹1 is given by:

𝐹1 = tanh(𝑎𝑟𝑔4
1) (19)

𝑎𝑟𝑔1 = min

[︃
max

(︃ √
𝑘

𝛽∗𝜔𝑦
,
500𝜈

𝑦2𝜔

)︃
,

4𝜌𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝑦2

]︃
(20)

with 𝑦 being the distance to the nearest wall surface and 𝐶𝐷𝑘𝜔 is
the positive portion of the cross-diffusion term appearing in the
transport equation of 𝜔 (i.e., the last term in RHS of Eq. (15)),
deőned as:

𝐶𝐷𝑘𝜔 = max

(︃
2𝜌𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
, 10−10

)︃
(21)

𝐹1 is equal to one inside the boundary layer (𝑘 − 𝜔 model) and
switches to zero far away from solid surfaces (𝑘 − 𝜖 model)
because of the dependency to 1/𝑦 or 1/𝑦2 in all three terms of
Eq. (20). The second blending function 𝐹2 appearing in Eq. (18)
is deőned by:

𝐹2 = tanh(𝑎𝑟𝑔2
2) (22)

𝑎𝑟𝑔2 = max

[︃
2

√
𝑘

𝛽∗𝜔𝑦
,
500𝜈

𝑦2𝜔

]︃
(23)

All model constants are computed by a blend between the corre-
sponding constants of the 𝑘 − 𝜖 and 𝑘 − 𝜔 model. For instance,
if 𝜙1 represents a generic constant of the 𝑘 − 𝜔 model and 𝜙2

represents the same for the equations of 𝑘 − 𝜖 , then the model
constants are obtained as [45]:

𝜙 = 𝜙1𝐹1 + 𝜙2 (1 − 𝐹2) (24)

The constants of this model are provided below.

𝜎𝑘1 = 0.85, 𝜎𝜔1 = 0.5, 𝛽1 = 0.075, 𝑎1 = 0.31

𝜎𝑘2 = 1.0, 𝜎𝜔2 = 0.856, 𝛽2 = 0.0828, 𝛽∗ = 0.09

𝛾 =
𝛽

𝛽∗
− 𝜎𝜔𝜅

2

√
𝛽∗

, 𝜅 = 0.41

(25)

The dissipation term of the turbulent kinetic energy in the
formulation of the 𝑘 − 𝜔 SST model is modiőed for the DDES
model as described in [52, 53]. The transport equation of k in
this formulation reads as:

𝜕 (𝜌𝑘)
𝜕𝑡

+ 𝜕 (𝜌𝑢𝑖𝑘)
𝜕𝑥𝑖

=
𝜕

𝜕𝑥𝑖

[︃
(𝜇 + 𝜎𝑘𝜇𝑡 )

𝜕𝑘

𝜕𝑥𝑖

]︃
+ ˜︂𝑃𝑘 − 𝜌

√︁
𝑘3/𝑙𝐷𝐷𝐸𝑆

(26)
The DDES length scale is deőned as follows:

𝑙𝐷𝐷𝐸𝑆 = 𝑙𝑅𝐴𝑁𝑆 − 𝑓𝑑𝑚𝑎𝑥(0, 𝑙𝑅𝐴𝑁𝑆 − 𝑙𝐿𝐸𝑆) (27)

𝑙𝐿𝐸𝑆 = 𝐶𝐷𝐸𝑆Δ (28)

𝑙𝑅𝐴𝑁𝑆 =

√
𝑘

𝛽∗𝜔
(29)

𝐶𝐷𝐸𝑆 = 𝐶𝐷𝐸𝑆1𝐹1 + 𝐶𝐷𝐸𝑆2 (1 − 𝐹1) (30)

where 𝐶𝐷𝐸𝑆1=0.78 and 𝐶𝐷𝐸𝑆2=0.61 are calibration constants,
and Δ is the maximum local grid spacing (Δ=max(Δ𝑥 ,Δ𝑦 ,Δ𝑧) in
a Cartesian grid). Finally, the blending function that protects the
boundary layer from the DES limiter in the DDES formulation is
computed as shown in Eq. (31).

𝑓𝑑 = 1 − tanh

[︃(︃
𝐶𝑑1

𝜈 + 𝜈𝑡

𝜅2𝑦2
√︁

0.5(𝑆2 +Ω2)

)︃𝐶𝑑2
]︃

(31)

Here S and Ω is the magnitude of the strain rate and vorticity ten-
sors, respectively; 𝜅 is the von Kármán constant and𝐶𝑑1, 𝐶𝑑2, are
constants equal to 20 and 3 respectively [53]. The introduction
of this blending function serves as a modiőcation of the original
DES formulation (known as DES97) introduced by Spalart [54].
It guarantees that the solver remains in RANS mode in the at-
tached boundary layers, even under severely reőned grids, which
would activate the DES limiter in the original formulation. This
is necessary to prevent the excessive reduction of the eddy vis-
cosity in the switch area (known as "grey area") [44, 55], leading
to the phenomenon of modeled stress depletion (MSD), due to
the reduced modeled Reynolds stresses. Severe cases of MSD
can lead to grid-induced separation, as emphasized by Menter
and Kuntz [56] and can inversely impact a rather good RANS
solution in the boundary layer.

