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Foreword—This Document has not been changed other than to put it into the new SAE Technical Standards Board
Format.

This report is part of a series of SAE Technical Reports dealing with Aerodynamic Testing of Road Vehicles, which
to date comprises:

SAE HS J1566—Aerodynamic Flow Visualization Techniques and Procedures
SAE J1594—Vehicle Aerodynamics Terminology

SAE J2071—Open-Jet Wind-Tunnel Boundary Interference

SAE J2085—Solid-Wall Wind-Tunnel Boundary Interference

SAE J2082—Cooling Flow Measurement Techniques

This SAE Information Report has been developed from an earlier SAE Recommended Practice (1) ' which set out
test procedures for measuring the aerodynamic characteristics of heavy-duty trucks and buses using established
wind-tunnel model testing techniques. The Information Report provides the rationale and the background behind
the recommended test techniques in that Recommended Practice. It also outlines additional techniques that are
useful in wind-tunnel testing, but which have not yet gained the level of acceptance needed for an SAE
recommended practice.

The objective of both the Recommended Practice and the Information Report is to provide guidance for the
engineer tasked with carrying out wind-tunnel testing on a road vehicle, for whatever purpose. Use of the
procedures described should improve the comparability of aerodynamic data taken in different wind-tunnels and
should ensure that good quality data are obtained.

The present Information Report covers a broader range of vehicles than the Recommended Practice (1). In
addition to trucks and buses, which are mostly tested at reduced scale in order to match the sizes of wind-tunnels
commonly available, this report deals with tests on smaller vehicles, such as automobiles, motorcycles, and racing
cars, which are very often tested at full scale.

1. Numbers in parentheses denote references in Section 2.
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1. Scope—The scope of this SAE Information Report is confined to wind-tunnel testing, although it is recognized
that many aspects of the aerodynamic characteristics of road vehicles can be investigated in other test facilities
(such as water-tanks) or, especially, on the road. For example, coastdown testing is often used to determine
aerodynamic drag (either in isolation or as part of the total resistance), and artificial gust generators are used
to investigate the sensitivity of vehicles to cross-wind gusts.

Also excluded from the present Report are climatic wind-tunnel tests of road vehicles, which are defined in
more detail in Section 3.

The Report covers the aerodynamic requirements of a wind-tunnel for automotive testing, together with the
facility equipment needed and the requirements affecting the test vehicle or model. The test methods and
procedures described here include those for six-component force measurements and measurements of
pressures and velocities both on the vehicle/model surface and in the surrounding flow-field.

Flow visualization techniques are outlined, with reference to the detailed coverage in a related SAE Information
Report (2). In addition, the reduction, analysis, and presentation of wind-tunnel data are considered, with
further references to associated SAE Information Reports (3,4) on corrections to be applied for wind-tunnel
blockage effects. Finally, methods are discussed for the validation of the wind-tunnel data, e.g., by tunnel-to-
road correlation studies.

As already indicated, this document has been prepared in conjunction with a number of other SAE Information
Reports and Recommended Practices (1-5), each of which provides greater detail than is given here on its
particular aspect of automotive aerodynamic testing.

2. References

21 Applicable Publications—The following publications form a part of this specification to the extent specified
herein. The latest issue of SAE publications shall apply.

SAE J1252—SAE Wind-Tunnel Test Procedure for Trucks and Buses

HS J1566—Aerodynamic Flow Visualization Techniques and Procedures

SAE J2071—Aerodynamic Testing of Road Vehicles: Open-Jet Wind-Tunnel Boundary Interference

SAE J2085—Aerodynamic Testing of Road Vehicles: Solid-Wall Wind-Tunnel Boundary Interference

SAE J1594—Vehicle Aerodynamics Terminology
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3. Objectives of Wind-Tunnel-Testing—The objectives of automotive wind-tunnel testing are many and varied.
Wind-tunnel testing is mainly carried out in the course of the development either of a new vehicle or of a new
variant of an existing vehicle. It then has the objective of meeting specific or implied design targets within such
constraints as styling, packaging, legislation and, of course, cost.

