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Reynolds Number Effects on Low-Speed Aerodynamics

of a Hypersonic Configuration

G. Neuwerth,* U. Peiter,’ F. Decker,” and D. Jacob*
Technical University of Aachen, 52062 Aachen, Germany

A Collaborative Research Center project is focused on fundamental design aspects of a hypersonic research
configuration that consists of a lifting body with a delta planform of aspect ratio 1.1 and rounded leading edges.
The aerodynamics of the configuration at Mach numbers below 0.3 are described. The conclusions are based on
tests in different subsonic wind tunnels. Pressure distribution measurements were carried out at a Reynolds number
range of 3 X 10% < Re < 40 X 10° using different wind-tunnel models. Above an angle of attack of 8 deg, the flow
at the suction side changes and a concentrated vortex system (primary and secondary vortices) begins to form,
causing local pressure minima in the pressure distribution. On rounded leading edges, the primary separation line
is not a priori fixed and the vortex system has less intensity than for delta wings with sharp leading edges. The
present investigations show that, in this case, the location of the separation line and the strength and location of the
vortex system depend on the Reynolds number. Pressure distribution measurements at higher Reynolds numbers
with a large model in the German-Dutch Wind Tunnel supported these observations. In particular, the high spatial
resolution allowed a good physical interpretation of the flowfield. Knowledge of the flow processes was improved

by surface oil-flow patterns, the laser-light-sheet technique, and particle image velocimetry.

Nomenclature
C, = pressure coefficient
l; = center chord length
M = Mach number
Re = Reynolds number, /; - V, /v
Rejea = local Reynolds number, x - V, /v
Stocal = local half-span
Vv = flow velocities in the y-z plane
Voo = freestream velocity
x,y,z = coordinates (see Fig. 1)
o = angle of attack
v = viscosity
Wy = x component of vorticity
Introduction

HE Collaborative Research Center SFB 253 “Fundamentals

of Design of Aerospace Planes” at the Technical University
(RWTH) Aachen is focused on the basic design aspects of a hyper-
sonic research configuration called Elliptical Aerodynamic Config-
uration (ELAC)-1. The project, which started in July 1989, includes
theoretical and experimental research on a broad range of aerody-
namic, propulsion, and structural subjects. ELAC-1 represents the
lower stage of a two-stage space transportationsystem that takes off
and lands horizontally. It is a lifting body with a delta planform of
aspectratio 1.1 and rounded leading edges. Figure 1 shows the ge-
ometry and the overall dimensions of this configuration. The cross
sections consist of two half-ellipses with an axis ratio of 1:4 for the
upper part and a ratio of 1:6 for the lower part. The elliptical cross
sectionslead to large radii at the leading edges of the delta wing. The
air-breathing propulsion system will be integrated at the underside
of ELAC-1. The forepart of the lifting body serves as an inlet and
a compression region. The rear part is used as an expansion ramp.
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Two stabilizer fins profiled with NACA 0010 are used to control the
vehicle. Their dihedral angle is 65 deg.

The low-speed aerodynamics of this configuration, especially
during takeoffand landing, are described. At higher angles of attack,
the flowfield around such a configuration is dominated by a vortex
system on the suction side. The formation of the vortex system
is closely related to flow separation at the rounded leading edges.
The flow around a sharp-nosed delta wing separates directly at the
leading edge so that the location of the separation line is known in
advance. Numerical methods for calculating the flowfields around
sharp-edged delta wings are based on this a priori knowledge. For a
rounded leading edge, the exact position of the primary separation
line is not known. It will be shown in this paper that their position
is strongly influenced by the Reynolds number.

There are numerous papers dealing with the low-speed aerody-
namics of sharp-edged delta wings, e.g., Refs. 1-8, which report
force, moment, pressure, and flowfield measurements. One result
is that the overall forces and moments for these wings are nearly
independent of the Reynolds number because of the fixed primary
separationlines. Only a few papers address the influence of leading-
edge geometry, although this is of considerableimportance because
reusable space planes have rounded leading edges. References 9-12
show that the nonlinear vortex lift for rounded leading edges is
smaller than for sharp ones and the formation of the vortex system
starts at higher angles of attack. These effects depend on local and
global Reynolds numbers. This paper, which deals with the aero-
dynamics of such a hypersonic configuration at subsonic speedsin a
wide range of Reynolds numbers, contributesnew results to explain
these effects.