Computations are carried out by means of a compressible,
density-based and implicit solver [57]. A second order upwind
scheme is selected for the spatial discretization of ŕow primitive
variables as well as turbulent kinetic energy k and speciőc dissipa-
tion rate 𝜔. It is noted that schemes with relatively high numeri-
cal dissipation might damp out the smallest scales present at high
frequencies. However, less dissipative schemes, often desired
in classical LES approaches, such as central-differencing (CD)
are prone to solution oscillations in the velocity őeld [58, 59].
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In this work, the use of the bounded-central-differencing (BCD)
scheme, led to well-known numerical stability issues [58]. A ŕux-
vector splitting scheme (Advection Upstream Splitting Method -
AUSM+) is employed for the calculation of the inviscid ŕuxes.
AUSM+ was introduced by Liou [60] and provides exact reso-
lution of shock and contact discontinuities, and is also free of
the instability often involved in multi-dimensional shock waves,
known as the carbuncle phenomenon. A least-squares cell-based
method is used for calculation of the ŕow-őeld gradients. Owing
to the cold ŕow of the nozzle, air is modeled as an ideal gas. An
8𝑡ℎ order piece-wise polynomial is employed for the calculation
of speciőc heat capacity at constant pressure 𝐶𝑝 as a function
of static temperature, while thermal conductivity is obtained ac-
cording to kinetic theory [57]. Time integration is carried out
by means of a second-order accurate, backward scheme. Details
on the accuracy of the solver in scale resolving simulations for a
number of severely separated ŕows can be found in [58].

The computational domain employed for the simulations is
shown in Fig. 4. The top and right side tunnel walls are hidden
for visibility reasons. It consists of the full experimental appara-
tus, where the TSWT test section is extended by a factor of 10
times the model’s length downstream of the base (corresponding
to 125 nozzle radii) and a factor of 2 upstream. Tunnel inlet ŕow
conditions are modeled by applying a pressure inlet boundary
condition (BC) at the inlet surface, with total pressure and tem-
perature as the prescribed values. Total pressure 𝑃0,𝑡 is set to
atmospheric conditions. At the outlet of the domain, a pressure
outlet BC is applied, imposing the static pressure 𝑝𝑜𝑢𝑡 . This pres-
sure value is used to control the 𝑇𝑃𝑅 which is set equal to 1.28
in the computations. The nozzle inlet conditions are provided
through a pressure inlet BC, prescribing the total pressure and
total temperature. Owing to the cold ŕow tests, the total temper-
ature at the nozzle inlet is set to 290 K. Finally, all surfaces of the
model, pylon and wind tunnel are treated as viscous, no-slip and
adiabatic walls.

inlet

outlet

r ight side 

wall

bottom 

wall

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  1
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       H

FIGURE 4: EMPLOYED COMPUTATIONAL DOMAIN

The domain is discretized using a hybrid meshing ap-
proach [61]. It is noted that grid convergence in scale resolv-
ing simulations is subtle compared to DNS (Direct Numerical
Simulation) or RANS, owing to the őltering operation on the

Navier-Stokes equations. This issue along with meshing guide-
lines for DES is discussed in detail by Spalart in [62]. In this
study, a precursor, converged RANS solution is used to initial-
ize the DDES computation. The meshing strategy is initially
informed from previous work [46], where a second order Grid
Convergence Index (GCI) [63] study is performed, based on the
generalized Richardson extrapolation procedure [64]. The GCI
corresponding to the medium mesh for the nozzle standard ve-
locity coefficient 𝐶𝑉,𝑠 as well as for the 𝐺𝑃𝐹 was found equal
to 0.42% and 0.68%, respectively. Additionally, the apparent or-
der 𝑝, is close to the formal order of the employed discretization
scheme (approximately 1.8 and 2.1 for 𝐶𝑉,𝑠 and 𝐺𝑃𝐹 respec-
tively), which can be taken as an indication of the grids being in
the asymptotic range [63]. This meshing approach is employed
as a baseline, since the part of the domain where the model acts in
RANS mode needs to be covered by a suitable RANS grid, where
convergence has been demonstrated. It is speciőcally important
that all relevant boundary layers are sufficiently resolved [58].