The achievement of vehicle performance and fuel economy targets requires that aerodynamic drag is kept
within certain limits. At the same time, to realize the required standards of vehicle stability, the other five
components of aerodynamic force (i.e., the lift and side forces and the pitching, yawing, and rolling moments)
also need to be limited appropriately. To ensure that the resulting target values are attained, wind-tunnel
measurements of all six components are made, and these measurements may be repeated many times as a
particular vehicle design is gradually refined until all the targets are reached, within the constraints mentioned
previously.
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The control of operating temperatures of vehicle components within known acceptable levels is another
objective in automotive wind-tunnel testing. In most cases, the necessary development work is covered in a
program of cooling tests, usually in a climatic wind-tunnel, where the temperature of the airstream can be set
within a typical range of from —40 to +50 °C (40 to +122 °F). These tests involve the measurement of
temperatures at a number of locations on the vehicle, together with the monitoring of certain related
parameters, such as coolant flow rate, fan speed and engine speed, and loading. In some cases, the
effectiveness of component cooling systems may be inferred in a non-climatic wind-tunnel from measurements
of local air velocities or from flow visualization.

The control of air temperature (and humidity) within passenger compartments in vehicles, for reasons of
comfort, provides a further objective for wind-tunnel testing, and this work is also mostly conducted in a climatic
facility, with measurements of temperature and other parameters as in the cooling tests mentioned previously.

Again, some aspects of the associated development work, such as determining the performance
characteristics of the vehicle ventilation system, can be carried out in a non-climatic wind-tunnel, through
velocity and pressure measurements.

Passenger comfort is also affected by aerodynamic noise (or 'wind noise'), and wind-tunnel testing is used in
the development of vehicles to achieve acceptable interior noise levels. Although appropriate techniques for
determining these noise levels in the wind-tunnel are required in order to establish whether targets have been
met, useful development work can be carried out using surface pressure measurements and flow visualization
methods which permit the identification of the regions of flow separation that are the principal source of
external aerodynamic noise.

Other objectives of wind-tunnel testing include the elimination of windshield wiper lift and the prevention of
ingress of dust and exhaust gases, together with the control of wet-road spray and the resulting dirt deposition
on windows and external mirrors. Wiper lift can be either measured directly or inferred from wiping patterns,
and flow visualization techniques can assist in the achievement of the objectives relating to dust and gas
ingress and spray and dirt deposition. Pressure measurements, too, are of assistance in dealing with potential
problems of dust and exhaust gas ingress.

4.  Aerodynamic Requirements of Test Facilities

41 Types of Test Section—The wind-tunnels used in industry and research centers for full-scale automotive
testing are listed in Table 1. The cross-sectional area of the test sections varies between 10 m? and 90 m?.
Beyond that, innumerable wind-tunnels for small-scale testing are in operation all over the world.

As Figure 1 illustrates, wind-tunnel test sections for automotive testing may be closed, where the entire test
section is bounded by solid walls, or semi-open, where the test section is bounded only by a floor representing
the road. Recent alternatives are vented-wall sections, where the sidewalls and ceiling are slotted or
perforated, representing something between a solid-walled and an open section, or an adaptive wall test
section where the wall and ceiling contours may be adjusted as desired.
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FIGURE 1—TYPES OF TEST SECTION
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TABLE 1—WIND-TUNNELS FOR FULL-SCALE AUTOMOBILE AERODYNAMICS

At Lm Vimax TS K P
(m?) (m) (km/h) (kW)

BMW 20.0 12.50 160 o 3.66 1676
BMW 10.0 9.83 250 o 3.00
Daimler-Benz 326 10.00 270 o 3.53 4 000
DNW 90.25 20.00 220 c 4.80 12700