Wind-Tunnel Models

Within the framework of this project, 17 models of the configu-
ration ELAC were built and tested in six different low-speed wind
tunnels. These are the subsonic wind tunnels of the Universities
in Aachen and Darmstadt, the Low-Speed Wind Tunnel Braun-
schweig of the German Aerospace Research Center (DLR) Braun-
schweig, the High-Pressure Wind Tunnel Géttingen (HDG) of the
DLR Gottingen, the Kryo Wind Tunnel Cologne (KKK) of the DLR
Cologne, and the German-Dutch Wind Tunnel (DNW) in Emmelo-
ord, The Netherlands.In all tunnelsthe Mach number M was smaller
than 0.3. The length scales of the models were 1:240,1:65,and 1:12,
with Reynolds numbers based on the center chord length /; in the
range of 3 x 10° < Re <40 x 10°. The higher Reynolds numbers
became possible in the HDG because of high pressures in the test
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Fig. 1 Geometry of the hypersonic research configuration ELAC-1.

Fig. 2 ELAC-1 in the DNW test section.

section, in the KKK because of low temperatures, and in the DNW
because of a larger length scale. The 1:12 scale model for the
DNW had a /; = 6 m, a reference wing area of nearly 10 m?,
and a mass of about 1600 kg. It was designed by the Institute of
Aeronautics and Astronautics (ILR) at the RWTH Aachen. The
strength and the stiffness of the load-bearing structure were com-
puted by the Institute of Aerospace Structuresat the RWTH Aachen.
Figure 2 shows this model in the closed 8 x 6 m* test section of
the DNW. The model has an internal six-component strain-gauge
balance and is mounted on a rear sting. Flaps and rudders are
movable.

Pressure Distribution Measurements
Measurements of the steady pressures at the surface of ELAC-1
were conducted in different wind tunnels using different models.
The pressure coefficients C,, were measured in four sections, as
shown in Fig. 3 for the DNW model, which permitted a smaller
spacing of the pressure tubes than with the smaller models. In the

DNW the best accuracy for C,, measurements could be reached;
including the measurement of the dynamic pressures, this accuracy
was 1.2%. In Fig. 4 from Ref. 13, the pressure distribution for a
smaller ELAC-1 model (length scale 1:65) is given for Re = 3.7 x
109 at the cross section x/I; = 0.6. The pressure coefficients C,
(accuracy of the measurements about 1.5%) are plotted for the left
half cross section. At the suction side the C,, values are negative and
show the typical behaviorof a delta wing. For anglesof attack higher
than o« = 8 deg, a primary separationtakes place at the leadingedge
(¥/S1ocat = 1). The free shear layer rolls up to the primary vortex,
which induces additional velocities. These are directed outward and
reach a maximum below the vortex axis. At that position on the
surface, a clear pressure minimum results (Fig. 4). A laser-light-
sheet picture (Fig. 5) shows this primary vortex in a cross section
at x/l; = 0.6 of the ELAC model. Looking from behind in the
upstream direction, the shear layer can be seen separating at the
leading edge and rolling up to a vortex. The strong pressure minima
in Fig. 4 correspond to the position of the primary vortex axis. The
increase in the surface pressure toward the leading edge leads to
the secondary separation of the outward-directed flow. A secondary
vortex develops, which also can be identified in Fig. 4, by a second
and weaker minimum of the pressure distributionat y /sjoca ~ 0.85.
The topology of this vortex system is outlined in Fig. 6.

With increasing o values, the circulationin the vortices increases
and the low pressures at the surface are more pronounced, as Fig. 4
shows. The primary vortex is shifted toward the plane of symmetry
of the wing.

In Fig. 7, the pressure distribution of ELAC-1 at ¢ = 20 deg is
compared with measurements of Ref. 14 using a sharp-edged delta
wing with an aspect ratio of 1 and a very similar angle of attack
o = 20.5 deg. Both pressure distributions are measured in a cross
section at x/I; = 0.3. The low pressures for the sharp-edged delta
wing are strongerthan for ELAC-1. The axes of the primary vortices
for thick delta wings are located closer to the wing surface than for
thin wings."> Because of the weaker pressure peak of ELAC-1, it
follows that the vortex strength of delta wings with rounded leading
edges is lower. Corresponding conclusions are made in Ref. 10,
where it is pointed out that the nonlinear vortex lift is significantly
higher for sharp-edged delta wings.

