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Turbulence Manipulation to Increase Effective
Reynolds Numbers in Vehicle Aerodynamics

J. Wiedemann*
AUDI AG, Ingolstadt, Federal Republic of Germany

and

B. Ewaldt
Technical University of Darmstadt, Darmstadt, Federal Republic of Germany

In the testing of small-scale models of road vehicles Reynolds number requirements usually are violated.
Instead of increasing the freestream velocity (Mach number problems), the appreach in the present paper makes
use of Taylor’s theory on the interdependence between the intensity and structure of freestream turbulence and
the Reynolds number corresponding to a defined location of the point of transition. Two differently scaled
principle models of a passenger car were tested in the wind tunnel. Reynolds numbers (based on overall length)
varied from 1.7 x 10% to 5.2 x 105, The resulting drag coefficients (cp) decreased from 0.40 to 0.28, and the
overall flow structure changed significantly, which can be seen from the pressure distributions. When a screen
of adequate mesh and bar size in the nozzle outlet is used, pressure distributions corresponding to different
Reynolds numbers nearly fall onto a single curve that is equivalent to an increase of the effective Reynolds
number. Analogous to the critical Reynolds number of the sphere, a Reynolds number corresponding to a fixed

value of cp can be defined.

Nomenclature
= constant, Egs. (2) and (8)
drag coefficient
pressure coefficient
= rod diameter of turbulence screen
= sphere diameter
= macroscale of turbulence
= mesh size of turbulence screen
= pressure
= turbulence intensity for isotropic turbulence
= intensity based on u’ for real turbulence
(Tu, =u'/Uy)
= longitudinal component of velocity
= inviscid flow velocity along a body contour
= freestream velocity
= streamwise coordinate, Fig. 3
= dissipative eddy scale, Eq. (1)
= pressure gradient parameter, Eq. (4)
= fluid kinematic viscosity
= fluid density
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Subscripts and Superscripts

tr = transition
1 = refers to screen 1
2 = refers to screen 2

’

= fluctuating quantity

Introduction

N contrast to most other aeronautical problems, road vehi-
cle aerodynamics can be investigated either by full- or small-
scale experiments. Usually, full-scale wind-tunnel testing is
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very costly because it requires large wind tunnels and expen-
sive models. During the early design-definition stages, a lot of
shape modifications have to be modeled and tested. With
full-scale clay models, this is a time-consuming procedure that
leads to a very inefficient use of the wind-tunnel facility. Most
of the early work also can be done by using small-scale mod-
els. Typical scales are 1:5 to 1:2.5. When scaling down cars,
one has to find a good compromise between weight and trans-
port requirements, demands of model wind tunnels, manufac-
turing accuracy of the model, and full-scale flow simulation
(Reynolds number effects). Quarter-scale models offer very
considerable savings in volume and mass (1/64) and test sec-
tion area (1/16), the latter being very important if tests have to
be performed with smaller than full-scale blockage ratio,
which is mostly of the order of 5-10%.

Generally, Reynolds number deviations are not too large. A
full-scale test of a car with a total length of L)y, =4 m at a
freestream velocity of 140 km/h in air represents a Reynolds
number of about Re = 1 X 107. Good model tunnels allow for
experiments at U,, = 210 km/h. In this way, a Reynolds num-
ber of 3.9 x 10% can be achieved, which is already more than
1/3 of the full-scale value. In addition, most of today’s car
shapes are not very sensitive to Re effects. Typical errors in
predictions of drag coefficients with quarter-scale saloon cars
are of the order of 2%. Nevertheless, there are vehicle config-
urations that reveal considerably greater semsitivity to
Reynolds number deviations. In general, this is due to radii on
the contour (R = 40-120 mm, full-scale), where the flow un-
dergoes transition when changing from a quarter- to a full-
scale model for constant freestream velocity of the order of
140 km/h. The potential for increasing U... for the small-scale
model might be limited due to Mach number effects. They
become important even for rather low values of the freestream
Mach number if there are regions of very low pressure (the
radii!) along the contour.

