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Abstract

Testing laminar airfoills or wings in the wind
tunnel, entails some specific experimental pro~
blems. These problems are discussed in the paper
using the (limited) experience of laminar flow
tests made in the High Speed Wind Tunnel HST of
NLR. Special measurement techniques are required,
like infrared imaging for transition detection and
fast continuous wake rake traverses, for detailed
drag assessment. Premature transition due to
contamination of the airfoil surface appears tc be
a problem. It is unlikely that the transition
location in flight will be duplicated in the wind
tunnel due to flow quality and Reynolds number
differences. Therefore a methodology is discussed
to extrapolate the wind tunnel test result to
flight conditions.

1. Introduction

The exploitation of laminar flow to reduce drag
and hence improve the aerodynamic efficiency of
aircraft, has been a challenging perspective since

V)

the thirties . The interest in laminar flow
shows peaks and valleys with renewed attention
during the last decade. It is one of the few areas
in the aerodynamic field with large potential
benefits. Moreover, with improved mapufacturing
technologies, very smooth surfaces are now within
reach. Recent activities in laminar flow techno-
logy have generally been concentrated on the deve-
lopment of linear stability theory (to provide
better guide lines in the empirical art of
transition prediction), flight experiments (to
calibrate transition prediction methods and to
investigate the feasibility of laminar flow wings
under operational conditions) and the design of
laminar airfoil sections and wings. Also,
significant progress has been made in measuring
techniques to probe the laminar boundary laver and
to locate the transition location.

Next to theory and flight tests, wind tunnels
play an essential rdle in the development of air-
craft. The number of publications on wind tunnel
investigations of laminar flow configurations
appears to be somewhat limited, especially for the
transonic regime. This is probably related to
practical problems in laminar flow testing. This
paper will discuss some of these problems, partly
based on (limited) experience with laminar flow
testing in the high speed wind tunnel HST of NLR.
New experimental techniques are required to
measure the transition location and the drag in
sufficient detail but this can be done. It is of
more concern that the quality of the flow (in
terms of noise, turbulence, contamination) in a
wind tunpvel will be, genmerally speaking, less than

what is met at flight conditlons. This effects the
transition location, Since transition is also
known to be very sensitive to Reynolds number
variations, the difference between the tunnel and
flight Reynolds number makes it even more
difficult, if pot impossible, to simulate in the
wind tunnel the extent of laminar flow for flight
conditions. Will it be possible to develop a
methodology to simulate or extrapolate wind tunnel
test results of laminar flow configurations to
flight conditions? Some arguments related to this
question will be discussed 1n the second part of
this paper.

2., The tunnel environment

2.1 Natural transition

The results that will be discussed in this
paper, have been obtained in the transonic wind
tunnel HST of NLR with test section dimensions of

1.6%2 mz (Fig.1). To increase the Reynolds number,
the tunmel can be pressurized up to 4 bar at
Mach=.5 and 2 bar at Mach=.8. Maximum Reynolds
numbers based on chord length are approximately
3.5, 8 and 12 million at Mach=.8 for full model,
half model and two-dimensional configurations
respectively. The possibility to wvary the Reynolds
number has contributed significantly to the
understanding of Reynolds number effects for
conventional {fully turbulent) airfoils and

wings(z’B).

During windtunnel tests of more conventional
designs, significant rvegions of laminar flow are
often observed on the model, depending on the
specific flow conditions. For the evaluation of
test data from different wind tumnnels, the
ambiguity in natural transition location due to
tunnel flow quality 1s a source of uncertainty.
For this reason Dougherty and Fischer made ()
systematic measurements on a 10 degree cone
They observed a correlation between the noise
level and the transition location. Although later
studies(e.g.5) indicated that the relation between
transition and disturbances in the tunnel flow is
far more complex, the noise level, expressed as
Cp—RMS still provides a first indication of the

guality of the tunnel flow. The relatively low
value for the HST (Fig.2) can be attributed to a
very high contraction ratio (1:25) and the use of
slotted instead of perforated walls in the test
section. Part of the noise is generated by the
model support: when removed a significant
reduction in noise level results (Fig.3). Also, it

6
has been reported( ) that support beams for wake
rakes effect the transition location, a detail din
measuring techniques that deserves more attention,
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For an accurate prediction of the natural
transition location the correlation with the noise
level is far too simple. At present, the most accu-~
rate method is believed to be a correlation with
the amplification factor N at the observed
transition location as calculated from linear
stability theory. Such a correlation is presented
in Figure 4 for the HST, using measured tramsition
locations on a two-dimensional laminar airfoil.