Figure 8 shows an oil-flow pattern that corresponds to the flow
condition of Fig. 4 and « = 20 deg. The primary separation line
of the flow directly at the leading edge cannot be seen, but the out-
ward (to the leading edge) directed flow induced by the primary
vortex is shown clearly. Because the pressure is increasing along
these streamlines, a secondary separation occurs. This separation
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Fig. 7 Comparison of the pressure distributions (x//; = 0.3).
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Reynolds Number Variations Influencing
Pressure Distributions

: . ; - - 6 o= . . .
Fig. 5 Laser-light-sheet picture (x/l; = 0.6, Re = 6.2 X 10°%, v = 21.58 The conditionof the boundary layer and the position of the transi-

deg). tion from laminar to turbulentflow is very important for the strength

and the position of the vortex system on the suction side. Investi-
is marked as line 2 in Fig. 8. In the topological drawing (Fig. 6), gations using liquid crystals (LC) have been conducted to get an
this is marked as line S,. The secondary vortex is formed and in- overall picture of the boundary conditions.”> The LCs, which are
duces a flow away from the leading edge. In combination with the sensitive to temperature differences, make it possible to detect lam-
pressure distribution in this region, a tertiary vortex is developedin inar and turbulent regions. The LC investigationsin Ref. 13 were
this case. The corresponding tertiary separation is marked as line conducted in the subsonic wind tunnel of the ILR (M < 0.3) up to
3 in Fig. 8 and as line S/, in Fig. 6. In the pressure distribution the maximum Reynolds number Re = 4.9 x 10°. They have shown
of Fig. 4, this tertiary vortex cannot be seen because this vortex is that a small area near the leading edges on the suction side has a

too weak. laminar boundary layer. All of the other regions on the suction side
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Fig. 9 Pressure distributions for laminar secondary separation (x/; =
0.6, Re = 1.1 X 10°).

have turbulent boundary layers. The entire underside has laminar
boundary layers. With increasing Reynolds numbers, the transition
lines on the suction side move closer to the leading edges. It can be
concludedthat the boundary layer at the primary separationnear the
leading edge is laminar for all Reynolds numbers tested in the wind
tunnel of the ILR. The secondary separation can take place in a tur-
bulent or laminar region. These differences lead to strong variations
in the pressure distributions. Figure 4 (Re = 3.7 x 10°) shows, for
turbulent secondary separation, strong peaks caused by the primary
vortex and relatively weak ones caused by the secondary vortex. The
turbulent boundary layer in this case is able to resist for a longer
distance the increasing pressure in the direction to the leading edge.
The separation takes place relatively late, and a weak secondary
vortex originates. If the boundary layer is laminar, the secondary
separation occurs earlier, causing a bigger secondary vortex at a
greater distance from the leading edge. The corresponding pressure
distributions for this case (Re = 1.1 x 10°) are plotted in Fig. 9.
Now the primary and secondary vortices are generating pressure
peaks with nearly the same strength. This behavior is typical for
laminar secondary separation. Because of the displacement of the
enlarged secondary vortex, the primary vortex is moved inboard and
away from the surface. The latter effect causes the reduction of the
pressure peak of the primary vortex shown in Fig. 9.
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Fig. 10 Influence of Reynolds number on pressure distribution (x/; =
0.3, a = 12 deg).

Fig. 11 Surface oil-flow pattern (Re = 19.8 X 10%, a = 12 deg).

In the Reynolds number range up to Re = 4.9 x 10°, which was
obtainable with the 1:65 ELAC-1 model, the primary separation
line was always located at the leading edge. The 1:12 model in the
DNW permittedinvestigationsin a high-Reynolds-numberrange up
to Re = 39x 10° combined with pressuredistributionmeasurements
having a sufficiently high spatial resolution. The high number of
pressure holes, especially in the important region of the rounded
leading edges, can be seen in Fig. 3.

Figure 10 shows pressure distributions for the DNW model in
the cross sectionx /I; = 0.3 for four different Reynolds numbers at
a = 12 deg. For the two lower Reynolds numbers Re = 7.9 x 10°
and Re = 11.9 x 10°, the primary separation occurs directly at
the leading edge (y/Sica = 1) and leads to the well-known strong
primary vortex (C, ~ —0.7) at y/si,ca ~ 0.74. However, for the
three higher Reynolds numbers, a new phenomenon occurs. The
flow does not separate at the leading edge, and therefore a strong
suction peak arises at ¥ /Sjoca = 1. The primary separation line is
located on the upper side now. The shift of the separationline causes
weaker primary vortices (C, < —0.48). For Re = 19.8 x 10° the
separation lines are made visible in the surface oil-flow pattern of
Fig. 11. Shownisthe left-handside of the model with a flow direction
from the left to the right. The white tape marks the cross section
x/1; = 0.3. The primary separation, marked as line 1, is about6 cm
away from the leading edge on the suction side. The secondary
separation, marked as line 2, is also clearly visible in Fig. 11. The
suction peaks of the secondary vortex are hardly visible in Fig. 10.
This behavior was expected because the boundarylayer on the upper
side of the ELAC-1 model in the regions of secondary separations
for the Reynolds numbers of Fig. 10 is highly turbulent and leads to
secondary vortices with less circulation.