There are several ways of increasing the quality of scale
model wind-tunnel testing:

1) The cooling system can be simulated by a so-called uni-
versal radiator simulator, which, without correctly represent-
ing the geometrical details of internal flow ducts, ensures the
correct volume flow and interaction with the exterior flow.
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2) Advanced ground simulation by tangential blowing, dis-
tributed suction, or moving belt technique can be used.

3) Turbulence manipulation can be used to decrease Re
effect.

In this paper, only the method of turbulence manipulation
will be discussed. For more information on points 1 and 2, see
the papers by Wiedemann!? and Soja and Wiedemann.? Many
wind-tunnel engineers in the aircraft industry successfully
make use of tripping wires to locate transition lines on wings
and fuselages. With cars, usually little is known about transi-
tion. Moreover, tripping wires complicate the work on clay
models with Reynolds-sensitive shapes. For a complex config-
uration like a road vehicle, it seems to be more comfortable
and effective to manipulate the turbulence of the oncoming
flow.

From Taylor’s theory,®’ which is briefly reviewed in the
next section, it is known that there exists a correlation between
the Reynolds number of transition Re,, and the turbulence
intensity and scale of the oncoming flow. So, for bodies whose
drag is due mainly to Reynolds number-dependent flow sepa-
ration, e.g. the sphere, there is a possibility of simulating
higher Reynolds numbers by just increasing the freestream
turbulence intensity, provided its scale is adjusted to the flow
problem of interest. For the sphere, Dryden et al.® proved this
by experiment. In the seventies and earlier there were some
experiments, e.g., in the German aircraft industry, dealing
with this concept. Though there were difficulties in matching
the artificial turbulence to the flow problem of interest, tests
turned out to be successful in increasing ¢; ;... However, the
¢p shift toward higher Reynolds numbers was not possible,
because the drag of the wing is mainly due to friction but not
to separation.

Taylor’s Theoretical Considerations Concerning
Transition and Separation and their Relation
to Freestream Turbulence Intensity and Scale

The theoretical justification for turbulence manipulation by
screens and grids is given by Taylor in his ““Statistical Theory
of Turbulence.””#’ In contrast to Tollmien’s analysis, Taylor
came to the conclusion that for boundary-layer flow, ‘‘the
Reynolds number corresponding with the change from steady
to turbulent flow depends only on the turbulence of the
stream....”” That means that a boundary layer is affected by
the action of local pressure gradients that accompany the
oncoming turbulent flow. The mean magnitude of these fluc-
tuating pressure gradients is connected with the scale of the
smallest eddies (A), which are responsible for the dissipation of
energy in turbulent motion. For isofropic turbulence,

apl 2_ ufz
V(W) =220 - M

where ¥’ is used as an abbreviation for the rms value of the
u-component velocity fluctuation.

For turbulence produced in an airstream by passing through
a rectangular grid of regular bars, the dissipative scale \ is
related to M, the mesh size, by

A v
JTI=A qu/ (2)

where A is a constant (see “‘Discussion of Results’’ section).
From experiments it is known that Eq. (2) holds, provided
(u’M)/v is greater than about 60. This is the case for all the
experiments discussed in this paper. Combining Egs. (1) and
(2) provides

u'-M

'\ w2 -
JO5) 2 0

To arrive at a nondimensional form of the pressure gradient,
Taylor introduced, for the case of boundary-layer flow, a
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Fig. 1 Critical Reynolds number of a sphere vs (u '/ U) X (D/L)V*
as measured by Dryden et aL.¢

pressure gradient parameter A’ for the fluctuating pressure
analogous to A, the well-known pressure gradient parameter
for the steady motion in the Kdrmdan-Pohlhausen theory. The
rearrangement of Eq. (3) according to A’ is given elsewhere.*
A criterion for determining the location where the b. 1. is

turbulent is
U x,
A’ =f1<——v ) @

As Taylor shows, this leads to

4 1/5 .
(%) : (j“—l) =fz<U ") = fi(Rey) ©

Equation (5) gives a relation between the intensity (u */U) and
scale (M /x,,) of isotropic turbulence and the Reynolds num-
ber (Re,) based on the distance from the leading edge to the
location of transition (x, ). Taylor showed that Eq. (5) also
holds for the case of a sphere if U is replaced by U, and x,, by
the sphere diameter D:

u’ D)3 U,-D
<?]:> - <H> =F ( » ) = F(Rei) (6)

