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Abstract: In the research into expansion fan/shock wave 
interactions, wind tunnel testing is an essential tool 
allowing controlled freestream conditions and variation of 
parameters of interest.  However, certain considerations 
must be accounted for in the wind tunnel model design, 
data collection, and interpretation of the results in order to 
ensure good quality results and accurate interpretation 
thereof.  Model design involved sizing of the model such 
that the tunnel is able to start, design of an attachment 
mechanism to allow mounting into the tunnel, prediction 
of the aerodynamic loads encountered by the model both 
on tunnel startup and during operation, and ensuring that 
the material strength of the model and support structure 
was sufficient to prevent failure. Schlieren flow 
visualization is the appropriate tool for the study of 
compressible flows, and careful attention was paid during 
setup to reduce the schlieren angle and place the cut-off at 
the correct location to minimise the optical aberrations of 
coma and astigmatism.  When studying the schlieren 
results, visualization of the three-dimensional shock waves 
as regions, rather than lines, and the shock wave 
emanating from the lower surface of the expansion 
generator were taken into account for accurate 
interpretation.  Adhering to these considerations allowed 
the physics involved in an expansion fan/shock wave 
interaction to be investigated. 

Additional keywords: Wind tunnel model, optical flow 
visualization, schlieren, three-dimensional shock wave 

Nomenclature 
Roman 
P pressure [kPa] 
T temperature [K] 
M Mach number [] 

Greek 
β shock angle [degrees]  
γ ratio of specific heats of air [] 

1 Introduction 
In supersonic flight, shock waves and expansion fans 
develop as mechanisms for air to flow around the aircraft.  

When aircraft or other aerodynamic bodies are in close 
proximity – such as in the cases of store carriage and 
release, engine inlets, formation flying, adjacent missiles, 
and launch vehicle separation – the shock waves and 
expansion fans interact and alter the flow field surrounding 
the aircraft.  Limited studies have been conducted on the 
fundamental flow physics of an expansion fan/shock wave 
interaction and consequently further examination is merited, 
with emphasis on an experimental investigation due to the 
novelty of the research.  Wind tunnel testing is particularly 
appropriate for the experimental investigation of an 
expansion fan/shock wave interaction, allowing for 
controlled variation of parameters of interest – such as flow 
deflection angles and vertical separation distance of the 
bodies – and known freestream conditions (Mach number, 
static pressure, and static temperature).  This paper details 
the considerations involved in wind tunnel testing to study 
an expansion fan/shock wave interaction, including the 
design of a unique wind tunnel model, data collection, and 
the interpretation of wind tunnel test results. 

2 Model Design Considerations 
The wind tunnel model used for researching expansion 
fan/shock wave interactions consisted of two wedges – one 
generating the shock wave (referred to as the shock 
generator) and the other generating the expansion fan 
(referred to as the expansion generator) – arranged with the 
expansion generator above the shock generator.  The 
wedges and support structure were designed to allow the 
study of expansion fan/shock wave interactions at various 
vertical separation distances and horizontal relative 
positions.  Three critical factors were taken into account in 
the model design (and indeed should be accounted for when 
designing any model for testing in a supersonic wind tunnel) 
– the size of the model, the interface allowing the model to 
be mounted inside the tunnel, and the aerodynamic loads 
acting on the model (including the loads associated with the 
tunnel startup shock). 

2.1 Model Sizing 
The size of a wind tunnel model is constrained by the 
maximum area ratio of model frontal area to wind tunnel 
test section area at which the tunnel can start.  A supersonic 
wind tunnel is said to be started when supersonic flow is 
achieved in the test section [1]; too large a model can cause 
a normal shock wave upstream of the model and the flow to 
choke (reach and remain at Mach 1 [1]) around the model, 
preventing supersonic flow from being established in the 
test section [2].  The maximum permissible model blockage 
is both geometry and wind tunnel dependent (i.e. dependent 
on Mach number and stagnation pressure which vary for 
different wind tunnels according to the operating envelope 
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of the tunnel), although Volluz [2] provides general 
guidelines.  In the case of the University of the 
Witwatersrand’s supersonic wind tunnel, a model with 
frontal area greater than 9 % of the test section cross-
sectional area (101 mm x 101 mm) is sufficient to prevent 
tunnel startup. 

