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Surface Reflective Visualization System Study
to Vortical Flow over Delta Wings

S. R. Donohoe,* E. M. Houtman,t and W. J. Bannink:
Delft University of Technology, Delft, The Netherlands

Evaluation of the surface reflective visualization (SRV) system is conducted using both experimental and
numerical simulation techniques. Experimental measurements are made with a spherical five-hole probe utilizing
a local look-up calibration algorithm. These data are used to determine the location of the primary vortex core
as well as the spanwise integrated density gradient. The numerical simulation technique employs a fast ray
tracing algorithm and schlieren system simulation to determine the integrated density gradient distribution over
the surface of the wing. The initial numerical flow solution used in the simulation is generated via a computational
code based on a finite volume discretization of the three-dimensional conservation law form of the Euler equations.
Both the experimental and numerical validation procedures support initial interpretations of SRV images of
the compressible vortical flowfield above the lee side of the delta wing. The experimental results of the probe
explorations supported the geometric interpretation of the images. The numerical simulation demonstrated that
the SRV technique can, indeed, be expected to visualize the embedded crossflow shock existing at transonic

flow conditions.

Nomenclature
¢, = root chord, 120 mm
f = focal length
I = illumination
n = refractive index
yi. = local spanwise distance from root chord to leading
edge
Z, = length of integration path
k = Gladstone—Dale constant

Introduction

O achieve an attractive balance between supersonic cruise

performance and maneuverability at high subsonic speeds,
modern aircraft designers often utilize highly swept slender
wings or delta wings. These aircraft achieve high maneuver-
ability by exploiting the nonlinear lift component generated
by the powerful rotating flow existing above the lee surface
of the wing when operating at angle of attack. Figure 1 illus-
trates the characteristic vortical flowfield found above a non-
cambered sharp leading-edge delta wing operating at mod-
erately high angle of attack. The location of the flow separation
lines, reattachment lines, and the core of the vortices, is known
to be a complex function of the freestream Mach number,
leading-edge sweep angle, leading-edge shape, surface cam-
ber, and the Reynolds number. A tertiary vortex embedded
under the secondary vortex may also exist under certain con-
ditions. Strong theoretical and numerical support for the pres-
ence of a crossflow shock wave embedded under the primary
vortex for certain configurations in the high subsonic flow
regime has been found (see inset of Fig. 1), but experimental
confirmation of this phenomenon has yet to be achieved.!
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Although complex vortical flows are currently incorporated
into the design of high-performance aircraft, they remain an
intriguing topic of fundamental aerodynamic research. At a
given freestream Mach number the nonlinear lift component
generated by existing lee-side vortices will increase with in-
creasing angle of attack up to the point where the vortex
breaks down. Vortex breakdown, likely first visualized in a
water tunnel in 1954 by Werlé,” is commonly described as a
transition from an organized vortical flow structure to a large-
scale fluctuating turbulent flow. Although some progress has
been made in defining the origin of vortex breakdown (i.e.,
the presence of an adverse pressure gradient and/or surpassing
a critical swirl intensity), the physical mechanisms of vortex
breakdown remain an issue of debate.

In the incompressible flow regime the breakdown position
above the wing is found to move gradually forward with in-
creasing angle of attack. In the compressible regime, however,
breakdown has been found to jump suddenly from beyond

A Reattachment lines S,
S: Separation lines

Fig. 1 Characteristic vortical flow above lee surface of a sharp lead-
ing-edge delta wing at angle of attack.
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Fig. 2 SRV system configuration.

the trailing edge to as far forward as 50% of the wing chord
at a critical angle of attack.®* The sudden presence of vortex
breakdown above the wing, which is often nonsymmetric with
respect to the symmetry plane of the wing, can result in severe
control problems for the aircraft. The vortex breakdown pro-
- cess is particularly complex in the high subsonic flow regime
where the vortex flow is influenced by compressible flow ef-
fects such as shock wave/vortex and shock wave/boundary-
layer interactions. In his recent survey of the last 40 years of
vortex breakdown research, Délery admits that despite its
importance for high-speed flight, “the question of shock/vor-
tex interaction and shock-induced breakdown” remains ‘“‘a
largely unexplored field.”*

To better study this problem the surface reflective visual-
ization (SRV) technique has been developed.® This system
provides a unique plan-view perspective on the density dis-
tribution above a noncambered delta wing. This perspective
provides a new opportunity to observe vortices, shock waves,
and vortex/shock-wave interactions. Large-scale fluctuations
of the often unsteady shock system associated with vortex
breakdown can also be visualized by incorporating a high-
speed camera into the SRV system configuration. This article
will evaluate the SRV technique using both experimental and
numerical approaches to establish its viability as a useful new
measurement technique.

