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Abstract
Future high-speed propulsion concepts hold great potential for routine space access and sustainable high-speed flight. 
However, their development still requires extensive research, particularly in understanding the complex base flow aerody-
namics during transonic flight, thus requiring detailed experimental testing. Transonic testing and numerical simulations of 
tunnel-installed, powered-on models still present many challenges and limitations. In this work, a combined experimental 
and numerical study is carried out, in an attempt to address some of these challenges. The aim is to identify effective 
approaches based on Reynolds-averaged Navier–Stokes simulations and to assess their accuracy in predicting the mean 
base flow for a high-speed, powered-on model installed in a transonic tunnel under large blockage conditions. The motiva-
tion stems from the high blockage ratios typically encountered in small-scale transonic facilities when testing powered-on 
models. This environment is challenging to model computationally. Important details related to computational domain, 
boundary conditions and proper matching of the experimental flow state are discussed. The impact of the blockage and 
model support on the base flow inside the tunnel, as well as its similarity relative to free-air conditions, are also high-
lighted. The results show that the proposed modelling approach can capture the flow field with a maximum error in the 
base pressure which is below 1.6% relative to the experimental measurements. Based on the findings, suitable practices 
are provided for the combined experimental and numerical analyses of high-speed, powered-on models.
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Experimental and computational assessment of powered-on base 
flows in a transonic wind tunnel under large blockage conditions

Spyros Tsentis1  · Marco Debiasi2 · Ioannis Goulos1 · Simon Prince1 · Vladeta Zmijanovic3

1  Introduction

The development of efficient high-speed propulsion sys-
tems has been a long-standing challenge despite significant 
efforts. Conventional air-breathing systems, such as turbo-
jets, have well-known limitations in terms of their operat-
ing Mach range [1]. Ramjets and scramjets can address the 
limitations of gas turbines, but they require an alternate 
means to propel them to their takeover speeds. Addition-
ally, they face considerable challenges in other areas, such 
as in propulsion-airframe integration for example [2]. The 
requirement of broad Mach range operation has led to the 
development of more advanced concepts, which combine 
the strengths of different propulsion architectures across dif-
ferent flight regimes, such as the turbine-based combined 
cycles or TBCC [2, 3], among others.

Space access on the contrary, relies on rocket-based 
systems which are approaching their efficiency and perfor-
mance limits [4], with high costs per kilogram of payload 
delivered to orbit. Although some great strides have been 
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made in reusable rocket technology through retro-propulsive 
vertical landing [5], achieving routine space access contin-
ues to be an elusive goal. A concept that has received atten-
tion and could provide a step-change technology is based 
on pre-cooled air-breathing combined cycles [6]. Figure 1 
illustrates a simplified schematic of a typical pre-cooled, 
air-breathing architecture. Although the thermodynamic 
efficiency benefits of such concepts are well-established [7, 
8], their aero-propulsive behavior is not yet well under-
stood, requiring extensive experimental testing.

The base flow is related to undesirable effects such as 
increased base drag as well as dynamic loads which can put 
the mission at risk. Such effects are particularly important 
during transonic flow. Indeed, as reported in [9], the most 
critical phase in terms of unsteady loads during the ascent 
of the Ariane 5 launcher occurs at high-subsonic to tran-
sonic speeds. Understanding and accurately predicting the 
base flow aerodynamics of high-speed systems is crucial. 
This was highlighted during the maiden flight of Ariane 5, 
in 1996, where severe pressure fluctuations were recorded 
on the main-stage nozzle Vulcain 2, during the first 37 s of 
the launch [9]. Additionally, after the failure of the Ariane 
5 Evolution Cryotechnique type A (ECA) first flight, the 
investigation board identified the "non-exhaustive defini-
tion of the loads to which the Vulcain 2 engine is subjected 
during flight" as one of the causes [10]. An extensive cam-
paign was initiated as a result, with the aim to improve the 
understanding of the complex flow interactions at the base 
of launchers, primarily at transonic conditions [9].

The base flow features are strongly related to the base 
geometry of the examined system. Therefore, prior knowl-
edge on axisymmetric bodies and backward facing steps 
(BFS), obtained during extensive research into conventional 
space launchers, cannot be directly applied to new geom-
etries. This is true even for a simple axisymmetric body 
after introducing side boosters [11]. Consequently, separate 
attention must be given to future, high-speed exhaust sys-
tems to properly characterize the underlying flow physics. 
Wind tunnel data are currently limited for such powered-
on systems but will be essential for their technological 
advancement.

Traditionally, experimental tests aim to obtain data 
that can characterize the model under equivalent, free-air 

conditions. This often requires the application of correction 
methodologies on the obtained dataset to account for block-
age effects and model support interference. Such correc-
tions can be neglected at low speeds for simple bodies under 
blockage ratios (BRs) below 1% according to the Engineer-
ing Sciences Data Unit (ESDU), but must be used at higher 
values above 5% [12]. Several studies have examined the 
influence of blockage ratio on the aerodynamic characteris-
tics across a range of model configurations. These include 
axisymmetric and square-section bluff bodies [13, 14], rect-
angular prisms [15] and wind tunnel models for the automo-
tive industry [16], to name a few. These studies demonstrate 
that the influence of blockage ratio is case-dependent, with 
some reporting noticeable effects at BR values of 5% [13], 
while others reported limited sensitivity up to BRs of 
10%  [14]. In general, there is no universally-acceptable 
blockage ratio limit. This typically depends on the model 
geometry, the wind tunnel facility, the operating conditions 
and the aim of the experiments, among others. There are 
numerous correction techniques to account for blockage for 
different wind tunnel types. The reader is referred to [17, 18] 
for a detailed overview of such methods as reported by the 
Advisory Group for Aerospace Research and Development 
(AGARD).