In the design of the expansion generator and shock 
generator, the wedge angles were selected to yield both 
adequate flow deflection angles and the expansion fan/shock 
wave interaction occurring between the wedges (not too far 
downstream) while being below the shock detachment 
angle.  Following the wedge angle selection, the wedge 
span, length, and thickness were calculated such that the 
combined frontal area was below the requisite 9% of the 
tunnel test section area.  The expansion generator and shock 
generator with dimensions given in figure 1b and a 25 mm 
span resulted in a combined tunnel blockage of 8.2 %, 
which was sufficiently low to allow tunnel startup. These 
dimensions had the consequence that the wedges had a low 
aspect ratio, which was advantageous in that the model was 
well away from the tunnel walls (and therefore negated any 
wall or tunnel boundary layer interference on the flow field 
of interest) but caused three-dimensional effects to dominate 
the flow field (which impacted the interpretation of the 
results). 

 
(a) 

 
(b) 

Figure 1  Wind tunnel model consisting of the expansion 
generator and shock generator, (a) a labelled 
angled view, and (b) a dimensioned side view. 

2.2 Model Mounting 
The University of the Witwatersrand’s supersonic wind 
tunnel allows for model mounting by means of a key bolted 
into the tunnel wall and a series of linkages bolted to the 
key, culminating in an attachment plate with holes drilled at 
various locations to allow for model mounting at various 
horizontal and vertical positions.  The expansion generator 
and shock generator were each designed to have attachment 
prongs with a series of holes drilled through (shown in 

figure 1a); the attachment prongs fitted around the 
attachment plate and a pair of holes aligned with the holes in 
the attachment plate to allow the two components to be 
bolted together.  Alignment of the holes in the attachment 
prongs of each of the wedges with the various holes in the 
attachment plate allowed for alteration of the vertical 
separation distance and variation of the horizontal relative 
positions of the expansion generator and shock generator.  A 
schematic of one mounting configuration of the wedges in 
the tunnel is shown in figure 2. 

 
Figure 2  Schematic of wind tunnel model mounting in the 

wind tunnel. 

2.3 Aerodynamic Loading 
It is important to calculate the aerodynamic loading on the 
expansion generator and shock generator to ensure that the 
material used for wedge manufacture and the bolts used for 
mounting the model into the tunnel are of sufficient strength 
to prevent failure and subsequent damage to both the model 
and tunnel.  There are two categories of aerodynamic 
loading that must be accounted for – the aerodynamic load 
on the wedges associated with the flow over the wedges 
during tunnel operation and the impulse aerodynamic 
loading associated with tunnel startup, as the startup shock 
moves through the tunnel test section. 

The aerodynamic loading on each of the wedges during 
tunnel operation can be calculated according shock-
expansion theory, explained by Anderson [3] and replicated 
here for completeness, with the pressure ratio across an 
oblique shock given by  
𝑃𝑃2
𝑃𝑃1

= 1 + 2𝛾𝛾
𝛾𝛾+1

�𝑀𝑀1
2𝑠𝑠𝑠𝑠𝑠𝑠2𝛽𝛽 − 1� (1) 

where M1 is the upstream Mach number, β is the shock 
angle, and γ is the ratio of specific heats of air.  The pressure 
ratio across an expansion fan is given by 

𝑃𝑃3
𝑃𝑃1

= �
1+𝛾𝛾−12 𝑀𝑀1

2

1+𝛾𝛾−12 𝑀𝑀3
2�

𝛾𝛾
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A schematic of the aerodynamic loading on the wedges is 
given in figure 3 and the results are given in table 1. 