SRV System

The SRV system is a derivative of a double-pass schlieren/
shadowgraph system in which the model surface is itself a
component of the optical system (see Fig. 2). The fundamental
function of a schlieren system is to provide an image of the
density gradient existing perpendicular to a parallel light bun-
dle integrated over the path of that bundle of light. The change
in illumination at a location (x, y) in a schlieren image relative
to that of the undisturbed image is described by the relation

Al f ]

y ) oy, 2) dz ()

where n is linearly coupled to the density via the relation
n=1+ kp 2

the schlieren knife edge is in the x — y plane parallel to the
x axis, the schlieren knife edge is perpendicular to the y axis,

Secondary Separation

Primary Vortex Core

Fig. 3 Experimental SRV image, « = 15 deg, M., = 0.6.

and the z axis is parallel with the path of the light bundle.
The constant « is a characteristic of the gas through which
the light passes.® In the SRV system configuration used in
this study the knife edge is aligned with the x axis parallel to
the root chord of the model and the path of the light ap-
proaches the model surface perpendicularly along the z axis
(see Fig. 5). Thus, the image produced illustrates the distri-
bution of the spanwise density gradient integrated along a
path perpendicuiar to the model surface.

In Figs. 3 and 4 a positive dp/dy is indicated by a lightening
of the image and negative dp/dy is indicated by a darkening
of the image. Thus, the decreasing integrated density moving
outboard through the primary vortex causes the white color-
ation found between 40 and approximately 65% of the dis-
tance to the leading edge on the port side of the wing. The
secondary vortex separation lines, determined previously us-
ing an oil flow technique, are indicated in these images by
dotted lines. In Fig. 4 a sharp line is located outboard of the
secondary separation line. This line is an indication of an
embedded crossflow shock wave existing between the primary
vortex and the wing surface. Also, in Fig. 4, the dark lines
intersecting the chord at approximately 80 and 90% of the
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Fig. 4 Experimental SRV image, & = 15 deg, M,, = 0.8.

root chord represent the trailing-edge shock system that has
been previously visualized with a side-view transmission
schlieren system.?

These initial results with the SRV system were encouraging,
providing a unique view of spanwise shock distributions above
the wing and vortex/shock-wave interactions. Uncertainty re-
mained, however, regarding the proper geometric interpre-
tation of the images created. The double-pass nature of the
visualization system caused concern about the influence of
light refraction on the geometric accuracy of the final images.
While the SRV system seemed to provide a unique new view
of embedded crossflow shocks, this conclusion remained ten-
uous. A validation study was required for the SRV system
before further research could be done into the vortex break-
down phenomenon using this technique.

Experimental Analysis

Wind Tunnel and Medels

All experiments were performed in the TST-27 transonic—
supersonic wind tunnel of the Delft University of Technology
High Speed Aerodynamics Laboratory. The TST-27 is a blow-
down type of wind tunnel with a maximum stagnation pressure
of 4.0 x 10° Pa, a Mach number range from 0.5 up to 4.0,
and a tunnel cross section of approximately 280 X 260 mm.
Windows of 295 mm diameter are located in the side walls of
the tunnel to allow visual access of the test section.

The model used is noncambered with a chord length of 120
mm, a leading-edge sweep angle of 65 deg, and a sharp leading
edge. The model is supported by an adjustable sting in the
test section that allows the five-hole probe surveys to be vis-
ualized by a side-view transmission schlieren system during
the tests. The general structure of the vortex system can, thus,
be monitored during the measurements to determine whether
the probe is significantly influencing the flowfield (i.e., ini-
tiating vortex breakdown). The SRV model is supported,
however, on the side wall of the tunnel with a solid support
to allow requisite visual access to the upper surface of the
model via the side window of the tunnel while the tunnel is
running. Because of this model support discrepancy several
control tests were done with the five-hole probe above the
model with the side mount configuration to ensure flow con-
sistency between the two support configurations used.

