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Calibration-Related Pseudo-Reynolds Number Trends in
Transonic Wind Tunnels

Felix Aulehla*
MBB-Deutsche Aerospace, Munich, Germany

Until the mid-seventies there were many variable density transonic wind tunnels which had been calibrated
at only one total pressure. Today this still holds for some tunnels. If Reynolds number, i.e., total pressure, is
varied in such tunnels during a test, small systematic errors in freestream Mach number M0 do then result. In
M0-sensitive measurements this causes exaggerated (pseudo) Reynolds number trends. For the examples of
afterbody pressure drag, transonic shock location, and transonic maximum lift, it is shown that up to 100% of
these trends can be attributed to the lack of a full Reynolds number calibration. The remaining few percent
must be due to true Reynolds number effects and to additional, yet unknown, systematic errors.

Nomenclature
AB = afterbody
CDAB = afterbody drag coefficient referred to fuselage

maximum cross section
CDPAB = afterbody pressure drag coefficient referred to

fuselage maximum cross section
CDPFB = forebody pressure drag coefficient referred to

fuselage maximum cross section
CL = lift coefficient
CP = pressure coefficient, (P — P0)/#o
CpW

 = wall pressure coefficient
CPW = mean value of all CPW per run with Re and M0

being constant
CPW = mean value of CPW from all runs
FB = forebody
M0 = freestream Mach number
Mw = wall Mach number, derived from mean wall

pressures, ~M0true (empty tunnel)
P0 = freestream static pressure
PP = plenum chamber pressure
^ref = reference pressure, wall pressure located inside

and upstream of test section
PTO = freestream total pressure
Pw = test section wall pressure
Pw = mean value of all Pw per run with Re and M0

being constant
qQ = freestream dynamic pressure
R = radius of axisymmetric body
Re = Reynolds number, based on body length or wing

mean chord
tic = relative profile thickness
x/c = axial distance from leading edge referred to wing

chord
xs = shock location (at sonic conditions unless noted

otherwise)
a = angle of incidence

I. Introduction

T RANSONIC Reynolds number effects have been a con-
troversial subject over the past 20 yr. Discrepancies be-
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tween wind-tunnel and flight test results often served as a
convenient excuse to blame the inadequate simulation of the
full-scale Reynolds number in subscale wind-tunnel testing
for these discrepancies. One of the well-known examples of
this is the transonic wing shock location of the Lockheed CD-
141 aircraft: in full-scale flight the wing shock location was
about 20% chord further aft than in the subscale wind-tunnel
test conducted at a much lower Reynolds number.8-24

The purpose of this article is to review such Reynolds num-
ber trends critically. This, of course, does not mean that the
classical Reynolds number effects like friction, boundary-layer
transition, low-speed separation on steep boattails, e.g., on
the sphere, should be questioned. Also, any differences be-
tween wind tunnel and free flight which stem from wind-
tunnel wall interference are not of concern here. For this
subject the reader is referred to the standard wall interference
correction methods as well as to the adaptive wind-tunnel wall
technology.16

The present paper deals solely with the Reynolds number
dependent changes of these wall interferences and with their
influence on the data obtained from a model exposed to such
varying boundary conditions at transonic speeds. It will be
shown that these Reynolds number effects at the wind-tunnel
wall are predominant and can completely mask the true effects
on the model itself; that is, in Mach number-sensitive mea-
surements the true Reynolds number effects are up to 100%
smaller than quoted by many investigators. In a few cases
these errors even exceed the value of 100% (sign reversal,
"negative" Reynolds number trend). In the following sec-
tions, examples for such pseudo-Reynolds number trends will
be given using measured and computed data on afterbody
drag (Sec. Ill), maximum lift (Sec. IV), and transonic shock
location (Sec. V).

It should be noted that Sec. II contains the discussion of
the basic principles presented in the entire paper: in essence
the errors in freestream Mach number and in the axial pres-
sure gradient are identified as the main causes for the ob-
served pseudo-Reynolds number effects. It will be explained
why these errors always do occur in conventional variable
density wind tunnels which have not been calibrated as a
function of Reynolds number.

II. Incomplete Wind-Tunnel Calibration as Cause
for Pseudo-Reynolds Number Effects

It appears trivial to request that an empty test section of a
variable density wind tunnel be calibrated not only at all Mach
numbers but also at all combinations of Mach and Reynolds
numbers. Nevertheless, before 1975 many tunnels of this type
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either did not have such a full Reynolds number calibration
or did not use it.7'23'30 Today there are still a few tunnels that
ignore the importance of such a full Reynolds number cali-
bration.