 
Figure 3  Aerodynamic loading on the wedges during tunnel 

operation (after tunnel startup). 
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The normal force experienced by the wedges on tunnel 
startup can be predicted according to the expression given in 
[2], replicated here for completeness 

𝐹𝐹𝑁𝑁 = 𝑃𝑃0𝐴𝐴
7�𝑀𝑀1

2−1�

6�1+0.2𝑀𝑀1
2�
3.5 (3) 

where P0 is the instantaneous total pressure on startup, A is 
the total planform area of the wedge, and M1 is the desired 
freestream Mach number.  The startup shock loads 
experienced by each of the wedges are given in table 1. 

Table 1 Aerodynamic loads experienced by the wedges 
during tunnel operation and tunnel startup. 

 Exp. 
Gen. 

Shock 
Gen. 

Stagnation Pressure, P0 [kPa] 250 250 
Stagnation Temperature, T0 [K] 298.15 298.15 
Freestream Mach Number, M1 3.00 3.00 
Freestream Static Pressure, P1 [kPa] 6.8059 6.8059 
Freestream Static Temperature, T1 [K] 106.48 106.48 
Pressure Ratio across Shock Wave, 
P2/P1 

3.7713 3.7713 

Pressure Downstream of Shock Wave, 
P2 [kPa] 

25.667 25.667 

Pressure Ratio across Expansion Fan, 
P3/P1 

0.43114 N/A 

Pressure Downstream of Expansion 
Fan, P3 [kPa] 

2.9343 N/A 

Area of Upper Wedge Surface [mm2] 1560.2 1377.9 
Area of Lower Wedge Surface [mm2] 1345.4 1325.0 
Force Acting on Upper Wedge 
Surface [N] 

40.047 35.367 

Force Acting on Lower Wedge 
Surface [N] 

3.9479 9.0178 

Resultant Force Acting on Wedge [N] 36.099 26.349 
Planform Area of Wedge, A [mm2] 1466.1 1325.0 
Startup Shock load Acting on Wedge 
[N] 

93.132 84.167 

 
The aerodynamic loads acting on the wedges are 

balanced by the forces exerted by the bolts to hold the 
wedges in static equilibrium.  The critical load case (for 
conservative model design) is for the startup shock load, 
acting on the wedge leading edge, with the upstream bolt 
balancing the force and the downstream bolt counteracting 
the moment; a schematic of this load case for each of the 
wedges is shown in figure 4.  With the bolt forces known, 
the shear stress acting through the 3mm thick attachment 
prongs (assuming the stress is distributed equally between 
the two prongs) and the M3 bolts (with root diameter 
2.272 mm) can be calculated, the results of which are shown 
in table 2. 

From the results of the stresses experienced by the bolts 
and attachment prongs, it can be seen that the maximum bolt 
shear stress of 100.05 MPa and the maximum attachment 
prong shear stress of 14.991 MPa experienced during tunnel 
startup are well below the 630 MPa bolt shear yield strength 
and the 43.85 MPa shear yield strength of 2024 aluminium 
alloy respectively.  Consequently, it can be concluded that 

the 2024 aluminium alloy is a suitable material for the 
wedge manufacture and that the wind tunnel model and 
bolted joints have sufficient strength to prevent model 
failure.  With a suitably designed model, wind tunnel testing 
to research an expansion fan/shock wave interaction can be 
conducted. 

 
(a) 

 
(b) 

Figure 4  Free body diagram showing the forces acting on 
(a) the expansion generator and (b) the shock 
generator. 

Table 2 Stresses experienced by the support structure 
(wedge attachment prongs and bolts). 

 Exp. 
Gen. 

Shock 
Gen. 