Although essential, application of corrections becomes 
more challenging as the geometry of the model gets more 
complex. For powered-on models, additional challenges 
arise due to the interaction of the propulsion system with 
the surrounding flow, including wake blockage as well as 
mass injection and entrainment effects for high-speed jets. 
Previous studies have developed dedicated correction meth-
odologies for propeller-powered configurations, including 
blockage corrections for wind turbine tests  [19] as well 
as support and wall interference corrections for propeller-
powered aircraft models in low-speed wind tunnels  [20]. 
For jet-powered configurations, isolated jet experiments in 
low-speed tunnels have been used to develop wall-signature 
correction methods to account for jet-induced effects [21]. 
Furthermore, prior experimental studies have highlighted 
the importance of flow entrainment for high-energy jets and 
suggested the use of wall-signature methods to account for 
the associated sink effect of the entrainment process [18].

Fig. 1  Simplified schematic of a 
typical pre-cooled air-breathing 
propulsion architecture at super-
sonic conditions and illustration of 
the base flow topology

 



1 3

Experimental and computational assessment of powered-on base flows in a transonic wind tunnel under large…

In some cases, however, the primary objective of an 
experimental campaign is not to obtain free-air equivalent 
data, but rather to generate datasets for the validation and 
tuning of computational techniques. In such cases, the simi-
larity of the measured flow with respect to free-air condi-
tions is irrelevant. The domain used in the computational 
fluid dynamics (CFD) analysis should ideally consider the 
entire experimental rig, including the test section walls and 
model support. Although this approach adds considerable 
computational effort, particularly during meshing, it allows 
the wind tunnel limitations, such as blockage and model 
mount, to be considered as part of the examined system 
instead of interference effects. This allows any discrepan-
cies in the CFD to be attributed to deficiencies of the com-
putational model or experimental measurements rather than 
incomplete geometry modelling.

The use of CFD to simulate the entire experimental rig 
has been increasingly adopted. For example, Lessard  [22] 
carried out Reynolds-averaged Navier–Stokes (RANS) 
calculations for the flow around the Technology Concept 
Airplane (TCA) wing-body high-lift model, installed in 
NASA Langley 14 x 22 ft Subsonic Tunnel at Mach 0.24. 
The simulations considered three configurations: the model 
in free-air conditions, the model with post support, and the 
model with both post support and tunnel walls. The study 
compared the results against experimental data and con-
cluded that the support must be included in the modelling 
to capture the local flow physics properly. However, when 
overall performance metrics are of interest, such as forces 
and moments, free-air modelling seemed to be sufficient. It 
is noted that this might not be the case under large block-
age conditions, requiring either the application of appro-
priate corrections or explicit modelling of the test section 
walls. Wubben and Maseland [23] used RANS-based CFD 
to investigate the adequacy of correction methods for sup-
port and walls interference in the High Speed Tunnel (HST) 
of the German-Dutch Wind Tunnels (DNW). In a similar 
spirit, Mavriplis et al.  [24] recently carried out Reynolds-
averaged Navier–Stokes calculations to assess the effects 
of test section walls and model mounting device on a dou-
ble-delta wing in a low speed wind tunnel. The effort was 
aimed at improving current wind tunnel corrections for con-
figurations that are representative of long-range supersonic 
geometries.

Most of the available studies in the literature that have 
used CFD to simulate the model installed in the tunnel envi-
ronment, have considered solid-body, lifting models, with-
out powered-on effects. While prior experimental tests of 
high-speed, propulsive base flows in closed tunnels exist, as 
discussed in [25], the predictive capability of high-fidelity 
CFD methods for such configurations has not yet been estab-
lished, especially under large blockage environments. The 

latter is particularly relevant to small-scale, academic facili-
ties, where closed transonic wind tunnels are much smaller 
in size compared to their industrial counterparts [26].

This work presents a combined experimental and com-
putational analysis of a high-speed, propulsive model tested 
in a closed transonic wind tunnel under large blockage. Fol-
lowing the prior investigation reported in  [25], this study 
aims to identify suitable practices based on RANS simula-
tions and to quantify their accuracy in predicting the mean 
base flow characteristics under the experimental conditions. 
To achieve this, several key aspects are examined, including 
the experimental requirements and modelling approaches 
necessary to ensure that the computational model accurately 
represents the experimental flow topology. Simulations are 
carried out with and without the model mounting device to 
demonstrate its impact on the flow. Attention is given to the 
treatment of the nozzle inlet boundary condition. The ade-
quacy of a simplified approach which neglects the upstream 
components of the nozzle flow within the experimental rig 
is evaluated. Based on the results, recommendations are 
provided for the wind tunnel simulations of powered-on 
models using RANS, which can be adopted in future CFD 
validation activities of high-speed propulsion systems, even 
in small-scale facilities with large blockage.

2  Experimental approach

2.1  Rig and sub-scale model

The sub-scale model investigated in this work was designed 
with the main objective of providing a base flow topology 
that is representative of future high-speed exhaust systems. 
An overview of the experimental rig is shown in the simpli-
fied schematic of Fig. 2, along with a section view of the 
model and its main components, numbered from 1 to 6 for 
reference. The model has a total length of L = 0.25 m and 
a base diameter of D = 0.08 m. The external surface of the 
model, referred to as the nacelle, is formed by a tangent-
ogive nose (1), followed by the main cylindrical part which 
consists of the air chamber (2) and nacelle afterbody (3). The 
model is mounted on the tunnel wall through a mounting 
device, referred to as pylon, which has a NACA0026 airfoil 
cross-section. High-pressure air from an air-supply system 
flows through the pylon from a circular passage which con-
nects to the inlet section embedded along the wall of the air 
chamber (Fig. 2). The high-pressure air then flows into the 
plenum (4) through a series of small holes, which are located 
at the top end, before entering a convergent-divergent (CD), 
truncated ideal contour (TIC) nozzle (5), embedded within 
the base area. The plenum was introduced to the design to 
improve the uniformity of the flow entering the nozzle and 
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mitigate the jet asymmetry as a result of the 90◦ turn that the 
flow undergoes from the pylon to the nozzle inlet, that was 
observed using preliminary computational analyses during 
the design of the experiments. This was important since it 
enabled the uniform treatment of the nozzle inlet boundary 
condition as will be described in Sect. 3.2. Several plenum 
designs were examined prior to the one shown in Fig.  2, 
with main focus of reducing pressure losses and improving 
flow uniformity at the nozzle inlet.