In calibrating the empty tunnel the mean value of the static
pressure distribution inside the complete test section is often
related to one single representative pressure which is then
used in later testing to set the desired freestream Mach num-
ber. Normally this pressure is either the pressure in the sur-
rounding plenum chamber or a wall pressure upstream of the
test section (Fig. la).

In many transonic wind tunnels with ventilated test sections
the calibration of the empty tunnel was performed essentially
only at one, the nominal total pressure. For operations at
different total pressures it was assumed that the ratio of the
true static pressure relative to the reference pressure would
not change significantly.30 A rough check seemed to confirm
this assumption; however, only after the author had
introduced2'3 the mean values of the (rather rugged4) wall
pressure distributions, a clear, although small, deviation of
the true freestream static pressure level from its nominal value
became apparent and, hence, also the corresponding error in
freestream Mach number. Depending on whether the refer-
ence pressure was inside or outside the test section, opposite
trends a and b were found (Fig. Ib). In sensitive measure-
ments like the measurement of afterbody pressure drag, tran-
sonic shock location, and transonic maximum lift these small
deviations are of decisive importance, as will be explained
later.

Fig. 2 shows a quantitative example of this unnoticed pres-
sure level change measured 1974 in the 1 x 1 m Transonic
Wind Tunnel Gottingen (TWG) of the German Aerospace
Research Establishment (DLR, formerly DFVLR) before the

plenum chamber

a)
(reference pressure Pret inside
and upstream of test section)

b)
(reference pressure PP
outside of test section)

Fig. la Different reference pressures Pref and PP for setting the free-
stream Mach number M0.7

0

Mw=M"true"
TV Re

M0

(nominal)

»-Re

M0

(nominal)
»-Re

e.g. Method (a) in30:
M0 = 0,9955 Mref + 0,0018
i.e. independent of PTO

Fig. Ib Different reference pressures (Pref and PP) cause opposite
trends in M0 errors in wind tunnels without full Re calibration.7
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Fig. 2 Mean wall pressure coefficients in the TWO.3
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Fig. 3 Perforation of the four test section walls in the 16-ft PWT and
the 1-m TWG.4

Reynolds number calibration was applied. In these measure-
ments the pressure in the surrounding plenum chamber PP
was used as reference pressure to set the required Mach num-
bers (method b in Fig. 1). In Fig. 2 the wall pressures recorded
during all runs of two test series (nos. 3 and 4) have been
included. The pressure readings from all 24 pressure tappings
along the centerline of the upper test section wall were
averaged arithmetically for each individual run to give one
value of CPW per run. The numbers at each bar indicate how
many runs at each Mach and Reynolds number were con-
ducted (repeatability). Within each bar, these jepeats were
arithmetically averaged a second time to give CPW shown as
dots and solid curves, respectively. The magnitude of the
scatter is shown by the hatched band which is about 0.003
wide.

Comparing the cross symbols (empty tunnel) with the solid
curve at M0 = 0.8 it can be seen that the blockage of this
model (1.13%) had little or no effect on the averaged wall
pressures, i.e., on the pressure level in the test section. These
test series 3 and 4 in the Gottigen tunnel were conducted in
order to better understand the unexpected afterbody drag
variation with Reynolds number measured in the 16-ft Arnold
Engineering Development Center (AEDC) tunnel (see Sec.
III). Since both tunnels had very similar test section wall
geometries (Fig. 3) it was speculated by the author that the
Reynolds number-dependent changes of the wall character-
istics and hence the errors in freestream Mach number would
also be similar. This assumption was later fully confirmed.

In Ref. 4 the following explanation for the change in wall-
pressure coefficients with Reynolds number had been sug-
gested. As the perforation of the four test-section walls con-
sisted of circular holes inclined 60 deg from the vertical (Fig.
3) one can expect these holes to perform similarly as 30 deg
flush boundary-layer inlets. When Reynolds number is raised
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by increasing the tunnel total pressure, the wall boundary-
layer becomes thinner, which results in an increase in pressure
recovery through these inlets. That is, the plenum chamber
pressure, which is used to set the freestream Mach number,
goes up relative to the wall pressures. Without proper Rey-
nolds number calibration this increase then feigns a too high
wall pressure. Hence, the true wall pressure is lower, and the
true freestream Mach number higher. So, instead of deter-
mining the desired Reynolds number influence on the model,
one measures in reality primarily the influence of Mach num-
ber errors caused by the Reynolds number effects at the wind-
tunnel wall.