In other words, replacing the variable x, by the constant
diameter D introduces an arbitrary but constant angular posi-
tion of transition. This, however, leads to a specific drag
coefficient, the critical drag coefficient, at the critical Rey-
nolds number Re.;.. Equation (6) was verified by the extensive
experimental work of Dryden et al.® as shown in Fig. 1.

All the data from different screens and sphere diameters,
except for the measurements made at a distance of 1 ft, lie
remarkably well on a single curve within the observational
errors. To account for the streamwise inhomogeneity of the
grid turbulence, Dryden used L (actual macroscale) instead of
M as a measure of the eddy size. This curve is the function F
in Eq. (6), which cannot be obtained explicitly from Taylor’s
analysis. One of the goals of this paper is to show whether
there are analogous functions for road vehicle configurations
that also reveal Re-dependent drag coefficients due to changes
in the location of transition and separation.

Experimental Setup
Wind Tunnel

All the experiments discussed in the next sections were
carried out for Audi in the 3-m open-jet closed-circuit wind
tunnel of the Institute for Aerodynamics and Measurement
Techniques at the Technical University of Darmstadt, Federal
Republic of Germany. In a pre-experiment, the flow quality in
the test section was checked. Within the area covered by the
cross section of the 1:2.5 model, which extended from y =
+320 mm in the lateral and z = +£240 mm in the vertical
direction from the test section c¢. 1., the dynamic pressure
variations were found to be smaller than +0.5% (peak to
peak). Measurements were performed with a Prandtl probe.
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The turbulence intensity on the c. 1. varied from Tu, = (1 '/
U,) = 0.8% at a distance of x; = 0.1 m behind the nozzle to
0.7% at x, = 1.0 m. The variations of Tu, in the lateral and
vertical directions were, based on c. 1. values, of the order of
—0.01% < ATu, < +0.03% and 0% < ATu, < +0.02%, re-
spectively.

Equipment for Turbulence Measurements

The turbulence measurements were performed with DISA
CTA equipment, including the 56N SAE system and a 56 P 11
type wire. The length scales of the turbulent motion in the test
section were obtained from the autocorrelation function,
which resuits from a Fast Fourier transformation of the spec-
trum. Integration yields the time scale 7, which is related to
the macrolength scale L by

L=U,-T )

The Taylor microscale (dissipative scale) was obtained by
means of a parabola fit to the autocorrelation function (see
Taylor®). The spectrum itself was measured with a spectrum
analyzer Hewlett-Packard Model 5420A Digital Signal Ana-
lyzer.

Generation of Freestream Turbulence

Tests were performed with two alternative biplane square
mesh screens with round bars located in the nozzle outlet
plane. Screen 1 had following dimensions: mesh size (3;)/bar
diameter (d;) 12.5 mm/1.0 mm and open to total area ratio
B: = 0.85. The corresponding data for screen 2 was M,/
d,=19.0 mm/1.4 mm and 3, = 0.86.

During the pre-experiments, the streamwise extension of the
individual wakes of the single rods was investigated. It was
found that at a distance of 0.38 m behind screen 2, which is
(x/M,) = 20 in nondimensional coordinates, there is still a
variation of the dynamic pressure of =+ 1.8%. This is consis-
tent with Taylor’s findings.’ He showed that the angle of
turbulent diffusion is constant: « = 2.357u(x =0) for iso-
tropic turbulence. With an initial value of Tu, (x = 0) = 1.0%
at the position of the screen, one finds that o = 1.35 deg.
Thus, mixing of the individual wakes can be expected at
(x/M) = 39.1 for screen 1 and 39.4 for screen 2, respectively.