FIGURE 5: RATIO OF RANS TO GRID LENGTH SCALE AT THE

BASE AND NEAR-WAKE REGIONS FOR THE CAVITY CASE

The baseline grid resolution is then further improved locally,
through the creation of a mesh reőnement region at the base and
near-wake regions, which could be seen as a "focus region" of the
simulation as recommended in [62]. The maximum cell size in
that region is approximately equal to Δ𝑚𝑎𝑥=0.23 ·𝛿, where 𝛿 is
the boundary layer thickness evaluated from a precursor RANS
simulation just upstream of the base edge, where separation oc-
curs. This cell size ensures that the main quantity of relevance,
which is the ratio of the local grid Δ𝑚𝑎𝑥 to the RANS length scale
𝑙𝑅𝐴𝑁𝑆 (see Eq. (29)) is sufficiently small to allow resolution of
the initial ŕow instability of the separating shear layer from the
base [58]. The őnal mesh features values of (Δ𝑚𝑎𝑥/𝑙𝑅𝐴𝑁𝑆)<0.1
as recommended in [58] at the base, cavity and wake regions.
This is depicted in Fig. 5, where the ratio (𝑙𝑅𝐴𝑁𝑆/Δ𝑚𝑎𝑥) is shown
at the part of the domain which is of interest. The plotted values
have been limited in the range 0-5, since 5 (or equivalently 0.2 for
Δ𝑚𝑎𝑥/𝑙𝑅𝐴𝑁𝑆) is considered a lower resolution limit. In practice,
the majority of this region has values that exceed 20, including
the separated region inside the nozzle’s divergence due to FSS
state. A thin part of the initial shear layer has slightly smaller
resolution. However this is not necessarily a problem, since typ-
ically the shear layer thickness increases largely downstream of
the separation edge and thus (𝑙𝑅𝐴𝑁𝑆/Δ𝑚𝑎𝑥) increases quickly to
sufficient values [58]. Given the desired cell isotropy in the LES
part of the domain [62], reducing the resolution even marginally
at that region would severely increase computational cost. It is
noted however, that in simulations where small scales are critical
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FIGURE 6: SURFACE MESH (TOP) AND CLOSE-UP VIEW ON THE

BASE REGION WITH VOLUME MESH SHOWN ALONG THE SYMME-

TRY PLANE (BOTTOM)

(such as in acoustics), delaying the initial instability could result
in loss of spectral information.

The őnal computational mesh is shown in Fig. 6 along with
a close-up view at the base region. The reőned region at the
wake extends one model diameter 𝐷 downstream of the base and
covers the upstream cavity region. A total of 35 prism layers
are employed for improved boundary layer resolution at all wall
surfaces, ensuring a non-dimensional wall distance of 𝑦+ below
1 for all wall-adjacent nodes. The remainder of the domain
is discretized in an unstructured manner, employing polyhedral
elements, which are typically more efficient in terms of cell-
count compared to tetrahedrons. The grid corresponding to the
cavity case, comprises a total 25 million cells, while the one for
the baseline, features approximately 23·106 cells, owing to the
absence of the cavity. A fully converged RANS solution on these
grids is used to initialize the unsteady and scale resolving part of
the simulation.

The time step of the computations is őxed to Δ𝑡 = 2·10−5

s, which corresponds to a non-dimensional time step size of

Δ𝑡∗=
Δ𝑡𝑈∞,0

𝐷
=0.0535, where 𝑈∞,0 denotes the axial velocity at the

vicinity of the base at an azimuthal angle of 0°(see Fig. 7). The
use of this velocity is required due to the blockage in the TSWT
test section which creates asymmetrical velocity distribution in
the azimuthal direction. It also facilitates the generalization of
the results, which are usually reported on the basis of the free-
stream velocity at separation in the case of axisymmetric bod-
ies [14, 21, 26, 34]. The employed time step size is selected as

such, to ensure that the local CourantśFriedrichsśLewy (CFL)
number is below 1 in most of the scale-resolving part of the do-
main. This is facilitated through the evaluation of the local time
scales of the precursor RANS simulation [58], as Δ/|𝑈 |, where
|𝑈 | is the magnitude of local velocity vector and Δ is approxi-
mated as (Δ𝑥Δ𝑦Δ𝑧)1/3. Additionally, an analysis based on global
unsteady dynamics aimed at resolving the shedding frequency of
large-scale structures at 𝑆𝑡𝐷=0.2, showed that the employed time
step size is sufficient. It is noted that smaller time scales are also
present in the high-speed jet. However, aiming the simulation
to accurate resolution of these scales would increase the compu-
tational cost by at least one order of magnitude [65], which is
unfeasible (∼600 days of wall-time with our resources). Addi-
tionally, it is not of critical importance in assessing the impact of
cavity on large-scale, base ŕow dynamics. After a transient phase,
the unsteady calculation initiates, allowing for collection of statis-
tics. The useful unsteady calculation is performed over a period
of 𝑇𝑈∞,0/𝐷=670. The computations for each conőguration are
carried out on 256 CPU cores of AMD EPYC-7543 processors of
the high performance computing facility of Cranőeld University
and have a total computational cost of approximately 0.2 Mio
CPU hours each.