The contour of the nozzle in the supersonic region is 
designed using the axisymmetric method of characteris-
tics (MoC)  [27]. The initial value-line for the MoC cor-
responds to the critical flow conditions at the sonic line 
which are approximated using Sauer’s technique [28]. This 
process provides an ideal nozzle profile with a shock-free 
flow expansion. The final nozzle is truncated at an angle 
of 7.6 degrees, corresponding to a design exit Mach num-
ber of around 3.4. Additionally, the model features a base-
embedded, axisymmetric cavity region (6) around the 

nozzle, which has an annular shape and a depth of 0.95 base 
diameters D. It is noted that this component is referred to 
as a cavity for convenience, but its rear surface constitutes 
the majority of the base surface of the model (Fig. 2, left). 
The actual cavity region is then formed after assembling the 
model, in the space between the nozzle (5) and component 
number 6 of Fig. 2. Throughout this work the term cavity 
refers to the empty space between the nozzle and the cavity 
walls. Cavity regions will be essential for advanced, high-
speed exhaust designs, in order to enable gimbal capabilities 
for base-embedded propulsive nozzles [29], and therefore, 
its impact on the base flow was of primary focus for the 
experimental campaign. However, this is out of the scope 
of this work, and thus it will not be discussed herein. The 
physical model that was used in the experiments is depicted 
in Fig. 3 in a fully assembled configuration, along with the 
pylon and the slot that was used to mount the model on the 
tunnel wall. Figure  3 also defines the azimuthal angle ψ, 
with the location of ψ = 180◦ being behind the pylon.

Fig. 3  Different views of the examined model. Top view as mounted on the tunnel side wall (left), location of base pressure transducers (middle) 
and rear view (right) with definition of azimuthal angle

 

Fig. 2  Overview of the model installed on the tunnel wall (left) and cross-sectional view along mid-section A-A’ (right); 1: nose, 2: air chamber, 
3: nacelle afterbody, 4: plenum, 5: TIC nozzle, 6: cavity
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The model was instrumented with six equally spaced 
static pressure ports along the nozzle divergent section and 
ten static pressure ports distributed along the cavity wall, as 
annotated in Fig. 2. One static port was also placed at the 
nozzle inlet to obtain the pressure at that location (Fig. 2). 
Furthermore, three dynamic pressure transducers were 
located on the base at azimuthal positions of approximately 
ψ = 90◦, 170◦, and 270◦, as shown in Fig.  3. A detailed 
description of the instrumentation and data acquisition sys-
tem is provided in Sect. 2.3

2.2  Wind tunnel facility

The experiments were carried out at the closed-circuit, 
ejector-driven, Transonic Wind Tunnel (TSWT) facility of 
Cranfield University. The facility is shown schematically in 
Fig. 4. The test section is 0.5 m long and has a cross-sec-
tional area of At = (0.206 × 0.228) m2 [30]. The blockage 
ratio, which is the ratio of the total cross-sectional area of 
the model and pylon to that of the test section, is approxi-
mately Amodel /At = 16.5%. At its current configuration, the 
test section has solid walls, and therefore it is critical that 
all associated boundary layers are taken into account in the 
computational analysis. Additionally, the pylon can affect 
the base flow characteristics. Hence, it is necessary that the 
entire wind tunnel experimental environment is modelled 
during the computations in order to assess their accuracy, 
especially under such large blockage.

The facility features an atmospheric blow-off box 
(Fig. 4) which keeps the total pressure of the approaching 
flow, denoted as P0,t, close to atmospheric pressure. The 
total pressure was measured by a Druck UNIK 5000 pres-
sure transducer (range of 0.8−1.2 bar and accuracy ± 0.0004 
bar), connected to a pitot probe before the test section noz-
zle. The flow conditions in the wind tunnel test section are 

controlled by the downstream ejector which changes the 
static pressure. The mean static pressure value at the ejec-
tor’s plane was not available during the runs and is gener-
ally challenging to obtain accurately. Instead, the tunnel was 
operated through a feed-forward system which regulates 
the ejector flow required to maintain a prescribed value of 
total to static pressure ratio at the inlet of the test section, 
defined as P0,t/pin, as the pressure of the external reservoir 
tank that drives the tunnel, drops. Here pin is the reference 
static pressure from a port located at the tunnel wall at the 
inlet of the test section. Therefore, this pressure ratio trans-
lates into the corresponding Mach number, which remained 
within ± 0.01 of the prescribed value during the runs. Note 
that for an empty test section, pin is essentially the same 
as the downstream pressure, since the flow in the tunnel is 
nearly isentropic. However, the introduction of the model 
imposes a high blockage of 16.5%, and the achieved flow 
conditions, in terms of approach Mach number, are affected 
by both the tunnel flow and the high-speed jet and are gener-
ally not known prior to the tests. This poses a big challenge 
in matching the flow conditions during the computational 
modelling.