Five-Hole Probe Surveys

Test Program

It is not possible to measure a flowfield experiencing vortex
breakdown with a five-hole probe due to intrusion influences

and/or calibration difficulties. Thus, configurations of Mach
number and angle of attack are selected for the validation
tests that do not exhibit vortex breakdown above the wing.
Tests are made with freestream Mach numbers of 0.6 and 0.8
(with Reynolds numbers of 3.5 x 10° and 4.1 x 10°, re-
spectively) at 15-deg angle of attack. Measurements are con-
ducted in two different spanwise planes perpendicular to the
wing upper surface on the starboard side of the wing. These
planes, extending from approximately 40-100% of the dis-
tance to leading edge, are located at x/c, = 0.5 and 0.7 and
have a grid spacing of 0.5 and 0.7 mm, respectively (see Fig.
5). An additional measurement plane, extending from the
wing centerline to the leading edge with a grid spacing of 1.4
mm, is examined at M, = 0.8 and x/c, = 0.7 to control the
influence of the grid spacing on the simulation results as well
as to provide a more complete picture of the flow character-
istics in the spanwise plane.

Experimental Technique

The five-hole probe used for this study is a spherical head
probe of 1.6 mm external diameter with pressure taps of 0.2
mm diameter. A previously developed local look-up algo-
rithm yields, for flow angles up to 60 deg, an accuracy of
+3%, and +0.4 deg in local Mach number and flow angle,
respectively.” The probe has been recently fitted with mini-
ature fast response piezoelectric pressure transducers that en-
able the pressure transducers to be housed within the support
arm of the probe inside the wind tunnel. This significant re-
duction in distance between the probe orifices and pressure
transducers (approximately 20 cm in the current study and
2.5 m previously) significantly reduces the measurement time

Fig. 5 Illustration of body-fixed Cartesian coordinate system and
five-hole probe measurement planes.
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Fig. 6 Experimental spanwise distribution of total pressure, & = 15
deg, M., = 0.8, x/c, = 0.7.
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required per point and allows use of a more refined mea-
surement grid than was previously feasible.

Results

Vortex Core Location

The location of the vortex core in each measurement plane
is defined as the location of minimum total pressure. A char-
acteristic contour plot of the total pressure distribution is seen
in Fig. 6. The minimum total pressure is located at y/y,, =
0.66 in both measurement planes when M., = 0.6. When M.,
= (.8, however, the minimum total pressure is located at
yly,, = 0.63 and y/y,. = 0.61 in the x/c, = 0.5 and x/c, = 0.7
measurement planes, respectively. This inboard movement
with increasing x station is as anticipated due to the trailing-
edge effect encouraging the vortex to realign itself with the
freestream direction. The control tests made with the model
supported on the side wall of the tunnel in the SRV config-
uration found that the spanwise location of the vortex core
remained the same within y/y, = =0.01 and the vertical
height within z/y,, = +0.02. These small geometric discrep-
ancies (between 0.4—0.8 mm) can be explained by the inability
to correct for dynamic displacement of the side-wall supported
model and the probe itself in this configuration due to lack
of visual access.

Comparing the probe measurement locations of the primary
vortex core with the SRV images in Figs. 3 and 4 reveals that
for the case of M., = 0.6 the projected vortex core is located
within the light colored region of expansion towards the lead-
ing edge on the port side of the wing. In contrast, with the
higher freestream Mach number of M, = 0.8, the edge of
the integrated expansion coincides with the spanwise location
of the measured vortex core.

Density Distribution

To compare the density distribution measured by the five-
hole probe with that visualized by the SRV system the inte-
grated density gradient in the spanwise direction is calculated.
Having determined the local Mach number and total pressure,
the local density to freestream density ratio is determined by
assuming a constant total enthalpy via the relation
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The density distribution measured at x/c, = 0.7 when M., =

0.8 and a = 15 deg with a grid spacing of 1.4 mm is illustrated
in Fig. 7. To obtain the spanwise gradient of the integrated
density first the local values of p/p. are integrated along a
path perpendicular to the wing surface. The gradient of the
integrated density is then calculated via a finite difference
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Fig. 7 Experimental spanwise distribution of density, & = 15 deg,
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discretization. In the calculations several traverses close to
the wing surface are neglected due to clear evidence of wing/
probe interference (i.e., positive ¢, values just above the wing
surface).