The variations of the turbulence intensity for the lateral
(y —) direction at x = 0.38 m and z = 0 behind screen 2 (x/
M, = 20) amounted to ATu, = +0.2%, which was five times
higher than for the flow without screen (—0.01% < ATu, <
+0.03%). At x =0.6 m (—32M,), which is still below the
value of 39.4M, suggested by Taylor, the variations decreased
to —0.01% < ATu, < +0.14%, which coincides better with
the data for the flow without a screen. For screen 1, the
homogeneity of the undisturbed flow is already achieved at
x = 0.6 m (x/M, = 48—no data was taken for smaller x!). So
the theoretical prediction, (x/M;) = 39.1, seems to make sense
in this case as well. Nevertheless, since some of the pressure
and force measurements were performed at (x/M,) = 32 and
(x/M,) = 21, at least behind screen 2, nearly isotropic turbu-
lence cannot be guaranteed for all the results obtained.

Vehicle Models and Setup in Test Section

Two identical models (scale 1:4 and 1:2.5) of a single princi-
ple vehicle shape without wheels and any details were manu-
factured from polyurethane foam and epoxy wood. The
model dimensions (quarter-scale) are shown in Fig. 2. Several
model sections were equipped with pressure taps, which were
scanned by a Scanivalve system with a Statham PMI13ITC
differential pressure transducer.

The model design, especially the radii R; and R; (see Fig. 2),
was chosen in order to reveal the Reynolds number depen-
dence of the drag coefficient. The freestream velocity ranged
from U, = 25 m/s to 49 m/s, which led to Re (based on model
length L) between 1,7 x 10% (quarter-scale, Ly = 1.0 m) and
5.2 % 10° (scale 1:2.5, Ly; = 1.6 m). As Re based on R; varied
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L =1000 mm Ry= 20mm H =300 mm
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Fig.2 Midsection of principle road vehicle shape for wind-tunnel
tests. Measurements for quarter-scale model.
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Fig.3 Setup of road vehicle in the open test section.
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from 3.3 x 10* (quarter-scale, R;=0.020 m) to 1.0 x 10°
(scale 1:2.5, R; = 0.032 m), a transition from laminar to tur-
bulent flow could be expected.

The models were tested in the wind tunnel without ground
plane. They were mounted on a sting equipped with an inter-
nal six-component strain gage balance. The blockage ratio of
the models in the test section was small: 1.6% for the quarter
scale and 4.2% for the 1:2.5 model. The experimental setup is
sketched in Fig. 3. The model setup without ground board,
though unrealistic for vehicle testing, was chosen in order to
separate the effect of freestream turbulence on the vehicle
from the effect on the boundary layer along the ground board.

According to the state-of-the-art in turbulent boundary-
layer research, one can expect an impact on the boundary
layer along a flat plate from freestream turbulence levels
above 1% and macroscales on the order of characteristic
boundary-layer scales. This leads to a fuller velocity profile,
indicated by an increase of the relation of b. 1. thickness to
momentum thickness. Furthermore, there is a decrease of the
shape parameter and an increase of the wall shear stress coef-
ficient, entrainment rate, and b. 1. thickness. See the work by
Meier,” Meier and Kreplin,® Bradshaw,’ Hancock,!® and Han-
cock and Bradshaw.!!

Some of these effects would be ‘““favorable’ in the sense
that they may even serve to decrease the flow distortions that
result from road vehicle tests over stationary ground boards,
e.g., displacement of the freestream by the boundary layer.
On the other hand, increased overall boundary-layer thickness
is ‘““unfavorable,” especially when testing vehicles with very
small ground clearance. Nevertheless, there is a strong ten-
dency in vehicle aerodynamics to proceed, at least with scale
models, toward advanced ground simulation by moving belt,
tangential blowing, or distributed normal suction. Without
rating the quality of each of these methods, one can say that
they all decrease or nearly eliminate the distortions resulting
from the boundary layer. Thus, small changes of the remain-
ing boundary layer due to freestream turbulence are of very
small significance to the overall flow.