The N-values have been taken from stability calcu-

lations with the (compressible) COSAL code(?). At
a low Mach number a N-value of 10 to 12 compares
reasonably well with observations in the low speed
wind tunnel DNW that appeared to be similar to the

values observed in flight(s). At the higher Mach
number of .65 values between 6 and 9 are obtained.
Unfortunately, there is no consensus on typical
N-values at transonic conditions. Stability theory
suggests a favourable effect of compressibility on
transition (see also Fig.20), but the actually
observed values in flight at transonic conditions

range between roughly 6 and 12(9). Figure 4 also
suggests a decrease in the critical N-value with
increasing Reynolds number. Again, 1t is not clear
if this is due to an increased disturbance level
at higher Reynolds numbers or that such a decrease
in N will also occur at (dideal) flight conditions.
In any case, the range of observed N-values
suggests that the noise level in the HST is
sufficiently low to guarantee appreciable regions
of laminar flow.

2.2 Transition due to contramination

In Figure 5 an infraved picture is presented of
a two-dimensional airfoil as measured in the HST

at a chord Reynolds number of 13.5x106. Due to
impact on the model of particles in the flow, dis-
turbances are created op the model surface that
trigger transition. As Figure 6 indicates, a
single roughness element on the airfoil surface
causes already a significant spanwise variation of
the wake drag. The spanwise wake drag variation
that corresponds to Figure 5 is presented in
Figure 7. Due to the contamination of the airfoil
all signs of a laminar region are eventually lost
in the airfoil wake. This appears to be a general
problem in laminar flow testing, although not

1
often veported. In (10 examples are shown of
oilflow patterns, that indicate at high Reynolds
numbers the occurence of turbulence wedges.

Problems with surface contamination have also been

h)
reported in (6’.

Surface roughness effects provide a "by-pass”
to the process of natural transition. A commonly
used criterion to estimate the allowable roughness
height is based on a "roughness Reynolds number"”
defined by:

s =1
Re, Lk.k/nuk

with k= the height of the roughness element and U

and oy, respectively the velocity and the

kinematic viscosity in the (undisturbed) boundary
layer at a distance k from the wall. Transition
occurs when the roughness Reynolds number exceeds
a critical value of about 625 for three-dimensio-
nal and about 100 for two-dimensional disturbances
(this corresponds roughly to a factor of 2.5 in

k
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critical roughness height). Experiments made at

NLR(ll) confirm this relation for a favourable
pressure gradient. Small disturbances have also
been applied intentionally near the leading edge
of a two-~dimensional airfoil in the HST (Fig.8).
Critical values of about 800 have been observed
(Fig.9), higher than expected in view of the
two-dimensional nature of the disturbances
(circular pieces of thin adhesive tape). The steep
pressure gradient in the nose regiop of the
airfoil or compressibility effects might have been
responsable for this high value.