48.0 20.00 400 c 9.00 12 700

36.0 16.00 540 c 12.00 12700
Fiat 30.0 10.50 200 o 4.00 1865
FKFS 225 9.50 220 o 4.41 2500
Ford (Cologne) 24.0/8.6 10.30 182/298 o 4.80 1 650/1 960
General Motors 56.3 21.3 250 c 5.00 2984
St. Cyr (S4) 15.0 10.00 144 SW 5.00 516
St. Cyr (S10) 15.0 10.00 205 SW 7.70 1 000
JARI 12.0 10.00 205 c 4.06 1200
Lockheed-Georgia 351 13.10 406 c 7.02 6 700
Mazda 240 12.00 230 c 6.00 1 600
MIRA 349 15.24 133 c 1.45 970
Mitsubishi 24.0 12.00 216 c 2350
NAMI 27.0 18.00 180 SW 5.85 1500
Nippen Soken 17.5M12.0 12.5/8.5 120/200 o 3.66 1 450
Nissan 28.5/15.0 12.00 190/270 o 6.43/12.0 2200
NRC 81.9 22.90 200 c 6.00 6 700
Pininfarina 117 8.00 185 o 6.50 1080
Porsche 223 12.00 230 sSW 6.06 2200
Toyota 17.5 8.00 200 c 3.66 1 500
Volkswagen 37.5 10.00 180 o 4.00 2600
Volvo 27.1 15.80 200 SW 6.00 2 300

At Nozzle Cross section
L Length of Test Section
Vinax Maximum wind Speed

TS Type of Test Section (o = open, ¢ = closed, sw = slotted wall)
K Contraction ratio
P Installed Fan Power

Conditions at the boundaries induce constraints on the air flow about a test body within the test section, which
result in differences in local flow patterns from those that would be obtained in free, unbounded air. The closed
test section forces the free air streamlines closer together and changes their curvature to match the shape of
the wall at the test section boundary. Forthe semi-open test section, free air streamlines tend to overexpand at
the test section boundary, changing their curvature to balance the surrounding pressure.

Ventilated test section tunnels were developed originally to relieve choking and shock reflection problems
encountered in transonic testing. Only recently have ventilated wall tunnels been considered for low-speed
bluff-body testing. Depending on the open-area ratio of the walls and the angular position of the re-entry flaps,
which are important for short test sections in comparison to the vehicle length and which are installed in the
plenum chamber surrounding the test section, wall interferences may be mostly reduced.
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Another recent development for low-speed testing is the adaptive wall tunnel. The test section walls may be
warped mechanically to conform to free-air streamlines (if known) at the boundaries, providing an interference-
free test section. As mentioned previously, slotted and adaptive wall wind-tunnels for automotive testing have
been in operation only recently. Comparison tests with semi-open and closed test section wind-tunnels have
been executed recently, but results are not yet published. Depending on these results, it has to be decided if
any correction method for residual wall interferences has to be applied to the reduced data.

The theory of the corrections applied to wind-tunnel force and pressure measurements because of the finite
extent of the wind-tunnel stream is complicated and, depending on the complexity of the calculation that can be
tolerated, only a limited degree of accuracy can be attained. Unfortunately, it is often essential to make these
corrections, and a wind-tunnel user should therefore understand them sufficiently well to apply them.

The approximate character of the mathematical model for the correction methods implies that the corrections
must be kept small by making the scale model reasonably small compared with the size of the tunnel or, for full-
scale measurements, by selecting a sufficiently large wind-tunnel. [f, for instance, the corrections are kept
down to about 10% of the uncorrected reading and the correction method itself is known to be accurate to
about 10%, the accuracy of the final results will be 1%, which will be good enough for most purposes.

However, in cases where the corrections are larger because of an unavoidably large size of the vehicle (e.g.,
trucks or vans), one often has to rely on empirical correction factors, determined through calibration
measurements in larger wind-tunnels. In fact, there are few wind-tunnels (e.g., NRC, DNW) in the world
available where, due to the size of the test section, full-scale truck measurements are possible with confidence
in the rightness of the results. This was verified by blockage tests with scale models. A blockage ratio of about
10% was identified as the upper limit of the applicability of correction procedures.