Discussion of Results
Figure 4 displays the results of the freestream measurements
of the turbulence intensity on the test section c¢. 1. vs the
distance from the screen in the nozzle exit. It can be seen for
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both screens that there is a region of x/M where the decay of
turbulence follows a linear law. This is in agreement with
Taylor’s theoretical considerations.’ He showed that there is a
law of the form

5 x
u —ﬁﬁ+const 8

-

where A is a constant that has to be determined by experiment.
Dryden and Simmons and Salter, whose experimental results
are reviewed by Taylor, found 1.95 <4 =<2.,20 for a large
variety of different grids. The best fit to the present results was
obtained with 4, = 1.976 (screen 1) and 4, = 2.028 (screen 2).
Departures from the linear law that occur for small x/M are
due to the ‘‘shadow” of the grid (see the ‘‘Experimental
Setup’’ section). For large x/M, the influence of the natural,
nongrid-induced turbulence becomes apparent. For (x/
M)—oo, both curves have to fit the dashed line in Fig. 4,
which indicates the wind-tunnel turbulence intensity without
any screens.

Figure 5 shows the macroscale of turbulence vs distance
from the screen. As can be seen, the data for both grids fall on
a single straight line, at least for the initial period of turbu-
lence decay until about (x/M) = 60-70.

Figure 6 gives the values of the Taylor microscale (dissipa-
tive scale). Though more data would be desirable, it seems that
N M also increases linearly with x/M.

Experimental data about the increase of U,/u’, L/M, and
N M with x/M, which is available in the literature, often look
somewhat confusing. According to Taylor,’ Egs. (2) and (8)
hold for isotropic turbulence. This means that (U./u ') ~ (x/
M) and (\/ M) ~ (x/M)"/2, The macroscale in Taylor’s analy-
sis (M) is invariant to changes of x/M (isotropy!).

According to Corrsin,? the stationary but streamwise inho-
mogeneous turbulence behind a periodic grid at large Rey-
nolds numbers is a useful approximation to isotropic turbu-
lence (‘‘nearly isotropic turbulence’’). For this type of flow,
Corrsin suggests

v &)

as a relation between dissipative scales and macroscales. Equa-
tion (9) is identical with Taylor’s Eq. (2), except for a different
constant (B) and M being replaced by its nonconstant counter-
part L (macroscale) for streamwise inhomogeneous turbu-
lence. For the present experimental results, (U,/u ') ~ (x/M)
and (L /M) ~ (x/M), Eq. (9) predicts \/M) ~ (x/M), which
is in agreement with the measurements displayed in Fig. 6.
Thus the present experimental setup provides grid-induced
turbulence, which is consistent with the laws of ‘‘nearly
isotropic turbulence.’’ However, this is restricted to the region
between 30 and 60 mesh lengths behind the screen. At shorter
distances, the influence of the individual wakes becomes ap-
parent and for (x/M)>60 U,/u’ and L/M depart from the
linear increase with x/M. In the case of U./u’, this is due to
large-scale turbulence, which is in the airstream before striking
the grid. Apparently, the grid does not remove this turbulence
completely.

In Figs. 7-9 pressure distributions in the model’s plane of
symmetry are shown. Figure 7 shows data for the flow without
screens at different Reynolds numbers with the model posi-
tioned at x = 1.2 m behind the nozzle. There is a strong
dependence of the pressure coefficient ¢, on the Reynolds
number, at least at the positions 1 and 7, where there are the
critical radii R, and R; in the notation of Fig. 2.