An analysis of the impact pattern on the air-
foil nose for one of the earlier tests indicated
a rather even distribution (Fig.l0) suggesting that
the particles are evenly distributed in the flow
and follow straight trajectories even close to the
airfoil nose. The counting was done after three
days of testing and the large number of distur-
bances is not verv comforting, although most dis~
turbances are too small to be effective. These
results prompted a more systematic investigation
into the origins of the contamination problem. To
this end a "particle collector" has been installed
in the diffusor. This contraption is basically a
small open duct with a removable aluminum plate
and a filter at the end such that the flow is not
completely blocked, At the end of each day the
impact craters on the plate are counted whereas
the particles collected in the filter can be
analyzed. From these early recordings it appeared
that the number of impacts increased drastically
when the tunnel was pressurized. Better filters
were installed in the alr supply line, whereas
air-inlet and blow-off pressure lipes were
separated. Also special procedures are followed to
pressurize the wind tunnel. Many disturbances in
the flow appeared to be man-made like small
quantities of oil, plasticine, adhesive tape,
rubber compound etc. that originated from the
model or model related activities. Special
procedures are now followed to reduce this part of
the problem. Due to these actioms the
contamination has been reduced significantly but
at high tunnel pressures (Reynolds numbers) long
running times are still problematic.

A simple argument helps to understand the cause
of the persistency of this problem. When N par-

4
ticles per m~ are present in the tunnel flow, the
number of impacts n per meter span follows from:

n = N.U.T.c.t/c

with U the free stream velocity, T the total run-
ning time and t/c the thickness to chord ratio of
the airfoil. Even for a very low number of 10—3
particles/m3 25 impacts will occur over a meter
span after 30 minutes of testing (U=200 m/sec,c=.5
m, t/c=.15). By the same argument partial
filtering of the tunnel flow is likely to be quite
effective and this will be tried in the npear
future.

2.3 Instrumentation

In view of possible contamination of the air-
foil, it is essential to have an overall view
during the execution of the test of the transition
pattern on the wing. This is also required for an
analysis of the aerodynamic characteristics.



Transition detection by means of the infrared
technique (¥ig.53,8) is well proven by now (see

Fig.11 taken from (12)) and provides a good
solution to this problem. At low Mach numbers when
the temperature differences are small this
technique is somewhat problematic. But when the
tunnel is equipped with a cooling system (as is
the case for the HST) use can be made of
temperature transients, enabling the application
of this technique also at low speeds. A disadvan-
tage is that the model has to be provided with a
thin laver of insulating material. An epoxy insert
with a thickpess of about 3 mm has been used on
two-dimensional models. A double laver of PVC~foll
(= .2 mm thick) however, appeared to be sufficient
as well and can be applied, with some care, on
metal models. Dornier GmbH has made half model
test with a wing of carbon-fiber—epoxy contruction
around a metal core and such a model is of course
ideally suited for the application of the {infrared
technique.

Another experimental problem is the possibility
that pressure holes trigger transition, at least

at high Reynolds numbers (13), It has been
that this is not caused by the disturbance
hole itself, but by in- and outflow of air
the pressure tubing. According to the NLR
experience .25 mm holes do not present a problem,
even at the highest tunnel Reynolds numbers.
However, this experience is limited to (almost)
two-dimensional flows without cross—flow
instabilities. It is nevertheless still often
practice to locate pressure holes outside critical
regions of laminar flow. This 1s a problem since
rather accurate pressure distributions are
required for the calculation of the laminar
boundary layer development and the subsequent
stability analysis as will be discussed below. It
ig felt that the possible effect of pressure ho
on transition requires more attention.

argued
of the
from
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Drag reduction is the main aim of laminar flow
technology. Drag can be measured in a conventional
way with balances. Since detail is lost in this
way a permanent observation with the infrared
technique is essential to observe the (unwanted)
occurrence of turbulent wedges and (possibly) to
correct for these effects if the wing is slightly
affected. For the evaluation of a laminar flow
design more detailed information will be required.
This can be obtained by traversing a wake rake
some distance behind the trailing edge. The use of
a fast electronic pressure scanning system (EPS)
is of great advantage here. Details of the
application of this technique in the HST environ-

ment can be found in (14). It is sufficient to
note here that the local wake drag (viscous and
wave drag) 1s obtained from a continuously
traversing wake rake by intergrating both in time
and space. One complete scan over a span of 1l m
can be made in 100 seconds. A typical example of
the repeatability of the drag measurements is
shown in Figure 6. In this case three scans

(with various traversing speeds) have been made
behind the laminar flow region of a two-dimensio-
nal airfoil (a disturbance has been fixed
intentionally on the model nose in this case).
Figure 12 shows an iscobar plot of total presure
losses behind a half model wing tested ip the HST.
In this particular incidence, the inner wing has
laminar flow on both surfaces whereas the outer
wing is laminar on the upper surface only. Note

176

also the wavy-~like character of the total pressure
losses in the wake.