2.3  Instrumentation and data acquisition

Static and dynamic pressure measurements were obtained 
during the experiments at key locations of the model 
described in Sect.  2.1. Additionally, 13 equidistant static 
ports were used to monitor the static pressure distribu-
tion along the test section side wall, opposite to the model 
mount, spanning a distance of x/L = [−  1, 1], where L 
denotes the length of the model and x/L  =  0 corresponds 
to the base location. Therefore, the first sensor was located 
at the test section inlet and was aligned with the nose of 
the model (at x/L = − 1), while the last was located at the 

Fig. 4  Schematic of the transonic 
wind tunnel facility used for the 
experiments. Sections A-F indicate 
tunnel cross-sections, while sec-
tions N and I show the nozzle and 
ejector planes; adapted from [30]
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test section outlet, one model length downstream of the base 
(at x/L = 1). This was essential in order to characterize the 
flow expansion around the model during the runs and thus 
ensure that aerodynamic similarity is established between 
the flow in the experimental tests and the CFD. Under this 
high blockage environment and with the approaching condi-
tions being dynamically influenced by both the downstream 
ejector pressure and jet flow, matching the computations to 
the experimental conditions is not trivial.

The static pressure signals were obtained by a 32-chan-
nel Scanivalve unit (model ZOC 22B/32 Px), with range of 
0.31−1.69 bar and accuracy of ± 0.00055 bar, acquired at a 
sampling frequency of 500 Hz for a total duration of 20 s, 
which encompassed the start and stop of the tunnel flow. 
The pressure at the nozzle inlet port, annotated in Fig.  2 
(right), was acquired with a dynamic pressure transducer 
(type RS 797-4961) with range of 0-25 bar and accuracy 
of ± 0.0029 bar. The dynamic pressure measurements at the 
base of the model (Fig.  3) were acquired by three Kulite 
miniaturized transducers (XCQ-0.62-1.7barA), with range 
of 0−1.7 bar and accuracy of ± 0.0017 bar. Each signal of 
the Kulite and RS transducers was low-pass filtered by a 
Dewetron signal-conditioner unit at 10 kHz, before being 
sampled at 25 kHz. The base pressure signals were sampled 
for a duration of 8 s, during which the jet flow was active for 
4 s. The final results correspond to the time averaged value 
of the base pressure signals during the period when the jet 
was active. The combined experimental uncertainty was 
quantified using independent runs from repeatability tests as 
well as accounting for the measurement uncertainty. For all 
of the results shown in this study, the maximum uncertainty 
in the time average pressure values was less than 2%.

3  Computational approach

3.1  Solver and numerical details

All simulations were performed using a steady-state RANS 
formulation coupled with the k − ω shear stress transport 
(SST) eddy viscosity model of Menter  [31], which solves 
two additional transport equations for the turbulent kinetic 
energy k and specific dissipation rate ω. The formulation 
is not repeated here for brevity. The interested reader is 
referred to  [31]. This turbulence model has been found to 
perform better over other eddy viscosity models for a num-
ber of flows involving strong separation, such as the flow 
over a two-dimensional backward facing step (BFS) [32], as 
well as other test cases including adverse pressure gradient 
with separation, a NACA 4412 airfoil at high angle of attack 
and a transonic bump case [33]. Additionally, this model has 
shown reasonably good accuracy for over-expanded nozzle 

flows [34], as well as for afterbody flows with high-speed 
jets and separation [35], which is critical in this work.

For the simulations, a compressible, density-based solver 
with implicit formulation was used in ANSYS Fluent [36]. A 
second-order upwind discretization scheme was employed 
for the flow primitive variables as well as for the turbulent 
kinetic energy and specific dissipation rate. The convective 
fluxes were calculated using Roe’s flux difference splitting 
method [37]. The gradients of the flow field were obtained 
using a Green-Gauss cell-based method, to reduce the cost 
of a node-based approach due to the polyhedral grid topol-
ogy. An 8th order piecewise polynomial was used for the 
calculation of specific heat capacity as a function of static 
temperature [38], while thermal conductivity was computed 
according to kinetic theory [38]. Finally, the dynamic vis-
cosity was obtained according to Sutherland’s law [39].

3.2  Computational domain and boundary 
conditions

Two different computational domains were considered in 
this study: one representing the full test section and another 
modelling half of the wind tunnel test section, making use 
of the symmetry plane x − z through the application of a 
symmetry boundary condition (BC). The two approaches 
are referred to as full and half domains throughout the 
paper. This allows to examine the impact of a symmetry 
boundary condition under such large blockage ratio on the 
accuracy of the simulation, primarily on the base pressure 
measurements. Specifically, it is of interest to investigate if 
a half-tunnel domain can provide accurate results with con-
siderably reduced computational effort.

The computational domain used for the simulations con-
sidered the entire experimental environment, including the 
wind tunnel test section walls, mounting device and sub-
scale model. The domain extends 3 and 10 model lengths 
upstream and downstream from the model’s base, respec-
tively, as shown in Fig. 5 for the half-tunnel approach (the 
full domain is not shown for brevity). A pressure inlet 
boundary condition was applied at the inlet of the domain to 
model the approaching flow conditions, prescribing the total 
pressure P0,t, and temperature T0,t. The total pressure was 
set to atmospheric value due to the wind tunnel operation, 
while the total temperature was set to 290 K. At the outlet of 
the domain, a pressure outlet BC was applied, specifying the 
static pressure value denoted as pout. This value regulates 
the tunnel pressure ratio (TPR), defined as TPR = (P0,t/pout

). Finally, no-slip, viscous and adiabatic wall boundary con-
ditions were applied to all surfaces of the model, mounting 
device and test section.