3. RESULTS AND DISCUSSION

3.1 Test case flow topology

Owing to the blockage and therefore, varying ŕow őeld
throughout the domain, it is necessary to establish the ŕow con-
ditions in the vicinity of the model’s base as well as the state of
the nozzle at 𝑇𝑃𝑅=1.28 and 𝑁𝑃𝑅=10. Figure 7 shows the Mach

90o

0o

180o

270o

?

FIGURE 7: REYNOLDS-AVERAGED FLOW TOPOLOGY OF THE

TEST CASE

number distribution along the symmetry plane (xz) of the RANS
simulation for the model featuring the cavity. The azimuthal an-
gle deőnition at the base, where instantaneous pressure values
are monitored for statistics, is shown. The locations annotated
in the őgure of 0°, 90°, 180° and 270°, correspond to locations
where dynamic pressure measurements will be extracted at the
experimental campaign through miniaturized dynamic sensors,
and have a radial location of 𝑟/𝑅=0.875, with 𝑅 being the radius
of the model. Consequently, these are selected as monitoring
points in the computations to establish consistency with the ex-
perimental data. It is important to note that these points are on
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the base surface and at identical spatial locations in both exam-
ined conőgurations. Therefore, the impact of the cavity on the
ŕow unsteadiness is evaluated at the same location on the base.
As depicted in the őgure, the ŕow conditions at the vicinity of
the base correspond to a Mach number of approximately 0.65
(at 0°) and the nozzle is over-expanded, exhibiting a Mach disk
reŕection and being in FSS state [35]. A notable region of ŕow
separation within the nozzle is also visible in the őgure. This
region is responsible for side loads generation within the nozzle
and therefore, the cavity impact on the side load generation must
be identiőed.

3.2 Instantaneous and time-averaged flow organization

The salient characteristics of the instantaneous ŕow őeld at
the base are shown in Fig. 8 for the baseline case. Coherent
structures are identiőed through the visualization of positive iso-
surfaces of the Q-criterion [66], deőned as the second invariant
of the velocity gradient tensor ∇𝑢:

𝑄 =
1

2

(︁
Ω𝑖 𝑗Ω𝑖 𝑗 − 𝑆𝑖 𝑗𝑆𝑖 𝑗

)︁
(32)

where Ω𝑖 𝑗 and 𝑆𝑖 𝑗 are the anti-symmetric and symmetric com-
ponents of the velocity gradient tensor, respectively. Observing
Fig. 8, the roll-up of vortical structures in the azimuthal direction
can be identiőed, corresponding to the annular shear layer insta-
bility. As they move downstream they grow by pairing and are
replaced by three-dimensional structures. Similar features have
been observed in generic, axisymmetric geometries [14] as well
as in more detailed conőgurations on the base ŕow of the Ariane
5 European launcher [67]. It is worth noting that unlike in many
studies focused on axisymmetric launch vehicles and BFS geome-
tries [14], where these azimuthal structures are initially toroidal
in shape due to uniform free-stream velocity, in the present work
these structures quickly lose their azimuthal coherence. This is
owing to the high blockage in the TSWT test section, essentially
causing a non-uniform velocity distribution in the azimuthal di-
rection and therefore, imposing an azimuthal asymmetry in the
shear layer development. Furthermore, the formation of small
and large scale hairpin vortices can be seen, similar to what has
been identiőed on the base ŕow of axisymmetric BFSs [14] and
blunt-based bodies [19]. Additionally, it is noticed that the forma-
tion and development of turbulent structures takes place promptly
after separation without any notable delay in the separating shear
layer, which indicates sufficient resolution and proper activation
of the scale-resolving branch [58]. This is further conőrmed by
examining of the blending function 𝑓𝑑 (Eq. (31)) [44]. The two
cases examined, exhibit similar base ŕow characteristics in terms
of positive Q-criterion iso-surfaces.

The instantaneous aerodynamic ŕow őeld of the unsteady
computations is time-averaged using data at discrete time in-
stances of 10Δ𝑡 for the entire computation period. Figure 9
depicts the time-averaged Mach number distribution and stream-
lines, along the mid-plane (xz) for both the baseline and cavity
cases. Included are also the solutions obtained with the steady,
Reynolds-averaged computations. The time-averaged ŕow at the
base is organised in a similar manner, for both conőgurations
examined. Both cases exhibit a similar jet vectoring effect due