Generally, corrections are applied to closed test section data, though mostly the corrections are confined to
blockage and horizontal buoyancy effects. Even in DNW's largest test section with a cross-sectional area of
90.25 m?, the blockage corrections can amount to approximately 2.7% of the uncorrected value for normal-
sized passenger cars and more than 20% for a full-scale truck.

It has been thought for many years that interferences from the boundaries of open test sections are negligible
and corrections of data do not have to be carried out. In fact, the interference effects are much smaller and of
opposite sign compared to those of closed test sections, but, depending on size and position of the vehicle in
the test section, the design and tuning of the different test section components and the surrounding plenum
chamber, considerable interference effects can occur (3).

Details about the different correction methods are given in Section 8.2.

4.2 Ground Simulation—Consideration of ground simulation is important because of errors which may result from
the classical set-up of a road vehicle in the test section. In contrast to the situation on the road, where there is
a relative motion V_, between the vehicle on one side and the air and the ground on the other side, in the usual
experimental set-up of road vehicle aerodynamics both the model and the ground plane are stationary and
facing the oncoming flow at velocity V... Due to the no-slip condition, a shear layer, the so-called Ground Plane
Boundary Layer (GPBL), develops along the ground plane, the thickness of which is dependent on the distance
x from its origin (8).

6(x) = 0.37x / Re,92 (Eq. 1)

Equation 1 is an approximation for a 2-d turbulent boundary layer (b.l.) at constant pressure. It can only be
applied to the flow in the empty test section with an impermeable ground plane. Typical values for & in full-
scale wind-tunnels are on the order of 70 to 160 mm. For the displacement thickness & and the momentum
thickness O similar relations hold:
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(Eq. 2)
1 7
f==60=—4
8 72

Because of the steady growth of the GPBL in the streamwise direction, even at zero pressure gradient, there is
a normal boundary-layer-induced flow component v, at the outer edge of the b.l. (6,8).

dd*(x) du(x)
Ve(X) = UX) ———— + 6*(X) ———— + vi(x)
dx dx (Eq. 3)

vy, IS @ normal transpiration velocity at the ground plane, i.e., positive for blowing and negative for suction. The
displacement velocity v, leads to a b.l.-induced vertical flow angle Figure 2.

a{x) = arctan [ Ve(x). / U(x)] (Eq. 4)

Ve
= arc tan U l

L U
U {x)

uixy)

»*
& (x)

=5 ///J'///)l//417/,1’,. P P oA

=vylx
FIGURE 2—DISPLACEMENT VELOCITY AND INDUCED FLOW ANGLE

For the usual case of impermeable walls (v,, = 0), v, and « can be evaluated by substituting the differentiation
of Equation 1 as well as Equation 2 into Equations 3 and 4. Typical values at (dU/dx) =0 and Re, =4 x 108 are
(ve/U) = 0.0017 and « = +0.1 degree. The vertical flow angle o may lead to significant errors in the evaluation
of the lift coefficient of ground effect racing cars analogous to a pitch angle of the car, because with bodies in
ground effect it is almost entirely the pressure distribution along the lower surface which is affected by a
change in pitch angle (9).

The considerations made so far basically hold for the empty test section of an automotive wind-tunnel. As
soon as the flow field is changed by the presence of a car, the GPBL changes as well. Along the ground plane
there are regions of accelerated and retarded flow, thus Equation 1 and 2 no longer hold. It cannot be
presupposed that the flow along the ground plane underneath a car is of the b.l. type (in the strict asymptotic
sense, see Schlichting (6) or van Dyke (7)). It was shown by Wiedemann (8), with the help of Beese's work (9),
however, that for many cases of practical interest in road vehicle aerodynamics, b.l. theory provides valuable
solutions to the problem of ground simulation.