To adjust the freestream Mach number some transonic wind
tunnels do not use the plenum chamber pressure but a wall
pressure inside and upstream of the test section (method a in
Fig. 1). Reducing the tunnel Reynolds number causes the wall
boundary-layer to grow in stream direction more rapidly. This
increasing "nozzle effect" lowers the static pressure in the
test section and raises the freestream Mach number relative
to the upstream reference values.

A quantitative example of this second trend is shown in
Fig. 4. The data were obtained from the 0.34 x 0.60 m Tran-
sonic Wind Tunnel of DLR Braunschweig (TWB) described
in Ref. 30. Simple flat-plate boundary-layer calculations to-
gether with one-dimensional flow relations confirmed the trend
in Fig. 4. As a further confirmation, the wall pressures in a
similar tunnel, the 0.30 x 0.675 m transonic biowdown tunnel
of the Universitat der Bundeswehr Munchen (TWM) were
recorded in 1986 without applying the Reynolds number cal-
ibration. Details of this tunnel can be found in Ref. 31. The
mean wall pressure coefficients showed practically the same
variation with Reynolds number as those from the TWB, see,
e.g., Fig. 6 in Ref. 8 or Fig. 2.17 in Ref. 9.

So far, only (unnoticed) changes in the pressure level, i.e.,
errors in the freestream Mach number, have been discussed.
These can be avoided by a full Reynolds number calibration
of the empty tunnel, which means calibration at all density
and Mach number combinations. However, in addition to

0,70 = M0

M0 = 0,8
FB AB

Note: Mo = 0,75 and 0,76 obtained
by linear interpolation
Assumed reference length
for Re is 200 mm

-0,015
4

Fig. 4 Mean wall pressure coefficients in the empty test section of
the TWB, derived from data in Ref. 21.

*)=Computed
Target Values
(free flight)

pw AB

^ICpw _ CPWAB ~ CPWFB
J(x/L)~~ 0,5

-0,02"
500 1000

> PTO [mm HG]
Fig. 5 Effect of tunnel total pressure on measured pressure gradient
at upper test section wall in the TWG.4
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Fig. 6 Reynolds number effect on afterbody drag obtained from dif-
ferent wind tunnels.2

these Mach number errors, there are also changes in the axial
pressure gradient produced by the varying rate of growth of
the wind-tunnel wall boundary layer.

Figure 5 shows these (linearized) gradients measured by
the 24 wall-pressure tappings in the TWG. Since both test-
section side-walls were kept divergent at a constant angle of
0.5 deg relative to the tunnel centerline, the upper curve for
the empty test section indicates a positive pressure gradient,
which becomes even more positive as Reynolds number is
raised, i.e., as the wall boundary layer gets thinner (increased
diffuser effect). The presence of the models reduces this dif-
fusion effect. However, the trend with Reynolds number for
all three curves is roughly the same. This means that during
a Reynolds number variation the changes in axial pressure
gradient of the overall flowfield in the test section are pri-
marily caused by the changes of the wall boundary layer rather
than by those of the model boundary layer. To avoid also this
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type of falsifying conditions requires changing the test section
wall divergence angle during a variation of tunnel Reynolds
number (density). This, however, normally is not done in
conventional, i.e., in nonadaptive test sections.

As a consequence, such measurements need correcting by
computations. Examples have been given in Ref. 5 for the
transonic shock travel on an axisymmetric fuselage and on a
Whitcomb-profile. For typical combinations of errors in Mach
number and in axial pressure gradient as measured in the
TWO before its full Reynolds number calibration, the com-
puted corrections in shock travel due to incorrect axial pres-
sure gradient were considerably smaller than those due to the
error in Mach number, that is less than one third.5 This ratio
appears to be even smaller for the TWB. For this reason and
also because of the lack of computed corrections in maximum
lift and afterbody flow separation, the errors due to incorrect
axial pressure gradient will not be discussed in this paper.

III. Afterbody Pressure Drag
Several wind tunnel investigations conducted in the early

seventies showed an increasing trend of the afterbody pressure
drag coefficient with Reynolds number (Fig. 6). However, a
constant or even slightly decreasing trend similar to that of
the turbulent flat plate friction coefficient had been expected.
Therefore, the late Prof. Antonio Ferri from the New York
University initiated in May 1972 the AGARD research proj-
ect on "Improved Nozzle Testing Techniques in Transonic
Flow."

First results were presented 1974 in Rome, where the con-
tribution from Messerschmitt-Bolkow-Blohm GmbH (MBB)

M0 = 0,60

-130,0 in.-

-FB- -AB-
Maximum Diameter = 16,16 in.