3. The Reynolds number problem

3.1 General remarks

Figure 13 shows the (wake)drag of a lamipnair
airfeoil as a function of the incidence o for three

Reynolds numbers of 6.7, 9.6 and 13.2*106 respec-
tively. These results have been obtained In a
continuous incidence sweep with the above discus~
sed EPS system. The figure clearly illustrates the
gsignificant effect of a Reynolds number variation
on the extent of the laminar drag bucket. It
suggests that at a Reynolds number of 30 million
(typical for a medium range transport aircraft)
only a small low drag region would have left. But
this is not necessarily the case: the flow quality
in the wind tumnnel environment might be such that
the extent of lamipar flow is underpredicted.
These two elements, the Reynolds number gap and
the influence of the flow gquality on the
transition location constitute the two basic
problems in the extrapolation from windtunnel to
£light. In this and the following sections some
aspects of this problem will be presented to
stimulate further discussion.

The "Reynolds number problem" for conventional
(turbulent) aircraft has been dealt with exten-

sively (1’2). in these refences a distinction is
made between direct and indirect Reynolds number
effects (Fig.l4). Direct Reynolds number effects
are defined as the variation of viscous flow
phenomena (like transition location, separation,
viscous drag) with Reynolds number for a "frozen"”
pressure distribution. Indirect Reynolds pumber
effects are related to changes in the pressure
distribution (e.g. variations in shock strength
and position, effecting wave drag, changes in
incidence or pitching moment at constant 1lift) as
a result of changes in the viscous boundary
conditions on the airfoil surface resulting from
the direct Reynolds number effect. Direct and
indirect Reynolds number effects are closely
connected due to so called "strong viscous flow
coupling”, but the distinction is useful for the
understanding of the basic phenomena. Examples of
both effects for laminar airfoils will be discus-
sed in the next sections.

3.2 Direct Reynolds number effects

The variation of the transition location (for a
fixed presure distribution) is a typical example
of a direct Reynolds number effect. Since it
depends on the signature of the pressure
distribution one might expect that also the way in
which the direct Reynolds number effect manifests
itself, depends on the type of pressure
distribution. Tn Figure 15 three different types
of pressure distributions are schematically
depicted. A good example of the types "A" and "R"
(Fig.16) can be observed on respectively the upper
and the lower surface of the laminar airfoil for
which the drag variation was already shown in
Figure 13. The corresponding transition point
variations as observed in the wind tumnel at three
different Revnolds numbers are presented in Figure
17. Type "A" represents a case where the locatiom
of the transition point changes gradually with
incidence, whereas for type "B" an almost discon-



tinuous shift ip transition location is noticeable,
The type "C" pressure distribution (Fig.18), is
typical for tramsonic conditions. The transition
is caused by the steep pressure gradient at the
shock location and the direct Reynolds number
effect on the transition location is absent,
provided that the pressure gradient in front of
the shock is sufficiently favourable not to cause
transition ghead of the shock.

The direct Reynolds number effect on the transi-
tion location can be estimated with stability
theory. An illustration 1s given in Figure 19
where results of COSAL calculations in terms of
the amplification factor N for two lift
coefficients and two Reynolds numbers are shown.
Similar results for the other two types of
pressure distributions have been indicated
schematically on the right side of Figure 15.
Starting from measured pressure distributions at
wind tunnel conditions, these calculations can
provide estimates for the direct Reynolds number
effect on the transition location, and hence the
extent of the laminar flow bucket, as also
indicated in Figure 15. The accuracy of such a
prediction will depend critically on the relia-
bility of the N-value method. Hence, extensive
N-value correlations for flight conditions are
indispensable.