When reflecting about ground simulation in automotive wind-tunnels, one has to consider:
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a. The physics (8,6*,0,\/9,)() that is to be simulated.
Far in front and far behind a vehicle on the road there is no b.l. at all due to a lack of relative motion
between the air and the road, i.e., 5,6*,6,ve, o = 0. When a vehicle is passing by a stationary observer,
he may see very different evolutions of the velocity and the b.l. thickness, depending on the vehicle
shape and angle of attack, i.e., whether the car has positive, zero, or negative lift (8).

b. The simulation techniques which, in principle, are suited to improve ground simulation.
The only technique which, at least in principle, is capable of matching all the on-road b.l. properties (for
straight flow) is the moving belt (Figure 3). However, technical realization is far from trivial. In
essense, problems are due to finite belt dimensions, belt stability (flutter), dynamic pressure calibration
and the sting support (including interference and wheel lift measurement). Furthermore, as with all
ground simulation techniques, correct modelling of side wind effects is impossible.

u Y u U
6*ix) : 7 §%x)
\
u

A

BLOWING TO
REMOVE ONCOMING b.l.

FIGURE 3—MOVING BELT TECHNIQUE

For many applications, however, e.g., principal shape optimizations without special interest in the vehicle's
underside, it is generally sufficient to use a stationary ground board with a scoop to peel off the oncoming b.l.
(Figure 4) or a so-called basic suction, mainly consisting of a porous section in the ground plane upstream of
the model, where a certain portion of the b.l. flow is removed (Figure 5). With both methods the b.l
thicknesses (5,5 ,0) are decreased (8, 11).

AW

\FAN/

FIGURE 4—BOUNDARY LAYER CONTROL BY SCOCP
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FIGURE 5—BOUNDARY LAYER CONTROL BY BASIC SUCTION
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If, however, the correct on-road flow angle « is required, the growth of the GPBL according to Equation (3) has
to be controlled as well. This can be accomplished by additional distributed blowing and/or suction through a
porous (stationary) ground plane (8, 11) (Figure 6). In theory, the velocity v,, of blowing or suction has to be
varied from point to point to match the on-road requirement. In practice, blowing or suction has to be constant,
at least within certain sections of the ground plane. Evaluation of the required v, is extremely difficult due to a
lack of the precise on-road values for ve that are to be simulated. They highly depend on the vehicle
configuration under investigation. In (8), orders of magnitude of v,, are given to handle typical flow cases. In
general, v,,/U has to be negative (i.e., suction) and on the order Re 05,

Suction chamber

FIGURE 6—BOUNDARY LAYER CONTROL BY DISTRIBUTED SUCTION

Ground simulation by tangential blowing uses a thin wall jet of high momentum which is ejected immediately in
front of the vehicle into the b.l of the stationary ground board (Figure 7). Thus, the momentum thickness and
the displacement thickness of the GPBL can be manipulated (10, 12). Unfortunately, in the general case,
matching 8" or « and 6 is conflicting (8, 10). Nevertheless, this is the only simulation technique using a
stationary ground that can model momentum overshoots (negative momentum thickness) in the GPBL. Thus,
recirculation of the on-road b.l, e.g., behind a ground effect sports car, can be simulated (12). Furthermore,
flows of non-boundary-layer character can be simulated, because tangential blowing adds momentum to the
flow. This is not possible by applying suction (13).
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FIGURE 7—BOUNDARY LAYER CONTROL BY TANGENTIAL BLOWING

When contrasting the simulation potentials with the engineering efforts for construction, use and maintenance
of the different techniques discussed so far, tangential blowing possibly yields the best compromise for full-
scale testing. For models smaller than half-scale, either the moving belt technique or a more conventional
method, e.g., scoop or basic suction, should be used, depending on the complexity of the project under
investigation. Thus, the aerodynamicist is in a position to also perform experiments without sting support of the
model.