0,03
CDPAB + FB

0,03

0,08

0,06

0,04

0,02

Boundary layer fully turbulent

Fig. 7 Effect of wind-tunnel calibration on fore- and afterbody pres-
sure drag coefficient.29

Fig. 8 Computed Reynolds number effect on fore- and afterbody
pressure drag coefficient for MBB-body No. 5.18

showed2 that this increasing trend in afterbody pressure drag
coefficient measured in variable density wind tunnels was caused
by a systematic error in freestream static pressure. It was also
shown that, as a consequence, this trend was virtually com-
pletely compensated by the corresponding decrease in fore-
body pressure drag coefficient.

Proof for this systematic error had been given by the be-
havior of the mean wall pressure coefficients in the test sec-
tion: instead of staying constant during a Reynolds number
(total pressure) variation, they changed in the same sense and
by the same amount as those on the model.2 Removing the
model neither changed the absolute values of the mean wall
pressure coefficients nor their variation with Reynolds num-
ber (Fig. 2). Hence it was clear that the missing Reynolds
number calibration of this tunnel was responsible for the sys-
tematic error in the static pressure level. The final results of
the AGARD research project were published3 in October
1975 and corroborated the early findings on Reynolds number
effects in Ref. 2.

Above results were also confirmed by AEDC. After their
16-ft Propulsion Wind Tunnel had received a full Reynolds
number calibration23 in response to the findings in Ref. 2,
they could show that afterbody and forebody pressure drag
coefficients were (apart from local effects) no longer de-
pendent on Reynolds number in the range investigated (Fig.
7). It is most interesting that this result applies not only to
attached but also to separated flows on curved boattail con-
tours, as will be shown below.

An independent Navier-Stokes computation by Deiwert18

on the MBB-body No. 5 in the Reynolds number range from
14.5 to 145 Mio showed very little effect of Reynolds number
on afterbody and forebody pressure drag coefficients (Fig. 8).
The boundary layer was assumed to be fully turbulent.

A similar result was obtained by Reubush and Putnam in
the Langley i-m cryogenic tunnel.27 They tested four af-
terbody contours with two forebodies of different lengths at
Mach numbers 0.6 and 0.9 and Reynolds numbers from 2.5
Mio up to 130 Mio. The Reynolds number variation was
achieved by changing the tunnel total pressure from 1.2 to
5.0 atmospheres and the stagnation temperature from 103 to
308 K. Boundary-layer transition was not fixed. Apart from
the well-known, mutually compensating local effects, i.e., in-
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Circular-arc-conic

40 80 120
> Re-10"6

Fig. 9 Effect of Reynolds number on boattail pressure drag coefficient
of circular-arc-conic boattails.27

creased expansion and recompression on the afterbody with
increasing Reynolds number, practically no Reynolds number
effects on afterbody pressure drag coefficient could be de-
tected (Fig. 9). This result is most remarkable in that it applies
to a very large Reynolds number range and in addition also
covers, in contrast to the above computation by Deiwert, the
low Reynolds number end.

In summary, the pressure drag coefficient of the afterbody
(and forebody) seems to depend on Reynolds number by
orders of magnitudes less than had been reported from many
experiments. This immediately raises the heretical question
of whether the transonic maximum lift coefficient of profiles
and wings with fixed boundary-layer transition is also inde-
pendent on Reynolds number in the range considered.

IV. Transonic Maximum Lift
Pressure plotting tests were conducted by DLR in their

TWB on the supercritical profile type CAST 7/DoAl using
two models with 150- and 200-mm chord lengths.25 The
boundary-layer transition was fixed at 7% chord on upper
and lower sides of the profile. The increase in maximum lift
coefficient due to raising the Reynolds number from 6 to 11
Mio is shown in Fig. 10. The marked reduction in transonic
maximum lift coefficient with increasing Mach number is il-
lustrated in Fig. 11. The slopes at Af0 = 0.70 and 0.76 have
been graphically determined in this figure to assess the sen-
sitivity of CLmax against M0-errors. Simple one-dimensional
flow functions were used to compute the sensitivity of the
freestream Mach number to errors in freestream static pres-
sure ( = PW) in Table 1.

In Fig. 4 it was shown that the mean wall pressure coeffi-
cients in the TWB increased with Reynolds number which
corresponds to a decrease of the true Mach number relative
to its nominal value. The corresponding increase in maximum
lift coefficient is then obtained using the slopes from Fig. 11.
The following equations apply:

ACLmax = AM0>—,—
from

Fig. 11

ACP
V"

from
Table 1

(i)

Fig. 10 Increase in maximum lift coefficient due to increasing Rey-
nolds number from 6 to 11 Mio, CAST 7/DoAl.25

CLn

0,60 0,65 0,70 0,75
M0

Fig. 11 Decrease of maximum lift coefficient with Mach number,
derived from data in Ref. 25.