Distance between Wedge Leading 
Edge and Upstream Hole Centre, d1 
[mm] 

75.5 75.5 

Distance between Upstream and 
Downstream Hole Centres, d2 [mm] 

22.5 22.5 

Force Exerted by Upstream Bolt, FBolt1 
[N] 

405.64 366.59 

Force Exerted by Downstream Bolt, 
FBolt2 [N] 

312.51 282.42 

Shear Stress Experienced by Upstream 
Bolt [MPa] 

100.05 90.423 

Shear Stress Experienced by 
Downstream Bolt [MPa] 

77.083 69.662 

Shear Stress Experienced by Upstream 
Attachment Prongs [MPa] 

14.991 13.547 

Shear Stress Experienced by 
Downstream Attachment Prongs 
[MPa] 

11.549 10.437 
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3 Data Collection Considerations 
The objective of investigating an expansion fan/shock wave 
interaction should dictate the data collection method(s).  
Since the interaction occurs between the expansion 
generator and the shock generator, a method allowing for 
visualization of the flow field is preferable while surface 
measurements or loads on the wedges will not provide 
meaningful data.  Consequently, optical flow visualization 
methods are ideally suited as the data collection method for 
this research, with the added advantage of being non-
intrusive and therefore not influencing the flow field of 
interest [4].  In particular, schlieren flow visualization 
(which operates on the principle that changes in fluid 
density cause a change in refractive index, thereby 
deflecting a light beam [4]) is especially appropriate for the 
visualization of compressible flows where changes in fluid 
density and density gradients are present [5]. 

A monochrome/colour schlieren system was used for the 
visualization of an expansion fan/shock wave interaction in 
the University of the Witwatersrand’s supersonic wind 
tunnel, with a 900 lumen LED continuous light source and 
the light beam collimated between two f/8 parabolic mirrors 
of diameter 152mm at a schlieren angle of 3o – a schematic 
of which is shown in figure 5.  The resulting images were 
captured with a Nikon D90 digital SLR camera.  In an effort 
to minimise vibrations transmitted from the tunnel to the 
optics system and due to space constraints of the laboratory, 
the schlieren system was mounted on an overhead gantry 
with the consequence that it was set up in a U-configuration 
rather than the preferred Z-configuration.  Use of the system 
in a U-configuration meant that care had to be taken during 
the setup of the system to minimise the schlieren angle in 
order to reduce coma (the smearing of a point of light into a 
line, resulting from the use of the mirrors off-axis) in the 
system [6].  A further two optical aberrations had to be 
considered during setup of the schlieren system.  Firstly, 
astigmatism (distortion of the image resulting from a 
difference in position of the vertical/tangential focal point 
and horizontal/sagittal focal point, also arising from use of 
the mirrors off-axis [6]) was alleviated by minimising the 
schlieren angle, using large f/number mirrors, and 
positioning the schlieren cut-off perpendicular to the focal 
plane, i.e. use of a vertical cut-off in the horizontal/sagittal 
focal plane or use of a horizontal cut-off in the 
vertical/tangential focal plane [6].  Secondly, chromatic 
aberration in the system arising from the focussing lens was 
mitigated by using a compound achromatic lens [6].  After 
following the appropriate measures and procedures to curtail 
all optical aberrations, maintaining proper alignment and 
placement of all optical components, and focussing the 
image of the test section onto the camera sensor, the 
schlieren system can be considered properly assembled. 

In addition to the schlieren setup considerations, the 
influence of the schlieren cut-off on the visualization of an 
expansion fan/shock wave interaction must be kept in mind.  
Two cut-offs, both oriented horizontally, were found to 
visualize different physical aspects of the flow field – the 
knife edge (shown in figure 6a) clearly imaged the curvature 
of the shock upon interacting with the expansion fan while 
the band lattice mask (shown in figure 6b) clearly resolved 
the expansion fan as a series of coloured fringes and allowed 

detection of the expansion fan deflection following 
interaction with the shock [7].  Use of these two cut-offs in 
conjunction allow for a comprehensive examination of the 
flow field resulting from an expansion fan/shock wave 
interaction. 