The conditions at the nozzle inlet were much more chal-
lenging to specify due to the complex flow interactions 
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occurring upstream of the nozzle in the experiments. Spe-
cifically, in the experimental setup, air flows radially from 
the air chamber into the plenum through a series of holes 
before entering the nozzle, as described in Sect. 2.1 (Fig. 2). 
This is very challenging to model in the computational anal-
ysis, as a complete description of the upstream geometrical 
details would add significant overhead, especially during 
mesh generation and could potentially lead to convergence 
issues. To address these challenges, an alternative approach 
is proposed in an attempt to balance accuracy and efficiency. 
Instead of modelling the entire upstream system, the nozzle 
inlet is treated with a uniform pressure inlet boundary con-
dition, where the total pressure and temperature (P0,n and 
T0,n) are specified.

The total pressure value can be approximated based on 
the mean pressure measurement obtained through the static 
port at the nozzle inlet, as detailed in Sect. 2.3 (Fig. 1, right). 
Note that the flow at this location is not at stagnation con-
ditions, and therefore that pressure reading corresponds 
to the static pressure of the flow. This is inevitable, since 
obtaining the total pressure value directly would require a 
pitot probe at that location which would negatively affect 
the flow uniformity at the nozzle inlet. The Mach number at 
the nozzle inlet can then be approximated numerically using 
quasi-one-dimensional inviscid flow theory, based on the 
given area ratio between the inlet and throat sections of the 

nozzle, as described in Eq. (1) [40] and depicted in Fig. 6. 
As observed, the subsonic solution for the given TIC nozzle 
corresponds to a Mach number that is approximately equal 
to 0.14 at the nozzle inlet location. Therefore, based on 
isentropic flow, the total pressure at the nozzle inlet P0,n is 
within less than 1.4% of the measured static pressure value, 
and thus can be corrected accordingly for the computational 
analysis. The total pressure value specifies the nozzle pres-
sure ratio (NPR), which in this work is defined as NPR = 
(P0,n/pout). Here pout is the static pressure at the outlet 
boundary of the computational domain, and is used to avoid 
ambiguous definitions, since the flow field in the vicinity 
of the model is largely affected by the blockage. The total 
temperature T0,n was set to 290 K due to the cold-flow tests.

A

A∗ = 1
M

[
2

γ + 1

(
γ − 1

2
M2

)] γ+1
2(γ−1)

� (1)

This approach enables a much preferable modelling, avoid-
ing the need to consider the entirety of the upstream com-
ponents of the secondary flow, with drastically reduced 
computational overhead. However, measurement of the 
mean static pressure at the nozzle inlet is required during 
the experiments. It is noted that similar challenges will arise 
in terms of CFD modelling for most propulsive wind tunnel 
models, where the secondary flow to the nozzle is provided 
through the support (or pylon), and the flow has to undergo 
a sharp turn. It is therefore of broader interest when it comes 
to experimental testing of powered-on models, to examine if 
such an approach can provide reasonable results.

3.3  Computational mesh

The computational mesh was constructed using a hybrid 
approach with polyhedral elements along with 35 prism 
layers near the wall surfaces for sufficient boundary layer 

Fig. 6  Area-Mach relation for ideal gas and inviscid flow and theoreti-
cal Mach number at the nozzle inlet

 

Fig. 5  Half-tunnel computational domain (left) and close-up view on nozzle inlet (right) with corresponding boundary conditions

 



1 3

S. Tsentis et al.

resolution, ensuring a non-dimensional wall distance of 
y+ <1 for all wall-adjacent nodes. Refinement regions 
were used closer to the base, pylon and near-wake regions 
for increased resolution, with the finest region extending 
approximately 3.2 base diameters downstream of the base. 
Figure 7 shows a close-up view of the surface mesh for the 
half-tunnel domain. The uncertainty due to grid discretiza-
tion has been assessed through a rigorous, second-order 
Grid Convergence Index (GCI) analysis [41] for the mesh 
corresponding to the half-tunnel domain. Three grids were 
used, consisting of approximately 3, 13.7 and 44 million 
cells, thus giving a grid refinement factor greater than 1.3, as 
recommended in [41]. A detailed summary of the results of 
the GCI study can be found in previous work [25]. The GCI 
corresponding to the medium mesh for the gross propulsive 
force (GPF) was 0.68%. The GPF represents the overall 
aerodynamic force component produced by the propulsive 
system in the freestream direction and is calculated as the 
standard gross thrust minus the sum of the aerodynamic 
forces exerted on the wall surfaces of the model and pylon 
that reside within the drag domain. The reader is referred 
to  [25, 29] for more information on the thrust and drag 
accounting of this configuration. The final grid used for the 
simulations consisted of approximately 13.7 and 26 million 
cells for the half and full domains, respectively.

4  Results and discussion

4.1  Impact of model support

The mounting device of the model can have a notable impact 
on the achieved flow field, especially under large blockage 
ratios in closed, transonic tunnels. To examine its effect, 
simulations have been carried out at several operating con-
ditions, where the mounting device has been removed from 
the computational domain, making the examined geometry 
axially symmetric. It is noted that the comparison is carried 
out at the same nominal TPR and NPR conditions to assess 

the pylon impact from a wind tunnel operation perspec-
tive. Therefore, the approach Mach number is not the same 
between the two cases. The aerodynamic effect of the pylon 
at identical approaching conditions should be examined in 
future work. The grid topology and refinement regions have 
been maintained identical as shown for the installed model 
(Fig. 7), to isolate the impact of the pylon. The computed 
RANS flow field at a TPR value of 1.39 and two different 
NPRs—a low NPR of 5 and a high NPR of 20—is shown in 
Fig. 8 for the installed model and the one where the pylon is 
removed. The effect of the model support on the base flow is 
considerable, and manifests primarily through the modifica-
tion of the flow conditions around the model due to reduced 
blockage.