The streamlines along the hood were visualized with the
help of the oil film technique. It was found that a big recircu-
lation region extended from R; down to the windscreen, posi-
tion 2, for Re <3.3 x 10°,

Figure 8 shows the pressure distribution for the same range
of Reynolds numbers but with screen 1 in the nozzle exit. The
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Fig. 4 Inverse turbulence intensity behind screens. Comparison with
Taylor’s theory.’
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Fig. 5 Macroscale of turbulence behind screens.
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Fig. 6 Taylor microscale of turbulence behind screens.

model leading edge was positioned at x = 0.6 m behind the
screen (—48M;). As a reference, one curve without a screen
taken from the previous figure is presented as well: model
1:2.5, Re = 5.2 x 108,

As can be seen, the results nearly fall on a single line. Only
at position 7 is there still a significant Re effect. A comparison
with the reference curve shows good conformity with the
pressure distribution for Re = 2.7 X 10¢ (scale 1:2.5) with
screen 1 in use, indicating an increase of the *‘‘effective
Reynolds number’’ by a factor of (5.2/2.7) = 1.93. The same
plot is shown in Fig. 9 for screen 2. The model position was
also x = 0.6 m (—32My).

The shift in the effective Reynolds number seens to be even
more pronounced than in the previous figure, as can be con-
cluded from the weaker Re dependence at positions 1 and 7.
As a reference, the c, distribution for Re = 5.2 x 10° without
screen is used in Fig. 9 once again. Just like in the previous
figure, for several of the smaller Reynolds numbers in con-
junction with screen 2, the suction peak at position 7 reaches
even higher values than for the reference curve. In this case,
the reference can be matched best for Re = 2.0 X 10° (scale
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1:4). As this result originates from a physically different
model, it might be subject to manufacturing accuracy. There-
fore, it is preferred to look exclusively for the pressure distri-
bution of the 1:2.5 scale model that matches the reference
curve best. This is the case for Re = 2.7 x 10%. Thus, the
effective Reynolds number is increased by a factor of 1.93
once again. Strictly, the increase is even bigger because
Re = 2.7 x 10° already leads to a stronger suction peak at
position 7 than does the reference curve. This is substantiated
by a comparison of the turbulence decay curves in Fig. 4. At
x = 0.6 m, one finds Tu, = 1.5% for screen 1 (x/M; = 48) and
2.0% for screen 2 (x/M, = 32).

Figures 10 and 11 show the effect of the model location on
the pressure distribution behind screens 1 and 2, respectively.
The Re number is constant, Re = 2.1 x 105, i.e., in a range
where ¢, is strongly dependent on Re. Both figures include the
same reference curve: the highest possible Re number (Re =
4.6 X 10% in combination with screen 2 at (x/M,) = 32 (see
also Fig. 9). This ¢, distribution can be expected to provide us
with the highest effective Reynolds number in this study.

As the grid-induced turbulence intensity decreases with in-
creasing distance from the grid (see Fig. 4) and the turbulent
macroscale increases at the same time (see Fig. 5), the effec-
tiveness of the screen should diminish rapidly when the model
is positioned far behind the screen. In Fig. 10, one can observe
a considerable dependence of the pressure distribution, not
only at the model radii 1 and 7, but on x/M,, provided the
distance from the screen is greater or equal to x =1.0 m
(—80My). In the case of screen 2 (Fig. 11), the same thing
happens at x = 1.2 m (—63M,). Of course, more data would
be necessary to locate precisely the model-to-screen distance
(x/M) . that should not be exceeded in order to measure
pressure data that does not depend on the actual x/M. How-
ever, a cross check with Fig. 4 indicates that for (x/M,) = 80
and (x/M,) = 63, the values of Tu, lie closely together. They
are 1.0% at (x/M;) = 80 behind screen | and 1.1% at (x/
M) = 63, behind screen 2.

This leads to the conclusion that for Re = const different
screens may produce the same flow pattern at the model. Of
course, this leads to identical pressure distributions for differ-
ent physical locations of the model in relation to the screen, as
long as the turbulence intensity and structure is equal at these
positions. This is consistent with Taylor’s theory [Eq. (6)] and
Dryden’s measurements (Fig. 1) for the flow around a sphere.