When the flow quality in the wind tunnel is
sufficiently good, the laminar drag bucket will be
larger in the windtunnel than in flight due to a
favourable effect of a Reynolds number decrease on
the transition location. In principle the flow
quality (e.g. nolse or turbulence level) can be
exchanged against the Reynolds number such that
the transition locations will be identical for
wind tunnel and flight (see Figure 19 for an
illustration) In practice this appears not te be
very useful ip view of the complex and unknown
relation between flow quality and tramsition.

Note that an increase in turbulence level to
increase the effective Revnolds number for
windtunnel tests has also been suggested for

AY
conventional aircraft testing(ls)

different arguments.

, though on

It is clear from this discussion that, in
general, the natural transition locatiom in flight
will not be reproduced in the wind tunnel. Hence,

a reliable transition prediction method is essen-
tial, not only for the design of laminar flow air-
craft but also in a methodology to extrapolate wind
tunnel results to flight conditions. Unfortunately,
the universal validity of a critical N~-value is
today still verv much an open question. In view of
this uncertainty, it might be of advantage to
correlate critical N-values for the usual range of
wind tunnel test conditions as well. This corre-
lation can be of the form:

BNtunnelnglight_Ntunnel=functlon

(R eflight’ tunnel flow qualltv)
Such a correlation can be established by test-

ing identical airfcil shapes in the wind tunnel

and in flight (e.g. from wing glove flight tests).

R
etunﬁel/

The search for such a correlation might contri-
bute to a better understanding of the limitations
of the N-value method. Figure 4 suggests that the
critical N-balue decreases with increasing Mach
number and, to a lesser extend, with increasing

Reynolds number. Since corresponding flight tests
are not available for this case, 1t can not be
decided if this variation is caused by a tunmnel
effect or reflects a more basic phenomena that is
also pregent at flight conditions. The answer to
this question is of interest not only for the
windtunnel but also for flight. If such a corre-
lation can be established the wind tunnel
measurements may have some kind of predictive
value for the transition location in f£light. They
are also required to analvze and understand
transition point variations (e.g. with incidence)
observed in the wind tunnel tests. Such variations
can be due to unexpected pressure peaks or
pressure gradients in the design, that might be
unwanted in flight.

One final remark should be made here. It is now
common practice to derive critical N-values from
iinear stability theory. But the N-value can be
defined and calculated in different ways (see e.g.
Fig.20) and there is no consensus at present which
method gives the best representation of the actual
transition process. This is of minor importance
for one particular type of application but it pro-
hibits a general exchange and build-up of
experience. It seems to be essential that the aero-
dynamic community agrees on a standard method to
define the critical N-value.

3.3 Indirect Reynolds number effects.

In section 3.2 the direct Reynolds number
effect defined as the change in viscous effects
for a "frozen' pressure distribution has been
discussed. However, the pressure distribution
itself 1is influenced to some extent by the
boundary layer development. This variationm in
pressure distribution, defined as the indirect
Revnolds number effect, represents a complicating
factor in the Revnolds number problem for laminar
airfoils.

A variation in boundary layer development due
to transition point variations and/or Reynolds
number changes causes a lift loss and a related
variation in pitching moment. It is the cause of
large non-linear variations in the 1ift and pitch-
ing moment curves for laminar flow airfoils as
illustrated in the figures 21 and 22. The 1ift and
pitching moment in this case was obtained from a
pressure integration and the pressure holes might
have influenced the transition location at the
pressure section. For the lowest Reynolds numbers
the flow is believed to be laminar up to 60 Z
chord for lift values between roughly 0.1 and 0.7.
At the highest Reynolds number contamination of
the airfoil surface has decreased the extent of
laminar flow such that the result is more similar
to a case with forward tranmsition. Apart from this
experimental difficulty, the figures illustrate
significant non-linear effects due to transitioen
point variations. Since the viscous losses depend
on the Reynolds number, a change in Reynolds
number will affect these variations. This kind of
non~linear behaviour in the aerodynamic
characteristics is of some concern for the
application of laminar airfoils from the point of
view of stability and control.