Specifically, the blockage ratio of 16.5% in the installed 
model case, drops to around 10.7% when the pylon is 
removed. As a result, the achieved Mach number in the 
vicinity of the base and ψ = 0◦ is reduced by nearly 6% in 
the low NPR condition, decreasing from 0.803 to approxi-
mately 0.754, as annotated in Fig. 8. This effect is notably 
enhanced in the higher NPR of 20, where the Mach num-
ber reduction reaches approximately 12%, decreasing from 
a value of 0.925 in the installed model to 0.815 when not 
accounting for the support. This can be readily observed 
from the base flow structure, especially at the condition of 
NPR=20. The jet flow in the no-pylon case features reduced 
expansion with a stronger Mach disk reflection due to the 
increase in the base pressure where the nozzle expands, 
which reduces the effective NPR relative to the installed 
case. Specifically, the effective NPR, defined as the ratio 
of the nozzle inlet total pressure over the local static pres-
sure at the base, is approximately 24.5 and 28 for the cases 
without and with the pylon, respectively. The increased base 
pressure is a consequence of the reduced blockage when 
the pylon is removed. The same effect is obvious further 
downstream in the jet shock-cell pattern, as highlighted in 
the figure.

The effect of the modified blockage environment due to 
the presence of the mounting device on the jet flow can be 
quantified in terms of the location of incipient separation 
along the nozzle wall during over-expansion. The location 
of incipient separation, denoted as xi, is defined as the axial 
location of minimum wall pressure, corresponding to the 
point where the nozzle wall pressure gradient changes sign 
and the pressure distribution departs from the ideal expan-
sion profile predicted by the MoC. In the present work, xi 
is used as an indicator of the onset of the separation process 
due to shock-wave/boundary-layer interaction. It is noted 
that this point does not correspond to the exact flow separa-
tion location, which is where the wall shear stress becomes 
zero. The non-dimensional incipient locations are depicted 
in Fig. 9 for 5 different TPRs, ranging from 1.28 to 1.79 and 

Fig. 7  Computational mesh for the half-tunnel domain

 



1 3

Experimental and computational assessment of powered-on base flows in a transonic wind tunnel under large…

two different NPR values of 5 and 10, corresponding to noz-
zle over-expansion state. The value of xi/r∗=0 corresponds 
to the nozzle exit, with r* denoting the nozzle throat radius. 
As can be seen, the presence of the pylon gradually shifts 
the incipient location further downstream inside the nozzle 
as the TPR increases. Additionally, the effect is intensified 
at the higher NPR case, in line with the observations shown 
in Fig. 8.

These results demonstrate that under non-negligible 
blockage conditions, it is essential to include the mounting 
device in the simulation in order to obtain a proper descrip-
tion of the state of the flow achieved experimentally. This is 
particularly critical for transonic testing of high-speed, pow-
ered-on models, where the need for increased support thick-
ness to accommodate the secondary flow, combined with 
the size of most closed, transonic facilities in academia [26], 

lead to large blockage ratios. In addition to the flow modifi-
cation due to blockage variation, the presence of the pylon 
creates asymmetry in the base flow which in turn leads to a 
jet deflection, especially at lower NPRs [25].

4.2  Assessment of computational approach

4.2.1  Aerodynamic similarity

A critical aspect of any CFD validation activity is to ensure 
that aerodynamic similarity has been established between 
the calculations and the experimental conditions. In other 
words, it is essential to ensure that the flow conditions of the 
experimental environment have been properly matched in 
the CFD prior to any comparison. This task is not trivial even 
for simple models under negligible blockage conditions. 

Fig. 9  Variation of incipient 
separation location xi with TPR 
at NPR = 5 (left) and NPR = 10 
(right) with and without including 
the model support; the blue line 
denotes the nozzle contour

 

Fig. 8  Mach number flow field at 
TPR = 1.39 and NPRs of 5 and 20 
with and without the pylon
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The situation becomes much more challenging in the case of 
powered-on models under high blockage ratios, where the 
jet flow affects the approaching tunnel flow and vice versa.

As described in Sect. 3, the CFD analysis is carried out 
on the basis of TPR and NPR. However, the mean value 
of the downstream ejector plane was not available during 
the tests. Therefore, a direct match in the boundary condi-
tions is impractical. This can be addressed by tunning the 
TPR and NPR used in the CFD to match the operating con-
ditions achieved experimentally. Specifically, the total to 
static pressure ratio at the test section inlet (P0,t/pin), along 
with the nozzle inlet total pressure (P0,n), uniquely define 
the aerodynamic conditions during each run for pre-choking 
tunnel operation. These values can then be used in the com-
putational analysis to backtrack to the appropriate boundary 
conditions in terms of TPR and NPR. This approach was 
adopted in this work. The conditions of the experimental 
test used for validation translate to values of TPR=1.35 and 
NPR=6.6. This was the maximum NPR achievable within 
the experimental facility.