Figure 8 illustrates the spanwise distribution of both the
integrated density and the spanwise gradient of the integrated
density at x/c, = 0.5 and x/c, = 0.7 when M., = 0.6 and «
= 15 deg. The integrated density is found to have a minimum
at y/y,. = 0.68 for both chord locations. That this minimum
is located slightly outboard of the minimum total pressure
mentioned previously can likely be attributed to the presence
of the secondary vortex. The transition from white to a darker
color on the port side of the wing in Fig. 3 outboard of the
location of the primary vortex core is, similarly, likely a result
of the influence of the secondary vortex. The negative inte-
grated density gradient inboard of the minimum integrated
density and positive gradient outboard is also consistent with
the SRV image of Fig. 3.

Figure 9 illustrates the spanwise distribution of both the
integrated density and the spanwise gradient of the integrated
density at x/c, = 0.5 and x/c, = 0.7 when M., = 0.8 and «
= 15 deg. In the case of x/c, = 0.7 these data are presented
for both the fine and coarse measurement grid cases. At this
higher freestream Mach number the location of the minimum
integrated density is consistent with the location of the min-
imum total pressure discussed previously. The transition from
white to a darker color on the port side of the wing in Fig. 4
is coincident with the spanwise location of the minimum in-
tegrated density and the primary vortex core. The influence
of the secondary vortex on the image in this case is likely
prevented due to the presence of the embedded crossflow
shock below the primary vortex. This shock is visualized just
outboard of the secondary separation line in Fig. 4. While
the secondary vortex separation is likely shock wave induced,
the shock appears outboard of the oil flow separation line in
the SRV image due to the shock-wave/boundary-layer inter-
action phenomenon. This phenomenon causes the subsonic
boundary layer to separate upstream of the shock wave itself.
The schlieren system will also more clearly illustrate the upper
part of the crossflow shock wave illustrated in the inset of
Fig. 1 because the density gradient perpendicular to the light
bundle will be greatest when the light travels parallel with the
surface of the shock wave.

Numerical Analysis

Numerical Solution

The computational code is based on a finite volume dis-
cretization of the three-dimensional conservation law form of
the Euler equations.® The code is an extension of a two-
dimensional code developed at the Center of Mathematics
and Computer Science (CWI) in Amsterdam.® The spatial
discretization of the Euler equations makes use of the flux
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Fig. 10 Computational grid.

difference splitting approach following Roe,'* whereby phys-
ical propagation properties are taken into account to some
extent. The calculation of the fluxes at the cell faces is done
according to van Leer’s monotone upstream-centered schemes
for conservation laws (MUSCL) approach with flux limiting,
which provides second-order accuracy. The system of discre-
tized equations is solved by a nonlinear multigrid (FAS) tech-
nique, with a collective Gauss—Seidel relaxation procedure
acting as smoothing method. The computations are performed
on a Convex C3820 minisupercomputer.

To better reproduce the experimental conditions the flow
simulations are performed on a computational mesh repre-
senting the delta wing in the TST-27 wind tunnel. The grid
has a H-O topology, and covers only a half-space due to the
symmetry of the flow problem. The number of grid cells is
196,608, which means 96 cells in chordwise direction, 64 cells
in spanwise direction, and 32 cells between model surface and
wind-tunnel walls. The surface grid along with the grid in the
symmetry plane and some cross-planes is shown in Fig. 10.
On the surface the grid is conical, preserving good resolution
near the apex.

Schlieren Simulation Algerithm

In order to support the interpretation of the experimental
schlieren images an algorithm is developed for the construc-
tion of schlieren images from computed flowfields. Schlieren
images deliver an integrated gradient of the refractive index
along the path of the light beam. For a highly three-dimen-
sional flow, gradients in the refractive index caused by certain
flow phenomena along the line of sight (LOS), may cancel
each other in the integration process. This makes it very dif-
ficult to obtain knowledge about the occurrence and the extent
of important phenomena such as shocks, vortex cores, etc.,
in an unknown flowfield, for which no other experimental
investigation tools can be used. For a computed flowfield,
however, a variety of visualization tools can be used in order
to obtain a detailed insight in the flow structure. Construction
of schlieren images from these computed flowfields and using
the knowledge about the flowfield structure will provide the
opportunity to explain refractive-index gradients as a result
of certain flow phenomena. Comparison of the simulated
schlieren images with experiments under equivalent condi-
tions can be of important assistance in the interpretation of
the experimental images.