The Reynolds number effect to be discussed is
related to a coupling between the natural transi-
tion location and the change in pressure distribu~
tion due to the indirect Reynolds number effect.
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Figure 23 shows the pressure distribution of a
laminar airfoil at two Reynolds numbers. The boun-
dary laver was laminar up to about 60 7 of the
chord on upper and lower surface. Since the boun—
dary lavers are thin, the pressure distribution is
hardly affected by the Reynolds number change.
Figure Z4 shows two pressure distributions for the
same airfoil both at a Reynolds number of 9.5
million. In one case the flow was laminar over
forward part of the airfoil, in the other case
premature transition occurred due to contamination
of the airfoil ipn the wind tunpel. The change in
pressure gradient over the front of the airfoil
should be noted here. In that particular design,
the pressure gradient over the rear of the airfoil
was such that trailing edge separation occurred
(at low tumnel Reynolds numbers) when the boundary
laver was fully turbulent as can be seen from the
pressure distribution.

the

The example illustrates a coupling between the
transition location and the pressure distribution.
Such a coupling might also occur for Reynolds
number variations at conditions close to trailing
edge separation. When the Reynolds number in~-
creases, the natural transition location will move
forward (for type "A" pressure distributions),
thereby increasing the extent of the trailing edge
separation and (throught the indirect Reynolds
number effect) decreasing the pressure gradient
over the front of the airfoil. This in turn will
move the transition point further forward causing
more tralling edge separation. The loss of 1lift
that is related to this indirect Reynolds number
effect, will be more severe when the boundary
layer at the trailing edge is closer to
separation. This can happen for conditions at "the
flank of the drag bucket" where (for the upper
surface) the transition moves upstream with
increasing incidence. When the boundary laver is
close to separation, a rotation of the "“flank of
the drag bucket" might be observed as depicted
schematically in Figure 26. Such a rotation can
alsc occur in the 1lift and pitching moment curves
(Fig.21 and 22).

There 1is no easy rvecipe to guantify this
indirect Revynolds number effect. It will be more
pronounced when the boundary laver is close to
separation at the trailing edge. Such a situation
might occur for a verv critical laminar flow
design, where some trailing edge separation is
accepted in the off-design case of (unwanted)
forward transition. Artificial boundarvy laver
tripping might give some indication of the
magnitude of the indirect Reynolds number effect.
Also, theoretical tools will be needed to assess
possible effects in more detail. Calculation
methods that can accurately describe strong
viscous/inviscid interactions in combination with
detailed stability calculations are essential in
this respect. Apart from the stability
calculations, the situation is not very much
different from more conventional airfoils that are
close to separation at low tunnel Revnolds number.

3.4 From wind tunnel to flight; some thoughts

In 3 a methodology is described to treat
Reynolds number effects for conventional aircraft
in the transonic regime. In this section some ideas
with respect to the possibility of such a methodo~
logy for laminar flow configurations will be
described.
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The prediction of the full scale aerodynamic
characteristics from wind tunnel test results
requires, among others, the "mapping” of the aero~
dynamic characteristics in the Lift-Mach number
plane from wind tunnel to flight as a functiop of
Reynolds number. Different flow regimes can be
distinguished and figure 25 illustrates these
regions tentatively for a laminar configuration.
Three main regions have been indicated that differ
in the maximum extent of laminar flow on the upper
and/or lower surface. Region I is the laminar flow
bucket with fully developed laminar flow (up to a
steep pressure gradient) on both the upper and the
lower wing (or airfoil) surface. In this region
the design point is located. The extent of this
region increases with increasing Mach number since
compressibility has a favourable effect on boun—
dary laver stability. Moreover, at a sufficiently
high 1ift and Mach number the pressure
distribution changes from type "A" or "B" to tvype
"C" characterized by a region on the upper surface
with a favourable pressure gradient terminated by
a shock wave (Fig.18). For the two other regions
IT and III transition occurs at one surface near
the leading edge. Region IT with turbulent flow on
the upper surface, will be encountered at higher
1lift values where transition will be caused by a
pressute peak at the leading edge. In region IIT
only the lower surface is turbulent as a result of
a pressure peak on the lower surface at
sufficiently low 1lift values. In between the
regions T and II and 1 and III transitional
regions are present where large transition point
variations can be observed, either gradually (tvype
"A"Y or discontinuously (type "B"). The picture
might be more complex than the one shown here when
the pressure distribution is such that for the
regions IT and III transition point variations
alsoc occur on the lower, respectively the upper
surface.