Table 1 Dependence of the relative Mach number error
on the change in mean wall pressure coefficient ACPW

(change in true freestream pressure)3

M{) =

AMo/M0

ACPVV

0.70

-0.549

0.75

-0.556

0.76

-0.558

0.80

-0.564

from
Fig. 4

For M0 = 0.76 Eq. (1) becomes

AC^max = (-8.5)(-0.558)0.76ACPW = 3.605ACW (2)

Using Eq. (2) the error in lift coefficient was computed in
Table 2 for the change in mean wall pressure coefficient of
Fig. 4. However, to obtain these CPW for the 150 mm profile
its Reynolds number had to be converted to the nominal
reference length (200 mm) used in the empty tunnel tests, see
line 4 in Table 2.

Analogous tables for the lower Mach number and for the
larger profile can be found in Ref. 7. The "success rate,"
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Table 2 Measured and computed changes in maximum lift coefficient for the profile with 150-mm chord
length at M0 = 0.760

(1) 3.11 Mio 6.12 Mio Result

(2)
(3)
(4)
(5)

(6)
(7)

(Cz,max) = 0.717 0.750
a = 3.10 deg 2.60 deg

(200/150) Rel50 = Re200 = 4.15 Mio 8.16 Mio
CPW = -0.0085 -0.0008

Eq. (2) 3= (AC^max)c - 3.605 -AC™
"Success rate" = ( )c/( )M

-» (ACLmax)M = 0.033 (measured)

-» CPW (from Fig. 4)
-> ACPVV = 0.0077

0.0278 (computed)
= 84.1% (computed/measured)

Table 3 Ratio of computed to measured change in maximum lift
coefficient for the profile type CAST 7/DoAl

Chord length 150mm 200mm
Increase in Re =
M0 = 0.70
M0 = 0.76
Mean value =

(3 -> 6) Mio
98%a

84%

(6-> 11) Mio
72%
62%

79%

"Extrapolation to Re2m - 3.77 Mio was required to obtain CPW from Fig. 4.

which is the ratio of computed to measured change in tran-
sonic maximum lift coefficient

was supplemented from these tables and is summarized in
Table 3.

Table 3 shows that an average of 79% of the increase in
maximum lift coefficient measured in the TWB was in fact
caused by calibration related errors in freestream Mach num-
ber. The remaining 21% are due to true Reynolds number
effects on one hand and further (yet unknown) measuring
errors on the other hand.

One of these, for example, could be the test section bound-
ary-layer displacement thickness which modifies the flowfield
of the model differently depending on whether a thin or thick
initial wall boundary layer was present. An experimental in-
vestigation to eliminate these Reynolds number-dependent
changes in wall disturbance by the provision of displacement
bodies at the wind-tunnel wall was suggested in Ref. 6.

A further source of pseudo-Reynolds number effects is the
freesteam flow angularity which changes with tunnel Reynolds
number.10 There are, of course, many more — not necessarily
calibration-related — pseudo-Reynolds number effects, as Bi-
nion has summarized concisely in Ref. 19. A rather compre-
hensive description of observed Reynolds number effects and
present boundary-layer simulation techniques was compiled
in Ref. 15.

V. Transonic Shock Location
Shock movement due to Reynolds number changes mea-

sured in variable density wind tunnels was in the past com-
pletely attributed to Reynolds number effects on the model
itself. It will be shown in the following that this behavior is
in reality again almost entirely the result of Reynolds number-
dependent changes of the test section wall interferences.

The experimental data, i.e., both the shock travel and the
wall pressures, were obtained from the TWB of DLR Braun-
schweig. The wind tunnel is described in Ref. 30. The model
tested was the supercritical profile Korn No. 1. The chord
length was 127 mm, the relative thickness 11.7%. The the-
oretical geometry is defined in Ref. 11 and Ref. 20. Further
model details, including the manufacturing deviations, are
described in Ref. 20. There were no boundary-layer transition
fixing devices such as roughness strips used. However, the
experimenters from DLR Braunschweig claimed that the con-
centration of the pressure plotting holes at midspan resulted
in an effectively fixed transition.26

The shock location has been defined here to be at CP =
-0.8, that is at the middle of the pressure "jump" and is

ra
t

0,50

0,48

0,46

0,44

0,42

>a©.-

max. deviation
= -0,01

- 0,487

A = 0,044

0,443

8 10
Re • 10"6

Fig. 12 Shock travel vs Reynolds number on Korn No. 1 airfoil
measured in the TWB, derived from data in Ref. 22.