The schlieren simulation algorithm used here is an exten-
sion of a method used for the construction of interferograms,
which can be compared on a one-to-one basis with results
from a digital holographic interferometry system.'' The con-
struction of schlieren images consists of the following steps:
1) integration of the refractive-index gradient along the LOS
according to Eq. (1) and 2) postprocessing the integrals to
produce the desired image. The postprocessing allows such
parameters as the desired schlieren knife-edge direction and
the sensitivity of the schlieren system to be adjusted.

From Eq. (2) it follows that the refractive index can be
replaced by the density p, which is one of the quantities avail-
able in the computed flowfield. The actual light path is bent
due to refractive-index gradients. Formally this path through
the flowfield should be traced, and the refractive index gra-
dient (or density gradient) should be integrated along this
path, but this is a very expensive procedure computationally.
The computational complexity can be reduced considerably
by approximating the light path by a straight line perpendic-
ular to the image plane. The similarity between the final nu-
merical simulation images with those of experiment show this
to be a reasonable approximation. In order to evaluate in-
tegrals along straight lines through a discrete field, an algo-
rithm has been written that calculates the values of the ap-
propriate integrand at certain points, after which the integration
is performed according the trapezoidal rule. This process is
schematically shown in Fig. 11. The Euler code described
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previously uses a grid with hexahedral cells. For the inter-
polation procedure. each computational cell is subdivided into
five tetrahedrals. The integration procedure follows a path
along subsequent cell faces of the tetrahedrals. The intersec-
tion of the light path with the cell face is determined and the
desired quantity is calculated via a linear interpolation be-
tween the nodes of the triangular cell face (see Fig. 11). A
further simplification of the simulation process is made by
changing the order of the differentiation and the integration
in Eq. (1). In this way, first an integration of the density for
the desired flowfield is performed, which gives a two-dimen-
sional grid at the image plane containing an averaged density.
The result is stored and can subsequently be used by image
processing software to construct the interferometric phase
map or to construct a schlieren image by differentiation of
the integrated density field in a direction normal to the schli-
eren knife edge. The intensity pattern is proportional to the
gradient of the integrated density. The latter process is im-
plemented as a module in the visualization package AVS,
where the direction of the schlieren knife edge and the in-
tensity level can be adjusted interactively.

Results

Numerical simulations with the Euler code have been per-
formed for freestream Mach numbers of 0.6 and 0.8 and an-
gles of attack of 10 and 15 deg. For these situations the com-
putational method predicts vortices emanating from the sharp
leading edges, where the singularity provokes the separation
of the inviscid flow. The computed vortical flowfield agrees
rather well with experimental observations. The flow quan-
tities in the core region, however, should be considered with

1-8: Data points in Euler solution

Fig. 11 Schematic view of integration process.

Primary Vortex Core

Fig. 12 Numerical simulated SRV image, M, = 0.6, « = 10 deg.

caution, because the true viscosity is not modeled correctly
by the numerical viscosity of the discretization scheme. Fur-
thermore, it is obvious that the viscous secondary and tertiary
separations from the smooth leeward surface and their effects
are not modeled. For the cases at & = 15 deg a phenomenon
similar to vortex breakdown occurs. These solutions are char-
acterized by an unsteady region near the vortex core at the
trailing edge, where the flow is directed upstream. The angle
of attack at which this phenomenon occurs in the numerical
simulations is slightly less than the angle of attack at which
vortex breakdown is observed in experiments by oil flow vis-
ualization (approximately 18 deg). Calculations at angles of
attack above 15 deg failed, due to the rapid upstream move-
ment of the numerical vortex breakdown.