Figure 12 shows the drag coefficient of the vehicle vs Re
number with and without turbulence manipulation. The
model location is comnstant, i.e., x = 0.6 m behind the screen
and the nozzle. Without a screen (‘‘clean flow”’), there is a
steady decrease of cp up to the highest Re that could be
realized (Re = 5.2 X 10%). Both screens 1 and 2 lead to a
considerable decrease of drag, especially at small Reynolds
numbers. Whereas the clean flow needs about Re = 3.8 x 106
to yield c¢p = 0.30 (model 1:2.5), using screen 1 or 2, this can
already be achieved at Re = 2.5 x 10¢ and—with extrapola-
tion of the available data for screen 2—Re = 2.2 x 105, re-
spectively. This is equivalent to an increase of the effective
Reynolds number by a factor of (3.8/2.5) = 1.52 for screen 1
and (3.8/2.2) = 1.73 for screen 2. These factors are consider-
ably smaller than those deduced from the pressure distribution
(previously discussed). The explanation for that could be as
follows. . ;

In contrast to ¢,, the drag coefficient is dependent not only
on the transition and separation behavior of the flow but also
on the effect of wall shear stress. Thus, the asymptotic value
of ¢p for large Reynolds numbers might be higher for the flow
behind a screen than for the clean flow, because additional
turbulence can intensify the Reynolds stresses in the boundary
layer.”!! So, due to the influence of the nonconstant wall
shear stresses, comparing effective Reynolds numbers for con-
stant values of ¢y necessarily leads to errors because the result
depends on the ¢p value under consideration and its specific
wall shear component, as can be verified easily from Fig. 12.
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Fig. 7 Pressure distributions on a read vehicle at different Reynolds
numbers.
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Fig. 8 Pressure distributions on a road vehicle at different Reynolds
numbers. Turbulence modified by screen 1.
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Fig. 9 Pressure distributions on a road vehicle at different Reynolds
numbers. Turbulence modified by screen 2.

Unfortunately, the drag curve of Fig. 12 has no distinguished
points like minima or maxima. Otherwise, the Re values of
those points could be used as a measure for the increase of the
effective Reynolds number. This procedure, however, would
avoid the aforementioned problems.

As already discussed for c,, there is also a dependence of ¢p
on the scale of the model under investigation for Re = const
(see Fig. 12). It seems unlikely that this is entirely due to the
accuracy of manufacturing. It could as well be an interference
effect between the sting and the model or between the wake of
the model and the collector at the end of the test section. The
latter is qualitatively consistent with the findings of von
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Schulz-Hausmann and Vagt,'* who showed that conventional
design of open-jet test sections leads to a loss in base pressure
of bluff bodies the wakes of which extend downstream into
the collector. Their study, however, basically dealt with
stronger wake and collector interactions than those that can be
expected in the present case. Nevertheless, for industrial pur-
poses, i. e., for developing and optimizing the shape of a new
vehicle, a result like the one shown in Fig. 12 is of great help.
For the present experimental conditions, it tells the engineer
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Fig. 13 Taylbr’s turbulence parameter (intensity times 1/5th power
of scale) for a road vehicle.

that whether or not the absolute ¢p, level is correct, he can be
sure of simulating full-scale Re numbers at about
Re = 4.1 x 108,

Fxgure 13 shows the results of the drag measurements plot-
ted in Taylor’s coordinates [see Eq. (6)], except for M again
being replaced by the actual macroscale L at the model loca-
tion (‘‘nearly isotropic turbulence’’). This is analogous to the
plot published by Dryden for the flow around a sphere (se¢
Fig. 1). As it was not possible to define a critical Reynolds
number for the vehicle shape, the abscissa is formed with
Re(cp = 0.30).

All the data for each of the two models fall reasonably well
on a single line. As there are cp differences between the two
models for Re = const (see previous discussion), Fig. 13 re-
veals two functions F(Re). The data that do not match any of
the two curves are due to 1) model positions close to the grid
where the individual wakes of the rods are not perfectly mixed
and 2) horizontal buoyancy: higher values of Re and Tu,(Lys/
L)> are required in order to meed cp = 0.3¢. In general,
however, Taylor’s analysis about turbulence manipulation by
screens obviously holds for the case of a vehicle shape.