FIGURE 8: INSTANTANEOUS Q-CRITERION ISO-SURFACES

COLOURED BY NON-DIMENSIONAL VORTICITY MAGNITUDE

to the presence of the pylon [46]. A pair of low-speed, counter-
rotating recirculation regions is established at the separated ŕow
immediately downstream of the base, between the free stream
ŕow and the supersonic jet boundary (∼ Mach 2). This region is
dominated by a primary recirculation, associated with the shear
layer instability and interacts with the secondary vortex, which
appears stretched, as a result of increased shear imposed by the
jet. Additionally, the asymmetrical organization of the shear
layer separating from the base is evident due to the pylon, with
the lower part of the shear layer being forced upwards. Fur-
thermore, a pair of counter-rotating vortices appears downstream
of the Mach disk in the cavity case. This phenomenon has been
identiőed in previous studies for over-expanded TIC nozzles, both
using Reynolds-averaged solutions [13] as well as scale-resolving
simulations [65]. It is related to the curvature of the Mach disk
reŕection and a detailed description can be found in [35]. The
baseline case periodically exhibited this effect as well, however it
was less intense and in a time-averaged sense, the vortices do not
develop.

The base ŕow topology predicted using Reynolds-averaged
computations is slightly different compared to DDES. One can
notice that the length of the separated ŕow region at the base is
reduced with RANS in both cases examined. A strong recircula-
tion region can be seen, with height approximately equal to two
thirds of the base surface. The core of this recirculation region
is closer to the base compared to DDES, for both baseline and
cavity cases, therefore leading to reduced levels of base pressure.
This effect can be seen in Fig. 9 through comparison of the nozzle
ŕow expansion between RANS and DDES. The ŕow at the nozzle
divergence in the RANS case achieves slightly higher expansion
levels compared to DDES. This can be readily observed through
the location of the Mach disk reŕection which is further down-
stream in the RANS computations for both baseline and cavity
cases, with respect to the DDES calculation.

3.3 Cavity impact on base pressure

The impact of the cavity region on the pressure distribution
at the base is depicted in Fig. 10 through the time-averaged base
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pressure at different azimuthal angles, non-dimensionalized with
the total pressure at the tunnel inlet 𝑃0,𝑡 . Observing Fig. 10, it
is evident that the cavity region has a negligible impact on the
time-averaged base pressure distribution at the base. This is in
line with previous two-dimensional and axisymmetric, RANS
computations corresponding to similar 𝑁𝑃𝑅 and ŕow conditions
at the base, which demonstrated that there is no impact of the
cavity on the mean base pressure at high over-expansion nozzle
state [13]. This can be seen here again in Fig. 10, by looking
at the results from the corresponding, three-dimensional RANS
computations. Indeed, Reynolds-averaged solution yields almost
identical results at the base for the cavity and baseline cases.
The pressure levels obtained with RANS are slightly reduced,
but are in close agreement and within 3% with respect to the
DDES values. This decrease in pressure is what was previously
identiőed in Fig. 9 through the time-averaged organization of the
base ŕow, with the RANS producing a recirculation region closer
to the base. Furthermore, one can notice the near-symmetrical
behavior of the base ŕow in the xy plane, shown by the similar
values of 𝑝𝑏 at angles of 90° and 270° for both cases, as would
be expected for an axially-symmetric geometry. In contrast, the
strong asymmetry in the xz plane caused by the presence of the
pylon is also evident (Fig. 10). Additionally, the trend captured
from the RANS solution agrees with the DDES results. This,
along with the relatively small differences in the mean pressure
values, is a good indication towards using RANS at the concep-

tual design level for similar high-speed exhaust conőgurations,
where high-ődelity and computationally-expensive calculations
are usually prohibitive.
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p
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0
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FIGURE 10: TIME-AVERAGED BASE PRESSURE AZIMUTHAL DIS-

TRIBUTION

The preceding analysis shows that the cavity region has a
negligible impact on the base ŕow in a time-average sense. Time-
averaging is very useful from an engineering point of view, since
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it allows the mean values of interest to be obtained. However, it
does not reveal the underlying unsteady dynamics which might
exist and could be important. The unsteady behavior of the
pressure at the base can be examined through the root-mean-
square (rms) of the ŕuctuating component of pressure, deőned as
𝑝′ = 𝑝 − ⟨𝑝⟩ from Reynolds decomposition [50], where 𝑝 and
⟨𝑝⟩ denote the instantaneous and time-averaged pressure values,
respectively. Figure 11 depicts the coefficient of the rms value
of the pressure ŕuctuation along the base wall 𝐶𝑝𝑟𝑚𝑠

, deőned in
Eq. (33):

𝐶𝑝𝑟𝑚𝑠
=

√︁
⟨𝑝′2⟩

1
2 𝜌∞,0𝑈

2
∞,0

(33)