Simulated SRV images with the knife edge parallel to the
root-chord are indicated in Fig. 12 for M. = 0.6, a = 10
deg, in Fig. 13 for M., = 0.8, « = 10 deg, and in Fig. 14 for
M, = 0.8, « = 15 deg. In these figures the position of the
vortex core is also shown, which is obtained by an algorithm
that determines the location of minimal total pressure in a
large number of cross-planes. It is clear that the vortex core
can be observed in a schlieren image at the place where a
change from lightening to darkening of the image occurs. The
effect of vortex breakdown can be seen in Fig. 14, where the
dark and light regions due to the vortices almost disappear

Cross-How Shock Wove\

Primary Vortex Core

Fig. 13 Numerical simulated SRV image, M., = 0.8, « = 10 deg.

Primary Vortex Core

Cross-How Shock

Fig. 14 Numerical simulated SRV image, M., = 0.8, & = 15 deg.
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Fig. 17 Numerical spanwise distribution of integrated density and
density gradient, M, = 0.8, o = 10 deg.

downstream of x/c, = (.8. Because of the vortex breakdown,
the circulation of the vortices decreases and subsequently the
density gradients. Similar schlieren images were also obtained
in experiments with vortex breakdown above the wing.®

For M., = 0.6 and @ = 10 deg no embedded shocks occur
in the computed flowfield. The spanwise distributions of pres-
sure and conical Mach number at the surface of the model
show that for M., = 0.8 and & = 10 deg a very weak crossflow
shock is formed just outboard the position of the vortex core.
This shock formation can also be observed in the SRV sim-
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Fig. 18 Numerical spanwise distribution of integrated density and
density gradient, M., = 0.8, a = 15 deg.

ulation (Fig. 13), where just outboard of the vortex core a
thin black and a white line are visible at the port side and
starboard side of the wing, respectively. When « = 15 deg
the shock is stronger and clearly visible in the simulated SRV
image (Fig. 14) upstream of the vortex breakdown (x/c, <
0.8). Downstream of the point of vortex breakdown the shock
has disappeared due to the decreased circumferential veloc-
ities. Similar lines were also observed in the experimental
schlieren images, which makes the interpretation as crossflow
shocks more convincing. A plot of the conical Mach number
(Mach number based on the velocity component normal to
conical ray) together with the direction of the conical (cross-
flow) velocity is given in Fig. 15. Between the vortex core
and the surface a region of supersonic crossflow exists, which
is terminated by the indicated conical shock.

In Figs. 16—18 the spanwise distributions of the integrated
density and the spanwise density gradient dp/dy are given for
xlc, = 0.7. The positions of the vortex cores obtained from
the location of the minimal total pressure are also indicated.
The location where the density gradient becomes zero roughly
coincides with the vortex core position. Furthermore, it can
be noted that the density gradients increase with increasing
Mach number due to the effect of compressibility. On the
other hand, the increase of the density gradient level for in-
creasing angle of attack is not so significant (Figs. 17 and 18).
The integrated density for the numerical simulation is higher
than the integrated density from the five-hole probe surveys
(Figs. 8 and 9). The integration path for the numerical sim-
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ulations extends from the upper surface to the wind-tunnel
wall, while the integration path for the experiments only cov-
ers the measured area. This means that the integrated density
for the numerical simulations is higher, because a large part
of the integration path lies outside of the vortex region where
the density is close to the freestream value. When comparing
the spanwise integrated density distributions of the experi-
ment (Fig. 9) with the corresponding distribution of the nu-
merical simulation (Fig. 18), the inboard movement of the
primary vortex core due to the secondary vortex can be observed
in the shift of the location of the minimal integrated density.
The minimum total pressure in the experiment is located at
vly,. = 0.61, while the location in the numerical simulation is
at yly,. = 0.68. For M, = 0.8 the conical shocks can be observed
as the peaks in the distributions of the density gradients.

Conclusions

The viability of the application of the SRV system for vis-
ualizing the integrated density gradient existing above a non-
cambered delta wing in a compressible flowfield is established.
Analysis of the system using both experimental and numerical
techniques demonstrates the qualitative accuracy of the im-
ages produced. Future plans for application of the SRV system
include a parametric study of vortex breakdown for various
combinations of M., and « to define the geometry of the vortex
breakdown mechanisms, vortex/shock-wave interactions, and
of the shock waves themselves.
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