Additionally, under such large blockage environment, 
small variations in the approaching flow and/or nozzle 
inlet conditions can affect considerably the state of the flow 
around the model, especially in the vicinity of the base. This 
can lead to erroneous conclusions regarding the accuracy of 
the CFD in predicting the base and nozzle flows which are 
directly affected by the upstream flow expansion. To miti-
gate this, the pressure distribution along the test section side 
wall opposite to the model mount was monitored within a 
distance of x/L = [− 1, 1] (Sect. 2.3), in order to character-
ize the flow conditions around the model. The CFD results 
were then compared with the experimental data to ensure 
that aerodynamic similarity is established in the test section. 
This is shown in Fig. 10a for both full and half test section 
computational domains, while Fig. 10b shows a schematic 
of the apparatus with the side wall and pressure taps anno-
tated. As observed, the computations properly capture the 
pressure drop over the forebody of the model as well as the 
pressure recovery over the afterbody and the near wake fur-
ther downstream. Note that the pressure distribution shown 
in Fig. 10a reflects the local wall pressure characteristics in 
the vicinity of the model, whereas the TPR is defined based 
on the prescribed outlet static pressure, which is located 10 
model lengths downstream of the base. Both full and half 
tunnel domains yield similar results which agree with the 
mean experimental static pressure data within less than 
0.7%, demonstrating that good aerodynamic similarity is 
established in the test section between the simulations and 
the experiment. This is essential prior to further assessment 
of the CFD accuracy. It is noted that the pressure distribu-
tion along the centerline of the top wall yielded similar 
results between the two computational domains (not shown 
for brevity).

Figure 11 presents the mean flow field in terms of Mach 
number, obtained with RANS for the examined conditions, 
for both the full and half test section domains. As shown, at 
this NPR, the nozzle operates under a severe over-expansion 
state, exhibiting a free shock separation (FSS) with a typical 
Mach disk reflection established inside the divergent section 
at a location of x/D ≈−0.23, where x/D = 0 corresponds to 

Fig. 11  Mach number flow field at 
the x-z plane (symmetry) computed 
with the full and half domains

 

Fig. 10  Pressure distribution comparison between experimental mea-
surements and CFD results along the test section side wall centerline 
(a), and schematic of the rig showing the side wall and the pressure 
tap locations (b)
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the base. The Mach number close to the base of the model 
and zero degrees azimuthal angle (i.e., opposite to the pylon 
location) is approximately 0.75. The base flow asymmetry 
caused as a result of the presence of the mounting device 
is also evident in the separated flow at the wake. The two 
modelling approaches, using the full and half test sections, 
produce very similar results, in line with the agreement in 
the pressure distribution along the side wall shown previ-
ously (Fig. 10). Only minor differences can be observed in 
the shock-cell pattern of the high-speed jet downstream of 
the nozzle exit.

4.2.2  Base flow prediction

The accuracy of RANS for the downstream base flow is now 
assessed. The comparison between CFD and experimental 
data for the mean pressure distribution along the wall sur-
faces of the base, cavity and nozzle is shown in Fig. 12. Both 
full and half tunnel domains are included in the comparison. 
The azimuthal distribution of the base pressure predicted by 
both computational approaches is close to the experimental 
values with a maximum error below 1.6%. The CFD model 
captures the reduced pressure levels behind the mounting 
device (ψ = 180◦), although it does not predict the pres-
sure asymmetry of the experimental data between ψ = 90◦ 
and 270◦. The difference between the full and half tunnel 
domains is negligible (less than 0.3%). Similarly, the pres-
sure inside the cavity region predicted by RANS is close to 
the mean experimental data, with a maximum error which 

is less than 0.8%, identified for the location closest to the 
base (i.e., at x/L= − 0.175). However, the pressure recovery 
towards the cavity wall is steeper in the experiments rela-
tive to the computations, suggesting that the internal cavity 
flow development is not fully captured by the simulations. 
The results by both CFD domain approaches are very close.

The nozzle flow prediction is shown in the bottom graph 
of Fig. 12, along with the ideal flow expansion profile from 
the MoC. The axial location is non-dimensionalized with 
the throat radius (x/r∗ = 0 denotes the nozzle exit). The 
computations with both domains yield very similar predic-
tions which seem to capture the flow separation behavior 
with reasonable accuracy. Note that to identify accurately 
the location of incipient separation in the experiments, a 
considerably higher number of sensors would be required 
to increase the spatial resolution of the pressure profile. This 
was not feasible in this campaign and is typically challeng-
ing due to practical limitations, including the model size, and 
available space to pass the instrumentation tubing. Regard-
less, within the available resolution of the experimental 
sensors, CFD agrees with the experiment with a maximum 
error of approximately 1.25%. The predicted pressure in 
the separated flow region recovers to the experimental val-
ues. These results indicate that the nozzle inlet treatment 
approach described in Sect. 3.2, can be adopted without the 
need to model the upstream components, thereby reducing 
the computational effort. Overall, it can be argued that the 
RANS approach as adopted in this work, accurately captures 
the mean flow state at the examined conditions of TPR=1.35 
and NPR=6.6, with a maximum error below 1.6% identified 
in the base pressure prediction.

4.3  Relevance to unbounded flow

In many experimental campaigns within the context of propul-
sive base flows, the main objective is to identify and under-
stand the fundamental features that drive the complex flow 
topology at the base. One characteristic example is the assess-
ment of active and passive base flow control techniques, and 
their capability in yielding base drag improvements for high-
speed systems, particularly at transonic speeds. However, it 
is noted that even if free-air corrections are not the primary 
aim, relevance to free-air conditions could be compromised 
due to large blockage effects or model support interference and 
could lead to misleading interpretations of the obtained results. 
This is particularly important in academia, where the limited 
size of most transonic facilities [26], combined with the need 
to test larger models (especially if powered-on), leads to high 
blockage environments. However, examining the relevance of 
the base flow relative to free-air conditions is challenging, as 
even establishing a fair comparison between a large-blockage, 

Fig. 12  Comparison between experimental measurements and CFD 
results; top: base, center: cavity wall, bottom: nozzle wall
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tunnel-installed model and free-air conditions is far from 
straightforward.