0,65 0,70 0,75 0,80

Fig. 13 Shock travel vs freestream Mach number M0 on Korn No. 1
airfoil, derived from data in Ref. 20.

plotted vs Reynolds number in Fig. 12. Raising the Reynolds
number from 2.70 to 8.31 Mio causes the shock to move
forward by A;c5 = 4.4% c. Since increasing the Reynolds
number normally moves the shock backwards, the present
shock travel was sometimes referred to as "negative" Rey-
nolds number effect. Keeping all variables except M0 con-
stant, results in the expected shock travel vs M0, i.e., the
shock moves rearwards with increasing M() (Fig. 13). At A/()
= 0.75 the slope of this curve gives a sensitivity against Mo-
errors of kxjc = 9.5 AM().

Since above Reynolds numbers are referred to the profile
chord length of 127 mm, while the wall pressures of the empty
tunnel are plotted against a Reynolds number having a nom-
inal reference length of 200 mm, the profile Reynolds num-
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bers were multiplied by 200/127. This results in a Reynolds
number range of 4.25-13.09 Mio. According to Fig. 4 this
Reynolds number change corresponds in the TWB to an in-
crease of the mean wall pressure coefficient by ACPW = 0.0113.
From Table 1 the sensitivity of the relative M0 error against
a change in the mean wall pressure coefficient at M0 = 0.75
is obtained as

AMo/M0 = - 0.556-AC™

With above change in the mean wall pressure coefficients the
M0 error is then determined as

AM0 = -0.556-0.0113-0.750 = -0.00471

The negative sign indicates that the true M0 decreases with
increasing Reynolds number. Using the sensitivity of the shock
location from Fig. 13, the forward movement of the shock is
then obtained to be

= -0.00471-(9.5) = -0.0448 « -4.5%

That is, solely due to this error in M0 the shock must move
forward by 4.5%. This is 0.1% c more than the measured
value in Fig. 12. This means that in a flow free of M0 errors
the shock moves by no means forward but minimally (0.1%
c) rearwards for the Reynolds number range considered.

In summary, the negative Reynolds number effects, that is
the forward movement of the shock with increasing Reynolds
number measured in the TWB, can be completely explained
by the errors in freestream Mach number (fixed boundary-
layer transition). Such errors are inherent in all empty tunnel
calibrations which ignore variations in Reynolds number, i.e.,
in tunnel density.

In the present example, the sensitivity of the shock location
towards errors in freestream Mach number was AJC^/C = 9.5
AM0 at M0 = 0.75 and a = 0.50 deg. The same reference
shows an increased sensitivity of A*5/c = 14.8 AM0 at a re-
duced incidence of 0.25 deg. Unfortunately no Reynolds num-
ber variation was tested at this incidence. A 56% greater
spurious Reynolds number effect would then have been found.
Similarly, had this model been tested in a wind tunnel in which
the wall pressure coefficients decrease with increasing Rey-
nolds number, like, for example, in the Gottingen or the 16-
ft AEDC transonic tunnels prior to their full Reynolds number
calibration, then the shock would not have moved forward
by 4.4% c but backwards by a similar amount. No attempt
was made to conduct a profound error analysis; however,
some considerations on accuracy can be found in.Refs. 7
and 9.

VI. Conclusions and Recommendations
1) Until the mid-seventies there were many variable density

wind tunnels which were not calibrated over their full Rey-
nolds number range but only at one, the nominal freestream
total pressure. Today there are still some wind tunnels which
ignore the importance of such a full Reynolds number cali-
bration for sensitive measurements. This calibration defect
causes errors primarily in the freestream Mach number and
in the axial pressure gradient, which results in the discussed
spurious Reynolds number effects.

2) Depending on whether the reference pressure tapping
used to set the freestream Mach number is located outside or
inside the test section of such tunnels, positive or negative
pseudo Reynolds number effects do then result.

3) The mean value of the wall pressures in the empty test
section is an excellent means of detecting even very small
errors in freestream Mach number and changes in axial pres-
sure gradient during a Reynolds number variation while all

other parameters including wall porosity and wall divergence
are kept constant.

4) The true transonic Reynolds number effects are up to
100% smaller than quoted from sensitive experiments in wind
tunnels without full Reynolds number calibration. Sensitive
are all measurements the results of which change markedly
with freestream Mach number (and/or with axial pressure
gradient and incidence). Examples have been given for the
afterbody pressure drag, the transonic maximum lift, and the
transonic shock location. The same should hold for other
transonic effects like buffet, drag rise, etc. It is suggested that
all transonic Reynolds number effects of larger amount be
questioned unless the experimenters clearly specify when and
with what accuracy their tunnel had been calibrated over its
full Reynolds number range.