As is recommended for "conventional® designs(3)
the testing of a laminar flow configuration will
also start with a "transition free' and a "transi-
tion fixed" configuration. The latter is realized
by artificially tripping the boundary layver at a
location close to the 1leading edge. The fixed
transition case represents a "worst case”". It is a
logical requirement that a laminar flow design has
acceptable aerodynamic characteristics when the
wing is severely contaminated (e.g. due to insect
contamination or adverse wheather conditions).
Additional information is obtained from tests
where transition is artificially fixed on either
the upper surface or the lower surface. A
comparison of aerodynamic data for the free, mixed
free/fixed and fixed transition cases provides a
first indication (for windtunnel conditions!) of
the flow regions where laminar flow occurs (by
evaluating drag results), and its effect on the
overall forces, moments and pressure distributions
(if measured). The latter provides a first
indication of the severety of possible indirect
Reynolds number effects.

After this an in depth study of the transition
point variations is required for the transition
free case. The infrared technique, possibly imn
combination with (fast) wake rake traverses pro-
vides such a detailled map of the transition
phenomena. Based on an iInterpretation of these
data a distinction can be made between flow
conditions where the transition is predominantlvy
caused by steep pressure gradients or shock waves
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(1ikely to be Reynolds number insemsitive) and
conditions where gradual transition point
variations occur. This is similar to
distinguishing between type "A"™, "B" or "¢V
pressure distributions. Boundary laver stability
calculations are required to establish if the
observed tramsition point variations are in lipe
with the predictions (for wind tunnel test condi-
tions) and how the transition locations are likely
to change for flight conditions (using the N~value
correlations described in 3.2).

In the extrapolation methodology region T will
be discussed first. The extrapolation for this
region will be simplified when the conditions (in
terms of the CL—Mach number plane) cover in the

wind tunnel a larger region than ip flight., This
situation is likely to occur when the turbulence
level in the wind tunnel is sufficiently low, In
section 2 1t ds shown that the critical N-values
are not too distinct from the (ususally guoted)
values for flight. The difference in Reynolds
number between wind tunmnel and flight is likely to
provide sufficlent compensation in this respect.
If this is not the case it might be advantageous
to lower the Reynolds number in the wind tunnel.
In other words: one should try to establish
laminar flow in the wind tummel for those
conditions where it will also occur in flight. It
is to be expected that the indirect Revnolds
number effects are small for these conditions. The
large extent of laminar flow keeps the boundary
layer thim and trailing edge separation will not
be critical (if it is critical the off-design case
with fully developed turbulent flow is likely to
be unacceptable). Therefore boundary laver compu~
tations will be sufficiently accurate to scale

the drag from wind tunmel to flight in this part
of the flight regime, however with a possible
exception for the effects of laminar separation
bubbles as to be discussed below.

Due to the steep pressure gradient that termi-
nates the laminar flow area in region I, laminar
boundary layer sepavation will occur. Although
laminar separation itself is Reynolds number
independent, the extent of the separation bubble
is not, due to the Reynolds number effect on
transition in the free shear layer at the edge of
the bubble. At typical tunnel Reynolds numbers the
bubble length can be of the order of 10 7 chord.
It has a (local) effect on the pressure distri-~
bution and possibly on the drag. When shock waves
are present, as will be the case for type "C"
pressure distributions, Reynolds number effects on
laminar shock-wave boundarvy laver interaction
should also be included. There is a distinct lack
of knowledge inm this area and fundamental and
applied research seems to be required.