421 NOMENCLATURE?

Re, Reynolds number based on x

U streamwise velocity component outside of b.1.

u streamwise velocity component in the b.l.

v b.l. velocity component normal to the ground plane

Vi normal blowing (positive) or suction (negative) velocity on the wall
X streamwise coordinate

y coordinate normal to the ground plane

o vertical flow angle

4.2.1.1  Subscripts—

e edge of b.l.
w wall (ground plane)

4.2.1.2 Abbreviations—

b.l.  boundary layer
GPBL ground plane boundary layer

2. For general notation used in this Report, (See section 8.1).
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4.3 Flow Quality—\When designing a wind-tunnel, the flow quality in the test section is one of the most important
requirements which will control the testing capability and quality. What does flow quality mean? A wind-tunnel
test is a simulated test situation, where air is forced past a test object. This situation in theory does not have
any flow disturbances or unsteadiness of the moving air in the empty test section, simulating zero-wind
conditions on the open road. The only way to minimize flow disturbances, which will always occur, is by careful
design of the complete tunnel circuit. Some of the most significant causes to the flow disturbances are
mentioned under each parameter description.

The flow quality is judged by many parameters. The following parameters give a base for a specification of
wind-tunnel: velocity uniformity, velocity fluctuations, flow angles, turbulence level, static pressure gradient,
boundary layer thickness, temperature uniformity, and noise level. The required specification of the flow
situation will not be met in every position in the test section. A test volume in the test section has to be defined
and within this volume the requirements should be fulfilled. The volume size and location should at least cover
the corner points of the largest model size to be tested. A note should be made regarding the wall boundary
layers and corner effects that will influence the flow quality measurements in the wall proximity.

Flow quality measurements are made with the test section empty. To be able to measure the flow quality
conveniently in a test volume there is a need for a traversing arrangement. The important requirements for a
traversing gear are: insignificant influence on the measured results, a rigid and stiff construction, ability to cover
the complete volume with a high number of grid-points and be able to carry different probes.

One of the main objectives to define flow quality parameters concerns the measurement equipment for the flow
control. The accuracy of the complete measurement system, in each case, should be at least five times better
than the specified requirement for the tunnel.

431 \VEeELociTY UNIFORMITY—The spatial flow velocity uniformity across the test section should be defined as the
percentage deviation of local streamwise velocity from the average value (based on time-average
measurements). Equation 5.

where:

V; = Local streamwise velocity
Vy, = Average velocity

The uniformity requirement is specified as the maximum deviation from the average flow velocity in the
measured cross section. A well-designed wind-tunnel could have less than + 0.25% in velocity variation in
the test volume. However, many wind-tunnels used satisfactorily for automotive testing have velocity
variations up to + 1.0%.

The velocity variations in the flow can be caused by flow separations, poor turning vane design or improperly
adjusted vanes. The velocity uniformity is derived from dynamic pressure measurements with a pitot-static
probe and high-resolution pressure transducer.

43.2 \VELoCITY FLUCTUATIONS—The flow velocity fluctuations are given in a local position as the variation over
time. This time-dependent unsteady flow should be kept as small as possible. This fluctuation could be
caused by either the fan regulation or flow separations, and the frequency will be different accordingly. A
requirement recommendation could be a maximum of + 0.5% velocity fluctuation within any specified time
period over a specified speed range. This variation is measured by a pitot-static probe with a pressure
transducer and a frequency analyzer with recording possibilities.
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4.3.3 FLow ANGULARITY—The flow angularity variations can be divided into vertical (pitch) and horizontal (yaw)
variations. The angularity is defined as the maximum local deviation from the defined test section x-axis.
The local angularity is recommended in automobile testing to be less than + 0.5 degrees. The pitch angle
deviation is more critical to the vehicle than the yaw angle deviation and should be less than + 0.2 degrees.
The pitch angle deviation can affect the vehicle shape optimization with respect to drag and front and rear lift,
while the yaw angle deviation can be accepted by setting the car at an offset angle. Flow angularity is
caused by poor turning vane design, poor honeycomb design, poor or unsuitable nozzle design or
misalignment of the nozzle relative to the test section. To measure the flow angularity many different devices
can be used: the most common are some type of pyramid probe or yaw meter head, both working with the
aid of pressure measurements. Careful calibrations have to be made of the probe and equipment to be
used. One difficult problem is the possible deflection of the probe support and holder during the test, which
has to be controlled.