 
Figure 5  Schlieren system setup mounted on overhead 

gantry. 

   
           (a)              (b) 

Figure 6  Schlieren cut-offs, (a) knife edge and (b) band 
lattice mask. 

4 Results Interpretation Considerations 
Schlieren images of an expansion fan/shock wave 
interaction at Mach 3 as visualized using a knife edge and a 
band lattice mask, both captured using a shutter speed of 
1/1250s at ISO 500, are shown in figure 7.  The shutter 
speed was selected to give a representative time-averaged 
result and therefore any minor flow fluctuations arising 
from tunnel noise, slight model vibration, or flow 
unsteadiness are blurred out in the schlieren images.  It can 
be observed that the image resulting from use of the knife 
edge as the cut-off is clearer and sharper than that produced 
using the band lattice mask.  This arises from two causes: 
firstly, light diffraction at the schlieren cut-off – in the case 
of the knife edge the light diffracts around the blade, i.e. 
there is one instance of diffraction in the cut-off plane, but 
in the case of the band lattice mask the interface of each 
colour band acts as an edge around which the light diffracts 
and thus there are many instances of diffraction in the cut-
off plane (the diffraction of light in the cut-off plane due to 
the thin unobstructed portion of the source image behaving 
as a narrow slit and the consequent reduction in image 
resolution has been explained physically by Settles [6], and 
it was noted by Merzkirch [8] that the decreased resolution 
due to diffraction is exacerbated with an increase in light 
coherence); secondly, the difference in resolution of the 
schlieren cut-off – the knife edge provides a well-defined 
edge at the cut-off whereas the colour mask (which was 
developed photographically) will have small variations at 
each interface of the colour bands.  The combination of 
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these two factors has the consequence of reduced image 
clarity of the coloured schlieren image.  However, despite 
the reduced clarity, the flow features of interest – the shock 
waves, expansion fan and the interaction – are still clearly 
visualized. 

In the interpretation of the schlieren images of the 
expansion fan/shock wave interaction, two factors must be 
considered – firstly, the visualization of the shock waves 
and secondly, the presence of an additional shock wave 
emanating from the lower surface of the expansion 
generator upstream of the expansion fan. 

 

 
(a) 

 
(b) 

Figure 7  Schlieren images of an expansion fan/shock wave 
interaction at Mach 3 visualized using (a) a knife 
edge cut-off and (b) a band lattice mask cut-off. 

4.1 Visualization of Shock Waves 
The shock waves present in the flow field (both the shock 
wave deflecting flow around the upper surface of the shock 
generator and the shock deflecting flow around the upper 
surface of the expansion generator) are visualized as either a 
black region in the case of the knife edge or a series of 
coloured fringes in the case of the band lattice mask rather 
than a single line.  This arises from the way the schlieren 
system images the three-dimensional shock waves.  The 
resultant schlieren image is an integration of all the light 
deflections along the optical path of the schlieren system [4] 
and therefore any light deflections caused by three-
dimensional flow phenomena present in the flow field are 
included.  In the present flow field, the shock waves diffract 
around the wedge edges forming a partially conical shock 
which will deflect light rays traversing this path.  The 
deflection of light rays by the partially conical shock is best 
described by a ray diagram where the partially conical shock 
is considered as a region of constant density higher than the 
freestream density (i.e. the density gradients occurring at the 
wedge edges resulting from the shock diffraction are 
ignored in the ray diagram as they will cause the light ray to 
curve, increasing the complexity of the explanatory 
schematic with no benefit to understanding) – figure 8a 
shows such a ray diagram, with a front view of the wedges 
and depicting the vertical light deflections caused by the 
partially conical shock.  The light deflections caused by the 
expansion fan are also indicated on the ray diagram, where 
the light is deflected in the direction of increasing density 
[4].  Figure 8b shows a front view density contour plot on a 
slice 38mm from the wedge leading edges from a numerical 
simulation of the expansion fan/shock wave interaction to 
show the partially conical shock and indicate the region of 
high density downstream of the shock.  The black 
region/series of coloured fringes of the partially conical 
shock can be observed to thicken with increasing distance 
downstream of the wedge leading edge.  This is due to the 
fact that at the wedge leading edge the shock is imaged as 
more of a two-dimensional shock because little shock 
diffraction has taken place, whereas further downstream the 
shock has diffracted further around the wedge edge and 
therefore causes a greater deflection of the light beam with 
the consequence that the shock is imaged as a thicker region 
by the schlieren system.  It should be noted that a signal 
travelling at the local sound speed propagates from the 
wedge tips, forming a Mach cone not resolved in the 
schlieren images (due to being a weak feature and the 
complexity of the surrounding flow), and the low aspect 
ratio of the wedges exacerbates the influence of these Mach 
cones on the flow field.  For more detailed treatment on the 
edge effects see Skews [9]. 
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(a) 