It can be concluded that, with increasing Reynolds numbers, the
primary separation line moves from the leading edge to the suction
side of the model. This process starts in the rear part of ELAC-1
and moves to the front with increasing Reynolds numbers, as can be
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seenin Fig. 11. In the front part of the model, the primary separation
line moves directly to the leading edge at about x//; = 0.15. This
processis caused by a decrease in the local Reynolds number when
the position x is decreased.

The boundary-layer transition on the suction side of the DNW
model was investigated by the RWTH Aachen Institute of Aero-
dynamics using multisensor hot-film foils. Their time-dependent
signals give information about the boundary-layer state. From the
pressure distribution shown in Fig. 10, it can be deduced that the
boundary layer at the leading edge is laminar for the two smaller
Reynolds numbers Re = 7.9 x 10° and 11.9 x 10°. The boundary
layers on the lower side of the model stay laminar for all Reynolds
numbers tested becausethe flow is acceleratedthere due to the strong
negative pressure gradients. The transition to a turbulent boundary
layeroccurs just above the leadingedge. The signalsof the multisen-
sor hot-film foils show that the suction side has turbulent boundary
layers for the relevant higher angles of attack. The LC investiga-
tions already have shown that, with increasing Reynolds numbers,
the laminar regions become smaller and the transition lines move
to the leading edges. For Reynolds numbers Re = 19.8 x 10° and
higher (see Fig. 10) the boundarylayer must become turbulentat the
lower side before reaching the leading edge. Therefore, the primary
separation is delayed and the flow can follow the rounded leading
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edge for a while in spite of the strong increasing pressures at the
upper side.

In Fig. 12, two pressure distribution measurements in the cross
sections x/[; = 0.45 and 0.6 at « = 21 deg are compared. In both
cases the local Reynolds number based on the local x (distance
of the cross section from the top) is about Rej,cy = 5 X 10°. It
can be seen that the pressure distributions in Fig. 12 agree well.
The spanwise positions and the suction peaks of the primary and
secondaryvortices, in particular,are very similar. Also, the pressures
due to the delayed primary flow separationat the leading edge show
a good agreement.

Application of Particle Image Velocimetry

Particle image velocimetry (PIV) permits one to capture the flow
velocity of large flowfields instantaneously. This important feature
of PIV makes it possible to measure the flowfield data of the com-
plete, more or less unsteady vortex system in a cross section at the
same time. The PIV measurements in the DNW were conducted
by the Institute of Fluid Mechanics, DLR Géttingen. Four pulsed
lasers generated a light sheet on the suction side of ELAC-1 in the
cross section at x/I; = 0.6. Two light pulses (duration 6 ns) were
generated, each with an energy of 640 mJ. The separation time be-
tween these two pulses had to be chosen between 15 and 100 us as
a functionof V. Tiny special tracer particlesin the flow are lit with
the pulses and recorded with charge-coupleddevice (CCD) cameras
(resolution 1008 x 1018 pixels). By analyzingthe dislocationof the
particles between the two light pulses, the velocity distribution can
be computed. In this case, a two-dimensional PIV was used. This
means that the radial and circumferential components of the vor-
tex flowfields can be measured and analyzed. Two CCD cameras
had to be installed to cover a sufficiently large part of the cross
section. Figure 13 shows a two-dimensional vector plot of the ve-
locity distribution computed from the PIV data with the parameters
x/l; = 0.6, = 21 deg, and Re = 5.9 x 10°. The separate areas
observedby the two cameras can be seen. One camera was centered
to the position of the primary vortex at 66% of the local semispan
and z/Sioca = 0.44. The second camera observed the shear-layer
region emerging from the leading edge and the secondary vortex.
In Fig. 13, average values of the velocities (from 40 instantaneous
flowfield measurements), which are computed from 40 PIV mea-
surements in quick succession ( f = 5 Hz), are plotted. The highest
values of the circumferential velocity induced by the primary vortex
are Vinax = 21 m/s for V, = 15 m/s. Figure 13 shows that the sec-
ondary vortex is weak and thatit is situated at about 87% of the local
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Fig. 13 Two-dimensional velocity field computed from PIV data (x/l; = 0.6, « = 21 deg, Re = 5.9 X 10°).
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Fig. 14 Two-dimensional velocity field computed from PIV data (x/l; = 0.6, « = 21 deg, Re = 7.8 X 10°).
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Fig. 15 Instantaneous flowfield computed from PIV data (x/l; = 0.6, o = 21 deg, Re = 19.8 X 10°).