The level of base pressure ŕuctuations is similar with previous
experimental studies on base ŕows of similar geometries and ŕow
conditions [21, 68], and falls within the range of approximately
0.025-0.015, which can be taken as a good indication on the
credibility of the numerical solution. Additionally, Fig. 11 shows
that the case with the cavity exhibits reduced levels of pressure
ŕuctuations at all azimuthal locations compared to the baseline
case. This reduction ranges from 6% at 0° angle to values of
20% behind the pylon. This shows that the cavity region has an
important impact on the base ŕow unsteadiness of the system and
potentially acts in a damping-like manner, reducing the energy
contained in the pressure ŕuctuations at the base, compared to the
rigid wall in the baseline conőguration. This effect of reduction
in rms pressure values is in line with the experimental results
of Tripathi et al. [34], conducted for a cylindrical, powered-on
geometry with base cavity. However, we note that the two con-
őgurations are different (e.g., notably different cavity depth and
boat-tailed base geometry among others). Additionally, it is noted
that rms values carry higher uncertainty compared to the mean
values and should be treated with caution. While the consistency
in the reduced rms levels of the cavity case, as well as the direct
nature of the comparison in this study, allows for conődence in
the relative change of the results, experiments are still required to
validate this effect.

3.4 Base flow spectral analysis

The impact of the cavity on the unsteady ŕow characteristics
at the base can be further investigated through the power spectral
density of the pressure ŕuctuations along the base surface. The
power spectral density (PSD), denoted as 𝐺𝑝′ , describes how the
mean squared value of wall pressure ŕuctuations is distributed in
the frequency domain [69], since:

𝜎2
=

∫ ∞

0
𝐺𝑝′ ( 𝑓 ) 𝑑𝑓 (34)

As suggested by Owen [70] for the investigation of buffet studies,
the power spectral density of the pressure ŕuctuations obtained
in [𝑃𝑎2/𝐻𝑧], is non-dimensionalized over (𝐷𝑞2

∞,0/𝑈∞,0), where

𝑞∞,0 = 0.5𝜌∞,0𝑈
2
∞,0 is the dynamic pressure at the vicinity of the

base at 0° angle. The corresponding, non-dimensional Strouhal
number deőned as 𝑆𝑡𝐷 = 𝑓 𝐷/𝑈∞,0 based on the diameter of
the model can then be used, where 𝑓 denotes the frequency.
Consequently for a zero-mean variable (i.e., ŕuctuations) [21, 70,
71]:

𝐶2
𝑝𝑟𝑚𝑠

=

∫ ∞

0
𝐺𝑝′ (𝑆𝑡𝐷) 𝑑 (𝑆𝑡𝐷) =

∫ ∞

0
𝑆𝑡𝐷𝐺𝑝′ (𝑆𝑡𝐷) 𝑑 (𝑙𝑜𝑔𝑆𝑡𝐷)

(35)

Therefore, by plotting the spectrum in the form
√︁
𝑆𝑡𝐷𝐺𝑝′ (𝑆𝑡𝐷)

against 𝑆𝑡𝐷 in linear/log axes, the mean intensity of the ŕuctu-
ations at the considered frequency range can be obtained [70].
The PSD functions are computed using Welch’s method [72].
The original time series is divided into overlapping segments
using 50% overlap and a Hanning window. A modiőed peri-
odogram is computed for each segment and then averaging of all
periodograms is performed to obtain the PSD estimate.

With these provisions, Fig. 12 depicts the spectra of the wall
pressure ŕuctuations between the baseline and cavity cases, at
different azimuthal locations, namely at 0°, 90°, 180° and 270°.
The spectra corresponding to the baseline case, exhibits similar
organization at all examined locations. In speciőc, a broad peak
of the pressure ŕuctuations spectrum can be identiőed, centered
around approximately 𝑆𝑡𝐷=0.2. This value of non-dimensional
frequency has been identiőed in previous studies for axisymmet-
ric bodies [18, 21] and BFSs[14, 21, 22, 27], as well as for more
detailed launch vehicle conőgurations [67]. It is typically associ-
ated with the shedding frequency of large-scale, coherent struc-
tures. Two additional peaks can be seen in all azimuthal locations
centered around non-dimensional frequencies of approximately
𝑆𝑡𝐷=0.45 and 0.81. These are very close to the dominant peaks
of non-dimensional frequency at 𝑆𝑡𝐷=0.42 and 0.82, revealed
by spectral analysis of the experimental base pressure ŕuctua-
tions in [34] for conditions of 𝑀∞=0.6 and over-expanded jet for
the sharp-base geometry which is similar to the baseline case
of this study. These frequencies are associated with smaller-
scale structures being convected downstream in the wake. The
lower-frequency peak of 𝑆𝑡𝐷=0.2 was also identiőed. The good
agreement with the experimental values allows for additional con-
ődence in the validity of the computations. It is noted that the
energy distribution in the frequency domain is ranked as level 4
(out of 6) in validation grade for unsteady simulation techniques
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FIGURE 12: BASE PRESSURE SPECTRUM AT DIFFERENT AZIMUTHAL LOCATIONS; (a) φ=0°, (b) φ=90°, (c) φ=180° and (d) φ=270°

as introduced by Sagaut and Deck [73]. Additionally, note that the
resolution at very low frequencies of values below approximately
𝑆𝑡𝐷=0.05, is not very high. This is owing to the relatively short
sampling duration due to increased CPU cost, and is a typical
drawback of expensive computations in contrast to experiments
which usually allow longer run times [73].