5) For all variable density wind tunnels without full Rey-
nolds number calibration it is recommended to measure as a
first step the wall pressures at all densities in order to sup-
plement the existing empty tunnel calibration. This not only
helps future tests but would also permit correction of previous
results.
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colleague Geert Besigk for his valuable assistance throughout
the entire effort, Ted Carter, formerly with ARA Bedford,
for his advice at the beginning of this work, and the late
Antonio Ferri, in particular, who initiated this research proj-
ect in May 1972.

References
intonates, P. P., Surber, L. E., Laughrey, L A., and Stava,

D. J., "Assessment of the Influence of Inlet and Aftbody/Nozzle
Performance on Total Aircraft Drag," AGARD-CP-124-15, April
1973.

2Aulehla, F., and Besigk, G., "Reynolds Number Effects on Fore-
and Aftbody Pressure Drag," AGARD-CP-150-12, Sept. 1974.

3Aulehla, F., and Besigk, G., "Fore- and Aftbody Flow Field
Interaction with Consideration of Reynolds Number Effects," Agard-
AG-208-II-F, Oct. 1975.

4Aulehla, F., "Drag Measurement in Transonic Wind Tunnels,"
AGARD-CP-242-7, Oct. 1977.

5Aulehla, F., and Eberle, A., "Reynolds Number Effects on Tran-
sonic Shock Location," AGARD-CP-335-4, May 1982.

6Aulehla, F., "Re-Zahleinflu6 auf Windkanal-Wandinterferenz und
auf CAmax," Meeting Minutes, MBB FE124-BP-013-18.1.84, Jan. 1984.

7Aulehla, F., "Pseudo Reynolds Number Trends," MBB Kept.
LKE 124-S-R-1584, Dec. 1986.

8Aulehla, F., "Pseudo Reynolds Number Trends," AIAA Paper
87-2612, Aug. 1987.

9Aulehla, F., "Pseudo-Reynoldszahleffekte in transsonischen
Windkanalen," Dissertation at Rheinisch-Westfalische Technische
Hochschule Aachen, Aug. 1989.

1()Aulehla, F., "Reynolds Number Dependent Flow Angularity in
Transonic Wind Tunnels," MBB FE21-S-TN-257, March 1991.

"Bauer, F., Garabedian, P., Korn, D., and Jameson, A., "Su-
percritical Wing Sections II," Lecture Notes in Economics and Math-
ematical Systems, Springer-Verlag, New York, 1975.

12Besigk, G., "Halbempirische Theorie zur Bestimmung des Heck-
widerstandes," MBB Rept. UFE 628/1-70, March 1971.

13Besigk, G., "Reynoldszahleffekte bei der Widerstandsbestim-



552 AULEHLA: TRANSONIC WIND TUNNELS

mung," MBB Rept. UFE 1078, Jan. 1974.
14Chamberlin, R., and Blaha, B. J., "Flight and Wind Tunnel

Investigation of the Effects of Reynolds Number on Installed Boattail
Drag at Subsonic Speeds," AIAA Paper 73-139, Jan. 1973 (see also
Wilcox and Chamberlin, AGARD-CP-150-21, Sept. 1974).

15Chan, Y. Y., Michel, R., et al. "Boundary Layer Simulation and
Control in Wind Tunnels" (WG 09), AGARD-AR-224, April 1988.

16Chevallier, J. P., Ciray, C., et al., "Adaptive Wind Tunnel Walls:
Technology & Applications" (WG 12), AGARD-AR-269, April 1990.

17Data from Testing Five Bodies of Revolution in the Gottingen
Transonic Wind Tunnel, 1970/1972/1974, unpublished except for body
No. 3: "Experimental Data Base for Computer Program Assessment"
(WG04), AGARD-AR-138-C2, May 1979.

18Deiwert, G. S., "Computed Pressure Distribution on Axisym-
metric MBB Body No. 5 at M = 0.9," NASA Ames, Personal com-
munication, March 15, 1982.

19Elsenaar, A., Binion, T. W., Jr., Stanewsky, E., and Hornung,
H. G., "Reynolds Number Effects in Transonic Flow," AGARD-
AG-303, Dec. 1988.

20Heinrichs, W., "Messungen am Profil Korn No. 1 im Transson-
ischen Windkanal der DFVLR in Braunschweig (TWB)," DFVLR
IB 129-81/20, Nov. 1981.