The scaling problem for the regions II and 111,
with turbulent flow on one of the two airfoil sur-

faces, is similar to the conventional(g) scaling
problem (the laminar surface will hardly contri-
bute to the Reynolds number effect). The Reynolds
number efffects might be severe for a critical
design. Testing at the highest possible Reynolds
number is of advantage. An indication of the
severety of the Reynolds number effects can be
obtained from Reynolds number sweeps if the tunmnel
can be pressurized, provided that the.natural
transition location at the "laminar" surface is
not affected.

The most difficult regions of Figure 25 to deal
with are the transitional regions between the
regions T and IT and I and I1I. Since the natural
transition location will in general not be dupli-
cated in the wind tunnel (for reasons described
in 3.2), linear stability calculations have to be
used in the extrapolation process. The prediction
of the transition point variations in this region
is critically dependent on the validity of the
N-value correlation for flight conditioms.
Moreover, if indirect Revynolds number effects are
strong, a situation that is likely to occur, an
additional uncertainty will be introduced in the
calculations. However, since the extent of the
laminar flow in region I is likely to be larger in
the wind tunnel than in flight (see above)
artificial transition strips at the (predicted)
flight locations might provide a good simulation
of the indirect Reynolds number effect. A refined
aft~fixation technique might even be attempted by
locating the transition strip downstream of the
estimated flight transition location such that the
boundary layer thickness at the trailing edge at
tunnel Revnolds numbers is comparable with the
(predicted) thickness at the flight Reynolds
number.

The procedure as outlined above is far from
simple although there is some similarity with the
conventional scaling problem. Like the aft-fixa~
tion techmique for conventional Revynolds number
scaling, the aerodynamic characteristics (1like
CL—a, CL-Cm and CL—CD) have to be reconstructed
piece wise by "patching"” different parts of the
measured characteristics (sometimes, as for drag,
with additional theoretical scaling) together. A
new aspect is that the flight prediction criti-
cally depends on the reliability of the N-value
correlation. It seems fair to remark that in any
serious design of a laminar aircraft critical
N-values have to be obtained from flight tests
using a laminar flow glove with a similar type of
pressure distributions as anticipated in the
design., Additional correlations with wind tunmel
test results for the same glove geometry are
important for a validation of some aspects of the
extrapolation methodology. The use of cryogenic
windtunnels to match flight Reynolds numbers does
not provide an adequate answer to the scaling
problem since tunnel envirommental effects (the
contamination problem will be especially severe at
high unit Reynolds numbers) will spoil the proper
simulation of the flight conditions.

4, Concluding remarks

Test technigues, notably the infrared technique
for the measurement of the tramsition location and
fast scanning traversing wake rakes for drag
assessment, seem to be adequate for detailed
investigations of laminar flow configurations in
the wind tunnel. Contamination of the model
surface due to the impact of particles in the flow
presents a problem and requires further attention.
The extrapolation of wind tunnel test results to
flight conditions constitutes the most serious
problem in wind tunnel testing, not only in view
of the Reynolds number difference, but also because
the transition process itself is likely to be
influenced by windtunnel environmental effects
like noise and tunmel turbulence. When these
disturbing effects are sufficiently low to realize
at least the same extent of laminar flow in the
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wind tunnel as in flight a methodology can be
developed to predict flight characteristics on the
basis of wind tunnel tests. However, some essen—
tial elements in this methodology still have to be
filled in, leading to the following recommenda-—
tions:

. since the transition location in flight has to
be derived from calculations, detailed corre~
lations of the critical WN~value as derived from
livear stabilitv theory are essential; these
correlations should also be made for tunpel
conditions;

. the value of these correlations will improve
considerably if the aerodynamic community can
agree on a standard method to calculate
critical N-values;

. fundamental studies to improve the phvsical
understanding of the relative success of
stability theory to predict transition, inclu-
ding the effects of external disturbances,
should be strongly supported;

. fundamental and applied research is needed to
investigate the Reynolds number effects on
laminar separation bubbles and laminar shock
wave boundary laver interactions.
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