For the spectra corresponding to the cavity case, a similar
low-frequency peak at ∼ 𝑆𝑡𝐷=0.2 is observed, although with
slightly smaller intensity at azimuthal angles of 90° and 270°.
This again highlights the effects of the blockage. The higher-
frequency peaks at 𝑆𝑡𝐷=0.45 and 0.81 can also be identiőed in
the cavity case. However, the associated intensity level of the
pressure ŕuctuations appears notably reduced compared with the
baseline case. This is in line with the results shown in Fig. 11
for the rms values of pressure ŕuctuations at the base, and clearly
demonstrates that the cavity has a notable impact on base ŕow
unsteadiness, especially in higher frequencies. The effect of the
cavity on the total associated energy in the pressure ŕuctuations
spectra can be approximated through the numerical integration of
the spectrum as described in Eq. (34) and can be seen in Fig. 13
for the four azimuthal locations. It depicts the cumulative energy
of the pressure spectra for both cases, non-dimensionalized with

respect to the baseline case. It can be seen that the cavity region
exhibits reduced total energy in the pressure ŕuctuations in all
azimuthal locations. Additionally, the reduction appears to be
notable at frequencies above 𝑆𝑡𝐷=0.2, indicating that the cavity
has an effect on the interaction of smaller-scales and does not
alter the large-scale dynamics greatly. The cavity case exhibits
total energy levels which are 15% (Fig. 13a) to 38% (Fig. 13c)
lower with respect to the baseline case. The signiőcant reduction
at the 180° angle, indicates stronger effectiveness in reducing the
intensity of pressure ŕuctuations caused by the wing-pylon. This
could potentially be important for future, high-speed vehicles,
usually featuring wingtip-mounted nacelles [30], and should be
studied further in future studies.

3.5 Cavity impact on nozzle side loads

The impact of the cavity on the power spectrum of the side
loads 𝐹𝑦 and 𝐹𝑧 is depicted in Fig. 14. The time distribution of the
side loads components is obtained through numerical integration
of the pressure and viscous stress terms along the nozzle walls.
The normalized, pre-multiplied power spectral density is shown
in linear/log axes, since as described in Eq. (34), in this way the
contribution of the side loads in the total energy is obtained for
the corresponding frequency range [69]. One can notice that the
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FIGURE 13: CUMULATIVE ENERGY OF FLUCTUATING PRESSURE SPECTRUM; (a) φ=0°, (b) φ=90°, (c) φ=180° and (d) φ=270°

energy spectra of the side load in the y direction (perpendicular
to the pylon plane), exhibits a broad peak centered at medium
frequencies of around 600 Hz for both conőgurations. A narrower
peak is also evident at slightly higher frequencies of 1000 Hz for
the cavity case and 1300 Hz for the baseline case. For the side load
in the z direction (parallel to the pylon plane), it can be seen that
the cavity case features a broad peak at approximately the same
low frequency of 500-600 Hz, while higher frequencies contribute
weakly in the energy of 𝐹𝑧 . On the contrary, the baseline case
exhibits reduced levels of energy at the lower frequency range,
and increased levels at higher frequencies of ∼1300 Hz. This
suggests that the level of pressure ŕuctuations (i.e., the side loads)
at higher frequencies, is dampened by the existence of the cavity,
compared to the baseline case. This effect is more pronounced in
the pylon-parallel plane (z direction) and is in line with previous
observations in the base pressure spectra (see Fig. 13).

Figure 15 shows a polar plot of the side loads (i.e., 𝐹𝑦 (𝑡)
vs 𝐹𝑧 (𝑡) component of the side loads) for both conőgurations,
along with its a=0.95 conődence ellipse, which includes 95% of
the observations. One can notice the random character of side
loads ŕuctuations. Additionally, the conődence ellipse becomes
a circle for both conőgurations (i.e., 𝜎𝐹𝑧

=𝜎𝐹𝑦
), indicating the

isotropic nature of the side loads over time. It is worth not-
ing that, for the baseline case, the side loads envelope is not
centered at zero, as would be the case for an axisymmetric con-
őguration (since ⟨𝐹𝑦⟩=⟨𝐹𝑧⟩=0) [14]. In speciőc, because of the
non-axisymmetric topology of the examined conőguration, the
baseline case exhibits positive and negative side loads in the z
and y directions respectively, in a time-averaged sense. The mag-
nitude of 𝐹𝑧 is almost three times higher compared to 𝐹𝑦 due to
the asymmetry in the xz plane. However, the existence of the cav-
ity region shifts the side loads envelope back to zero-mean values,
as it would appear for an axisymmetric geometry, suggesting that
the impact of the cavity in the base ŕow unsteadiness is large
enough to notably affect the time-averaged ŕow organization and
the side loads of the nozzle. This means that the cavity, which
would be essential for future, high-speed systems [13], could act
as a passive ŕow control mechanism for side loads reduction,
especially for wingtip-mounted nacelles. We note that the actual,
mean side load reduction is an order of magnitude in the cavity
case.