4.3.4 TURBULENCE LEVELS—The turbulence levels should be measured in the three coordinate directions. The
longitudinal turbulence intensity level is defined in Equation 6.

Tux = Umms/U x 100 (%) (Eq. 6)
where:

Urms = Longitudinal rms velocity fluctuation
U = Mean test section velocity

Depending on the type of wind-tunnel design, either the longitudinal or the transverse turbulence level will
dominate. A well-designed wind-tunnel with turbulence-reducing measures would have less than 0.5%
turbulence level. The turbulence affects the transition and separation points on the model, and could also
interact with model surface roughness. However, although most tunnel designers strive for a low, repeatable
turbulence level, it should be borne in mind that vehicles mostly operate in traffic conditions that generate
turbulence. In addition, higher levels of turbulence may be of benefit in increasing the effective Reynolds
number, especially in small-scale model tests (see 4.4).

Turbulence is caused by the fan and turning vanes. A flow straightener and fine mesh screens are used for
reduction of turbulence. The measurement of turbulence levels is normally done by hot-wire equipment. To
be able to measure in three directions, angled probes are used and are traversed by a rigid holder and
support. Another measuring technique used involves the turbulence sphere, which will give a critical
Reynolds number. This Reynolds number corresponds to a turbulence factor which leads to a turbulence
level. The turbulence sphere indicates what a rounded model would see.

4.3.5 STATIC PRESSURE VARIATION—The local static pressure variation is defined as the deviation in pressure
coefficient from a reference pressure, in the longitudinal direction. See Equation 7.

Cnh = (Dy—
p = (Px—Pref)/Aref (Eq. 7)
where:
Cp = Pressure coefficient
py = Static pressure value in position x

Pref = Reference static pressure
Oref = Reference dynamic pressure
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The static pressure variation should be linear and less than + 1% deviation (AC,, <0.01) over the maximum
model length. A pressure gradient introduces a buoyancy effect on the model, which should be corrected as
it affects the drag measurements. The pressure variation is mainly caused by the test section wall boundary
layer, which will increase the jet core speed. In open-jet test sections, the opposite effect is found as the jet
expands. The measurement is performed by a pitot-static probe that is carefully moved downstream or a
long static tube supported in the test section. Care must be taken with the alignment of the probe/tube so
that no dynamic pressure will influence the static pressure holes on the pitot-static probe or on the long static
tube.

4.3.6 BOUNDARY LAYER THICKNESS—This requirement consists of two parameters, i.e., the boundary layer
thickness, which corresponds to 99% of the freestream velocity, and the displacement thickness, which is a
derivative from the boundary layer profile. The displacement thickness is defined in Equation 8.

5% = f(1-—u/U)dy (Eq. 8)
where:

u/U = local velocity divided by the freestream velocity
y = distance from the wall

The requirement for the boundary layer is difficult to set because it will depend on pressure differences due
to boundary layer reducing systems and pressure gradients. A maximum empty-test-section displacement
thickness on the order of 10% of the minimum vehicle ground clearance, measured at its front bumper
location, is recommended (see Reference 1). A normal passenger car has about 150 mm ground clearance,
which then gives a recommendation of 8" <15 mm for the empty test section measurement. The wind-tunnel
boundary layer is built up in the whole circuit. It will change in size due to the pressure gradients in different
parts of the tunnel circuit. Large boundary layers affect the force measurements on a vehicle. The boundary
layers are mostly measured by pitot probes or hot-wire technique. The hot-wire will give not only the velocity
profile in the boundary layer but also the turbulence structure of the layer.