A methodology that addresses this challenge has been 
introduced in previous work [25] based on CFD simulations 
using the symmetrical domain. The main issue is matching the 
two cases under large blockage, as there is no way to know 
what are the free-air parameters (i.e., Mach number) that need 
to be applied to match the flow near the base of the tunnel-
installed model. The proposed method is based on matching 
the effective Mach number at the end of the afterbody Meff

aft

, defined in Eq. (2). Note that this is the isentropic Mach num-
ber based on the pressure ratio of the atmospheric total to local 
static pressure near the end of the nacelle afterbody, evaluated 
as an average over approximately three computational cells 
upstream of the base edge [25]. This location was selected to 
characterize the flow approaching the base while avoiding the 

local discontinuity associated with the base cut-off point. The 
superscript ψ refers to the azimuthal angle as shown in Fig. 3, 
which for the CFD study varied from 0◦ − 180◦, with 180◦ 
behind the mounting device.

Meff
aft (ψ) =


 2

(γ − 1)




(
P0

pψ
aft

) γ−1
γ

− 1







1
2

� (2)

A series of free-air calculations was performed for Mach num-
bers between 0.5 and 1.5 with a 0.05-step, using an axisymmet-
ric approach. One can then map the TPR, which regulates the 
tunnel flow, with the free-air Mach number, such that the same 
effective Mach number (within 0.6%) is obtained at the end of 
the nacelle afterbody. The latter in the installed case represents 
an azimuthal average extracted from 5 locations of ψ = 0◦, 
45◦, 90◦, 135◦ and 180◦ to account for three-dimensionality 
effects. The radial pressure distribution along the base and cav-
ity walls is then compared between the two cases for which the 
Meff

aft  is matched, to assess their similarity.

An example of that comparison is shown in Fig. 13 for two 
different TPRs of 1.28 (Fig. 13a) and 1.79 (Fig. 13b) corre-
sponding to pre-choking and post-choking tunnel conditions, 
respectively. For TPR = 1.28, the free-air Mach number that 
provides the same effective Mach number of approximately 
0.743 is equal to 0.6, while in the TPR = 1.79 case, a super-

sonic Mach number of 1.14 is required to give Meff
aft = 1.46. 

The comparison is good for pre-choking tunnel operation, with 
a maximum difference below 0.7% for the base pressure. This 
value increases to around 1.4% behind the mounting device, 
as expected, since it is not present in the free-air cases. Note 
that the short region close to the base edge (r/Rb ≈ 1) where 
higher differences are observed, corresponds to less than 1.5% 
of the base area. Therefore, its influence on the area-aver-
aged base-pressure characteristics is expected to be limited. 
The pressure along the cavity wall is in excellent agreement 
(< 0.1%). For the post-choking tunnel condition, the base pres-
sure of the free-air case still falls within the azimuthal range of 
the tunnel-installed conditions with a maximum difference of 
approximately 6% identified at ψ = 90◦. Note that the com-
parison is much better at ψ = 0◦. This difference is expected, 
as the test section is not square, which at choked conditions has 
a large effect. The cavity pressure is close within 1%. Overall, 
good base pressure similarity can be established with respect 
to free-air conditions through the proposed method for the 
medium NPR examined. This demonstrates that the base flow 
can still be relevant to free-air conditions under large blockage 
and is promising for the use of small-scale facilities for base 
drag studies.

Fig. 13  CFD pressure distribution along the walls of the base and cav-
ity for the tunnel-installed and free-air cases at NPR=10: a TPR=1.28 
(pre-choked tunnel) and average Meff

aft = 0.743, and b TPR=1.79 

(post-choked tunnel) and average Meff
aft = 1.460
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5  Conclusions

A combined experimental and computational study has been 
conducted to investigate the base flow of a high-speed, pow-
ered-on model tested in a small-scale transonic wind tunnel 
under large blockage conditions. The main conclusions are as 
follows:

	● Proper description of the flow requires modelling of the 
full experimental environment, including the test section 
walls and mounting device. This is particularly important 
for powered-on models where the support typically accom-
modates the jet flow and has appreciable size, thus increas-
ing blockage effects.

	● The nozzle inlet treatment can be simplified by prescribing 
a uniform boundary condition which eliminates the need to 
model the detailed upstream geometry of the experiment. 
This requires experimental measurement of the static pres-
sure at the nozzle inlet, which can be corrected based on 
inviscid flow theory to approximate the total pressure. This 
approach has shown to yield reasonably accurate nozzle 
flow prediction.

	● Matching the experimental flow conditions for a powered-
on test is not trivial, particularly under large blockage. The 
pressure distribution on the tunnel side wall can be used to 
characterize the flow state over the model and near-wake. 
Therefore, wall pressure measurements should be included 
in the experimental design to ensure aerodynamic similar-
ity and support CFD validation.

	● RANS computations coupled with the k − ω SST eddy 
viscosity model are capable of accurate base pressure pre-
diction with a maximum error below 1.6% relative to the 
experimental data for the examined operating conditions.

	● Local aerodynamic similarity relative to free-air conditions 
can be established based on the proposed metric. This is 
promising for future base flows studies under large block-
age conditions, which are typically encountered in small-
scale transonic facilities.

The novelty of this work is the generation of new experimen-
tal and computational data for powered-on, high-speed base 
flows under transonic wind tunnel conditions, including block-
age and support interference effects. Based on the combined 
analysis of this dataset, the contribution of this study is the syn-
thesis of suitable computational practices and the quantifica-
tion of their accuracy for in-tunnel simulations of powered-on 
models. The overall conclusion is that the proposed approach 
can accurately predict the mean base flow even under large 
blockage conditions. This was previously unreported based on 
the open literature. The study also highlights that such tunnel-
constrained flows can be systematically mapped to equivalent 
free-air conditions. The impact of the work is that it enables 

the use of small-scale, transonic facilities for future base flow 
studies of high-speed systems, thereby reducing the need for 
high-cost, large-scale experiments.
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