The behavior of the side loads as described previously can be
further understood simply by looking at the probability density
functions (PDFs) of 𝐹𝑦 and 𝐹𝑧 . This is depicted in Fig. 16. It
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FIGURE 14: PRE-MULTIPLIED POWER SPECTRAL DENSITY OF

THE SIDE LOADS COMPONENTS; (a) F y , (b) F z

is clearly evident that both components are normally distributed
for both conőgurations. However, the baseline case exhibits non-
zero mean values, and as a result the PDFs appear shifted with
respect to the theoretical Gaussian distribution, which is also
shown for convenience. This shift is increased in the 𝐹𝑧 side
load. However, the addition of the cavity region, shifts the PDFs
back to zero-mean which now őt very well the theoretical Gaus-
sian distribution. As a result the probability distribution of the
magnitude of side loads (|𝐹 |=(𝐹2

𝑦 + 𝐹2
𝑧 ) (1/2) ), follows a Rayleigh

distribution, not shown here for brevity, as found by Dumnov [74].
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FIGURE 15: POLAR PLOT OF NOZZLE SIDE LOADS (SYMBOLS)

AND 95% CONFIDENCE ELLIPSE (LINES). THE DOTS CORRE-

SPOND TO THE MEAN VALUES. (RED: BASELINE, BLACK: CAV-

ITY)

4. CONCLUSIONS AND FUTURE WORK

A numerical investigation on the impact of a base cavity on
the base ŕow unsteadiness for a sub-scale, high-speed exhaust
system is presented in this work. The geometry is considered
representative of future, advanced propulsion concepts. It fea-
tures a high-speed, over-expanded TIC nozzle embedded at the
base. The model is mounted on the test section of a wind tunnel to
facilitate ongoing experiments. The DDES turbulence modelling
approach is employed to reduce the computational cost compared
to LES for wall-bounded ŕows. A direct comparison to an iden-
tical, non-cavity geometry is carried out, allowing for the cavity
impact to be exposed. The two investigated systems are referred
to as baseline and cavity cases. The credibility of the numeri-
cal simulation is evaluated and found to be in good agreement
with available experimental studies on geometries similar to the
baseline case, in terms of non-dimensional frequency content.

It is found that the cavity region has a negligible effect on the
time-averaged base pressure distribution compared to the base-
line case for the conditions examined which correspond to over-
expanded nozzle operation. However, the level of the base pres-
sure ŕuctuations coefficient is notably reduced in the cavity case
by 6% to as much as 20% behind the pylon. Investigation of
the power spectrum of the base pressure ŕuctuations, reveals that
the cavity region reduces the intensity of unsteadiness contained
at higher frequencies, above values of approximately ∼ 𝑆𝑡𝐷=0.2.
The cumulative energy of base pressure ŕuctuations is reduced
by 15% to 38%, depending on the azimuthal location, compared
to the baseline case. This indicates that the cavity region, acts
in a damping-like manner for the intensity of unsteadiness at the
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FIGURE 16: SIDE LOADS PROBABILITY DENSITY FUNCTION; (a)

F y , (b) F z . RED LINE: BASELINE, BLACK LINE: CAVITY. DASHED

LINE DENOTES THE THEORETICAL GAUSSIAN DISTRIBUTION

base ŕow.

Additionally, results show that the cavity region has a no-
table effect on the generated side loads of the TIC nozzle at over-
expanded conditions. It is demonstrated that the side loads of the
baseline case, deviate from the theoretical Gaussian distribution,
due to three-dimensionality effects. However, the existence of
the cavity shifts the side loads behavior back to an axisymmetric-
like geometry, and their absolute value is reduced by an order
of magnitude compared to the baseline case. This means that
the cavity region, which will be essential for future, high-speed
exhaust systems, could also act as a passive ŕow control mecha-
nism for side loads reduction, which are critical at over-expanded
nozzle conditions.

The ongoing experimental campaign will facilitate a valida-
tion study for the computational results and thus, help to identify
the strengths and weaknesses of the employed numerical approach
for future, high-speed exhausts involving subtle details such as
base cavity effects. Currently, the experimental rig is limited
to lower 𝑁𝑃𝑅s owing to practical limitations which were un-
known during the computational setup and preparation of this
manuscript, and which may lead to perform additional computa-
tions at lower 𝑁𝑃𝑅𝑠. These will be the focus of future work.
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