4.3.7 TeEMPERATURE UNIFORMITY—The temperature uniformity is defined as the local temperature deviation from
the mean flow temperature. Good flow quality and a well-designed heat exchanger gives a temperature
deviation less than + 1 °C across the test section. Temperature gradients can cause problems with tunnels
without insulation by creating temperature boundary layers. The measurement is made by a precision
thermocouple traversed over the test section.

4.3.8 Noise LEVELs—The test section background noise level will be defined as a single value dB(A) over a
specified frequency range and as decibel values per 1/3 octave band. The goal for any tunnel from the
working and testing point of view would be to have about 80 dB(A) or less at the location normally occupied
by the test vehicle. As noise consists of pressure fluctuations, if the background noise level is too high this
will also be seen in the pressure fluctuation and turbulence measurements. The noise is primarily caused by
the fan and fan motor.

If the tunnel is intended to be used for wind rush tests on vehicles, the level must be low enough not to
interfere with the measurement in the vehicle. This requirement has led to the development of wind-tunnels
(with semi-open-jet test sections) having noise levels down to 60 dB(A) at 100 km/h wind speed.

The measurement of the noise level is very difficult because there is a major problem of reducing the wind
noise generated by the microphone itself. Semi-open jet wind-tunnels can measure the noise level outside

the jet and then correlate it back to the measuring volume in the test section.

NOTE—References 14 to 23 provide a bibliography to Section 4.3.
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4.4 Reynolds Number Requirements—A general aerodynamic requirement to ensure reliable wind-tunnel
measurements is that correct Reynolds numbers have to be simulated. In principle, any deviation from the
actual "on-the-road"” Reynolds number level may cause misleading test results.

The problem may occur during full size tests if the maximum speed of the wind-tunnel is not sufficiently high.
During scale model tests, almost always special consideration of Reynolds number effects is needed (see
Appendix A).

Whether or not test results based on measurements at lower Reynolds numbers can be extrapolated on to
realistic conditions with a high confidence level depends largely on the shape of the test object.

The aerodynamic coefficients of most standard car shapes are stable over a wide range of Reynolds numbers.
However, particularly sensitive to Reynolds number effects are:

a. Station-wagon-type rear end shapes with an inclined backlight as occurring on estate cars and short
hatchback cars. (The flow over the backlight may be attached or detached depending on the Reynolds
number as illustrated in Figure 8.)
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FIGURE 8—STATION WAGON FLOWFIELD CHARACTERISTICS

(COURTESY FORD-WERKE AG)

b. Bulbous rear end shapes without defined flow separation lines. (The location of the flow separation
may vary with Reynolds number.)

c. Bluff front end shapes of vehicles with small roundings of the leading edges. (The flow at those edges
may be attached or detached depending on the Reynolds number. Typical effects are illustrated in
Figures 9 and 10, after Gilhaus (26,27).)

d. Shapes creating areas of flow separation with sensitive re-attachment conditions (this includes
protruding details like mirrors, etc.)

e. Ground-effect cars with small leading-edge radii and rear underbody diffuser sections. (Downforces
measured in moving-belt facilities with low belt speed and incorrect Reynolds numbers may be
misleading, according to measurements by Sardou (24).)
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In the previous cases minor changes in the body contour or in the Reynolds number may cause a switching
effect from one stable flow pattern to another resulting in different aerodynamic coefficients. Whether the
Reynolds number is increased or decreased during the test typically has some influence on the critical
Reynolds number at which the switching off occurs ("hysteresis effect").

It is a well-known fact that the critical Reynolds number is dependent not only on the shape of the test object
but also on the turbulence level and structure of the airflow (this means that also the specific turbulence
characteristics of the wind-tunnel at various wind speeds are to be taken into consideration if sensitive shapes
are tested at lower Reynolds numbers).
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FIGURE 9—INFLUENCE OF REYNOLDS NUMBER ON DRAG OF BOX-SHAPED VEHICLE
WITH ROUNDED LEADING EDGES (FROM REFERENCE 26)
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