semispan. It was not possible to observe the region at the leading
edge from the position of the CCD cameras mounted downstream
of the model because the cameras had to be mounted high above
the model with a disadvantageousoblique orientationrelative to the
model. However, an extrapolationof the curved shear-layerposition
in Fig. 13 leads just to the leading edge.

For an increased Reynolds number Re = 7.8 x 10°, the PIV data
resultin the velocity field shown in Fig. 14. An extrapolationof the
curved shear-layer position leads now to a position of the primary
separation away from the leading edge on the suction side at about
Z/S10ca = 0.04. This behavior corresponds to the pressure distri-
bution in Fig. 12 (x//; = 0.6). A comparison with Fig. 13 shows
that the primary vortex has moved inboard for about 5% of the lo-
cal semispan. The pressure minimum in Fig. 12 due to the primary

vortex is located at 63% of the local semispan. At this position the
highest values of the velocities induced by the primary vortex are
measured on the surface.

Figure 15 shows the instantaneousflowfield without time averag-
ing. The parametersare identicalto those of Fig. 14, butthe Reynolds
number is increased to Re = 19.8 x 10°. Comparing some of the
40 instantaneous PIV flowfield measurements shows that the loca-
tion of the primary vortex axis is fluctuating with an amplitude of
about+0.5% of the local semispan (50 mm). Figure 15 also shows
that the flow near the vortex center at that moment is not symmet-
rical. The counter-rotating secondary vortex can be seen clearly at
¥/S10cat = 0.78. An interesting feature is that, along the shear layer,
a series of local instantaneous small vortices can be observed. All
of these vortices are collected and rolled up into the primary vortex.
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Fig. 16 Vorticity distribution w, computed from PIV data (parameters as in Fig. 15).

In Fig. 16, the vorticity distribution (@, component), which is
computed from the average values of the velocities from 40 in-
stantaneous PIV flowfield measurements, is plotted. The parame-
ters are the same as in Fig. 15. The highly concentrated primary
vortex is clearly visible with a high vorticity concentration (w, =
—3110 s7"). Further high vorticity (also with negative sign) occurs
in the region of the free shear layer starting at the primary separation
line. A third region with increased vorticity (now with positive sign)
is near the secondary separation line at about y /sjocat = 0.7.

Conclusions

The Collaborative Research Center SFB 253 at RWTH Aachen
is focused on fundamental design aspects of a hypersonic research
configuration called ELAC-1, a lifting body with a delta planform
of aspectratio 1.1 and rounded leading edges. The low-speed aero-
dynamics of ELAC-1 are described.Several differently scaled wind-
tunnel models and measurements in six different subsonic wind
tunnels lead to an extensive database.

The flowfield of a delta wing with such a low aspect ratio is
dominated by a vortex systemon the suctionside. The investigations
have shown that, for a delta wing with rounded leading edges, the
location of the primary separation line and also the strength and
location of the vortex system depend on the Reynolds number. For a
sharp-edgeddelta wing, where the primary separationline is a priori
fixed at the leading edge, the circulation of the vortex systems and
the corresponding nonlinear lift force is much higher.

For Reynolds numbers up to Re = 4.9 x 10° (referred to the
center chord length of the model) the primary separation line is
located always just at the leading edge. For higher Reynolds num-
bers, however, the primary separation line moves to the upper side
of the delta wing. A strong suction peak at the leading edge arises,
and the strength of the primary vortex is decreased. The secondary
vortices are weak at the high Reynolds numbers because the sec-
ondary separation occurs now in a region with turbulent boundary
layers. The pressure distributions in different cross sections agree
well if the local Reynolds number is the same. The analysis of these
processes was supportedby surface oil-flow patterns, the laser-light-
sheet technique, and PIV.

PIV makes it possible to measure the flowfield data of the com-
plete, more or less unsteady vortex system in a cross section at
the same time. An interesting feature is that, along the shear layer

emerging from the primary separation line, a series of local instan-
taneous small vortices can be observed. All of these vortices are
collected and rolled up into the primary vortex.
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