21Hoheisel, H., Personal communication on the Wall Pressures in
the Transonic Wind Tunnel Braunschweig, Ho/Mei/129 March 30
1982.

22Hoheisel, H., Personal communication, Test Results from Korn
Profile No. 1 in the Transonic Wind Tunnel Braunschweig, Ho/Mei/
129, May 11, 1982.

23Jackson, F. M., "Calibration of the AEDC-PWT 16ft Transonic
Tunnel with the Propulsion Test Section at Various Reynolds Num-
bers," AEDC TR-77-121, Report Date: Aug. 1978, Reporting Pe-
riod: Oct. 1974-June 1975.

24Loving, D. L., "Wind-Tunnel-Flight Correlation of Shock-In-
duced Separated Flow," NASA TN D-3580, Sept. 1966.

25Puffert-Meu3ner, W., "Data Report on the Cast 7/DoAl Airfoil
in the Transonic Wind Tunnel Braunschweig," DFVLR IB 129-82/
2, March 1982, Contribution for GARTEUR Group 02 on "Two-
dimensional Transonic Testing Methods."

26Puffert-Mei6ner, W., Personal communication on Boundary Layer
Transition and Shock Location, Nov. 29, 1990.

27Reubush, D. E., and Putnam, L. E., "An Experimental and
Analytical Investigation of the Effect on Isolated Boattail Drag of
Varying Reynolds Number up to 130 x 106," NASA TN D-8210
May 1976.

28Richey, G. K., Preliminary Data of the AGARD Ad Hoc Study
"Improved Nozzle Testing Techniques in Transonic Flow," AFFDL,
March 1974.

29Spratley, A. V., Thompson, E. R., and Kennedy, T. L., "Rey-
nolds Number and Nozzle Afterbody Configuration Effects on Model
Forebody and Afterbody Drag," AIAA Paper 77-103, Jan. 1977.

30Stanewsky, E., Puffert-Meifiner, W., Miiller, R., and Hoheisel,
H., "Der Transsonische Windkanal Braunschweig der DFVLR,"
DFVLR IB 129-82/1, Feb. 1982, also in ZFW 6, 1982, pp. 398-408.

31Wagner, S., and Hampel, A., "Der Transsonische Windkanal
des Instituts fur Luftfahrttechnik und Leichtbau der HSBw Miinchen,"
Jahrestagung der DGLR, Hamburg, Oct. 1984.

Recommended Reading from the AIAA Education Series

Introduction to Mathematical Methods in Defense Analyses
J.S. Przemieniecki

Reflecting and amplifying the many diverse tools used in analysis of
military systems and as introduced to newcomers in the armed
services as well as defense researchers, this text develops math-
ematical methods from first principles and takes them through to
application, with emphasis on engineering applicability and real-
world depictions in modeling and simulation. Topics include: Sci-
entific Methods in Military Operations; Characteristic Properties of

Weapons; Passive Targets; Deterministic Combat Models; Probabi-
listic Combat Models; Strategic Defense; Tactical Engagements of
Heterogeneous Forces; Reliability of Operations and Systems; Tar-
get Detection; Modeling; Probability; plus numerous appendices,
more than 100 references, 150 tables and figures, and 775 equations.
1990,300 pp, illus, Hardback, ISBN 0-930403-71-1, AIAA Members
$47.95, Nonmembers $61.95, Order #: 71-1 (830)

Defense Analysis Software
/. S. Przemieniecki

Developed for use with Introduction to Mathematical Methods in
Defense Analyses, Defense Analysis Software is a compilation of 76
subroutines for desktop computer calculation of numerical
values or tables from within the text. The subroutines can be
linked to generate extensive programs. Many subroutines can

Place your order today! Call 1-800/682-AIAA

4AIAA
American Institute of Aeronautics and Astronautics
Publications Customer Service, 9 Jay Could Ct., P.O. Box 753, Waldorf, MD 20604
Phone 301/645-5643, Dept. 415, FAX 301/843-0159

also be used in other applications. Each subroutine fully refer-
ences the corresponding equation from the text. Written in
BASIC; fully tested; 100 KB needed for the 76 files. 1991,131 pp
workbook, 3.5" and 5.25" disks, ISBN 0-930403-91-6, $29.95,
Order #: 91-6 (830)

Sales Tax: CA residents, 8.25%; DC, 6%. For shipping and handling add $4.75 for 1-4 books (call
for rates for higher quantities). Orders under $50.00 must be prepaid. Please allow 4 weeks for
delivery. Prices are subject to change without notice. Returns will be accepted within 15 days.