 
(b) 

Figure 8  3D partially conical shocks around each of the 
wedges, (a) ray diagram showing light deflections, 
where ρ1, n1 < ρ2, n2, and (b) density contours. 

4.2 Shock Wave Emanating from Lower 
Surface of Expansion Generator 

Emanating from the lower surface of the expansion 
generator is an additional shock wave, which influences the 
expansion fan/shock wave interaction.  This shock wave 
develops because of the fact that the wedge leading edges, 
though sharpened, are still seen to have a finite edge by the 
flow.  The finite leading edge causes a slightly detached 
shock to allow the fluid to flow around this edge, and this 
detached shock is propagated into the flow field below the 
expansion generator.  Figure 9 shows a schematic with a 
magnified view of the expansion generator leading edge to 
explain this phenomenon, accompanied by a Mach number 
contour plot of the wedge symmetry plane from a numerical 
simulation where the wedges were modelled with finite 
leading edges to substantiate the explanation. 

 
(a) 

 
(b) 

Figure 9  Shock wave emanating from the lower surface of 
the expansion generator’s finite leading edge, (a) 
schematic and (b) Mach no. contour plot. 

Taking into consideration the three-dimensional partially 
conical shock being imaged as a region rather than a line, 
and understanding that the finite leading edges of the 
wedges cause an additional shock to develop, propagate 
into, and influence the flow field below the expansion 
generator allows for an appropriate interpretation of the flow 
physics involved in an expansion fan/shock wave interaction 
– see Nel and Skews [10]. 

5 Conclusions 
In the research into expansion fan/shock wave interactions, 
wind tunnel testing is an essential tool allowing controlled 
freestream conditions and variation of parameters of 
interest.  However, certain considerations must be accounted 
for in the wind tunnel model design, data collection, and 
interpretation of the results in order to ensure good quality 
results and accurate interpretation thereof.  Design of an 
original model for this study involved sizing of the model 
such that the tunnel is able to start, design of an attachment 
mechanism to allow mounting into the tunnel, prediction of 
the aerodynamic loads encountered by the model both on 
tunnel startup and during operation, and ensuring that the 
material strength of the model and support structure was 
sufficient to prevent failure.  Schlieren flow visualization is 
the appropriate tool for the study of compressible flows, and 
careful attention was paid during setup to reduce the 
schlieren angle and place the cut-off at the correct location 
to minimise the optical aberrations of coma and 
astigmatism. When studying the schlieren results, 
visualization of the three-dimensional shock waves as 
regions, rather than lines, and the shock wave emanating 
from the lower surface of the expansion generator were 
taken into account for accurate interpretation.  Adhering to 
these considerations allowed the physics involved in an 
expansion fan/shock wave interaction to be investigated. 
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