Figure 13 is well suited to come back to the question of
effective Reynolds numbers. Each point on the curves pro-
vides Re(cp =0.30) and Tu,(Lp/L)"* for Rey = Re(cp =
0.30; no screen) = 3.3 x 10°% (model 1:4) and 3.8 x 10¢ (model
1:2.5). As the data for the quarter-scale model covers the
interval 1.66 x 10°< Re <3.3 x 10¢, the ratio of éffective to
real Reynolds number lies between 1.99 and 1. For the 1:2.5
model, the interval is 2.6 x 10°<Re < 3.8 x 105, leading to a
ratio between 1.46 and 1. If more effective screens were avail-
able, the curves of Fig. 13 could be continued to the lower Re
range, which would be equivalent to a higher relative increase
in the effective Reynolds number.

Summary

From the ‘‘Statistical Theory of Turbulence’’ by Taylor,*’
it is known that the Reynolds number corresponding to the
location x,, of transition is a function of Tu(x,,/M)\3, i.e., a
parameter consistinig of intensity and scale of isotropic turbu-
lence. For the case of a sphere, a constant location of transi-
tion leads to a constant location of the separation point and
thus to an almost constant value of the pressure drag, which
makes up the major component of the total drag. So, a
“critical’’ Reynolds number (Re.;) can be defined that pro-
vides a certain drag coefficient (e.g., ¢p = 0.3). According to
Taylor, Re; is a function of Tu(D/M)Y* [see Eq. (6)]. In
génetal, these considerations were verified by Dryden’s exper-
imental work.5 ,

In the present paper, Taylor’s considerations are applied to
road vehicle aerodynamics. The goal of the work was to find
out whether the Re number associated with a certain value of
¢p behaves in an analogous way to the case of the sphere. This
can be expected if the vehiclé drag is mainly made up by
pressure drag and if the shape gives rise to a dependency
between the locations of transition and separation.
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Thus, two principle models of a road vehicle differing only
by their scales (1:4 and 1:2.5) were designed and tested in the
wind tunnel of the Technical University of Darmstadt. The
tests were performed without a ground plane to separate
freestream turbulence effects on the models from possible
effects on the boundary layer on the ground board. From the
literature™!! it is known that there is an increase in boundary-
layer thickness and a decrease in displacement and momentum
thickness for the turbulent boundary layer on a flat plate in a
turbulent freestream. In principle, this has to be considered
when investigating the flow around a road vehicle. The basic
physical effects due to freestream turbulence, however, which
were observed in this study, still remain valid.
~ As foreseen, there was a large separation bubble on the
hood for Re numbers below 3.3 x 105, Flow visualization
showed that the extension of separation was reduced with
increasing Reynolds number, while ¢ was decreased and the
suction peaks at the front radii became more pronounced.

The same flow changes that occurred when increasing the
Reynolds number also could be achieved by appropriate tur-
bulence manipulation immediately at the end of the nozzle for
considerably smaller Reynolds numbers. Two alternative tur-
bulence grids with mesh sizes of M, = 12.5 mm and M, = 19
mm and bar diameters of d; =1 mm and d, = 1.4 mm were
used. The screens produced turbulence intensities between 2.2
and 2.8% at the closest model location (x = 0.4 m behind the
screen) and 0.8 and 1%, respectively, at the furthest backward
position (x = 1.7 m).

Due to problems with horizontal buoyancy and possible
interactions of the model wake and the collector of the open-
jet test section, there was an influence of the model scale on
the pressure and drag results. Therefore, if plotted in coordi-
nates analogous to those used by Taylor,? only the results
from each scale almost match a single line (see Fig. 13).
Nevertheless, the potential of turbulence manipulation as a
means of simulating full-scale Reynolds number flow on
small-scale vehicle models could be demonstrated. With the
screens under investigation, a maximum increase of the effec-
tive Reynolds number by a factor of about two was achieved.
Higher increases just require more powerful turbulence ma-
nipulation.
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