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Wind tunnel wall corrections for unsteady flow applying steady 
wall adaptation and CFD-techniques 

H. FORSCHING (GOITINGEN) 

WITH TilE RECENT development of adaptive wind tunnel walls by which steady wall effects are elim
inated or significantly reduced by actively controlling flow near the walls, new possibilities for cor
rection of wind tunnel wall interference have also emerged for unsteady flow. In the present paper, 
prospects and concepts of experimental and analytical techniques for correction of unsteady wind 
tunnel wall effects, in the context of aerodynamic and aeroelao;tic wind tunnel investigation of oscillat
ing lifting systems and bodies, are presented. First, some fundamental relations of motion-induced 
unsteady flow fields, basic to a physical understanding and analytical treatment of unsteady flow 
phenomena, are explained. Then the principal causes of unsteady wind tunnel interference are de
scribed and the practicability of adapttvc wind tunnel walls to ehminate wall interference effects in 
aeroelao;tic wind tunnel model measurements is discussed. Finally prospective wind tunnel wall cor
rections for motion-induced unsteady flow, applying steady flow wall adaptation and advanced CFD
techniques, are outlined. Such a hybrid correction technique for 2D unsteady flow taking into account 
measured unsteady wind tunnel wall data from experiment to formulate precise tunnel wall boundary 
conditions is highlighted. Elaboration of such hybrid correction techniques is a challenging field of 
future aerodynamic research and would contribute substantially to a new generation of wind tunnel 
technology. 

1. Introduction 

WALL INTERFERENCE effects in aerodynamic wind tunnel investigations have been 
found to be a nuisance since the early days of such tests. Moreover, when flight speeds 
were beginning to approach transonic, and when it became necessary to perform wind 
tunnel tests at high subsonic and transonic Mach numbers, it was recognized that conven
tional solid wall wind tunnels became choked and that wall interference corrections based 
on linearized theory diverge as the test speed approaches Mach number one. An obvious 
solution was the contouring of the test section walls which led to early development of 
adaptive wall wind tunnels in the late 1930's. Another solution, that also goes back to the 
same time, was the development of test sections with ventilated (perforated or slotted) 
tunnel walls. The technical and operational simplicity of such ventilated wind tunnel test 
section walls soon led to the abandonment of the much more complicated adaptive ap
proach. Hence, the ventilated wall concept then became the standard technique for high 
speed wind tunnel test sections, although some serious disadvantages had to be tolerated 
with this concept: the generation of aerodynamic noise and an increase in power by about 
50% compared to a solid wall wind tunnel. 

With the advent and the aid of high-speed computers new wind tunnel wall adaptation 
strategies became feasible to determine the exact, interference-free wall countour. Thus, 
since the early 1970's, a renewed interest in adaptive walls arose and great efforts have 
been made-and are still being made-to bring the computer-aided adaptive wind tunnel 
wall technology to practical maturity. At the present time many successful adaptive wall 
test sections are already operational for steady flow aerodynamic investigations. 

With the recent development of such adaptive wall wind tunnel test sections, by which 
steady wall interference effects are eliminated or significantly reduced by actively control-
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ling flow near the walls, new possibilities for correction of wind tunnel wall interference 
have also emerged for unsteady flow. However, in the case of unsteady flow, the wind tun
nel wall interference problem is greatly complicated by additional parameters describing 
the typical time-dependent variation of the unsteady flow field. Moreover, other sources 
of interference, such as tunnel wall reflections in the form of acoustic waves and, as a 
consequence, wind tunnel resonance, may play an important role as well. 

In the present paper, prospects and concepts of experimental and analytical techniques 
for the correction of unsteady wind tunnel wall effects, associated with aerodynamic and 
aeroelastic measurements of oscillating lifting systems and bodies, are presented. First, 
the basic concept of steady wind tunnel wall adaptation is briefly outlined and some 
fundamental relations of motion-induced unsteady flow fields, basic to a physical under
standing and analytical treatment of unsteady flow phenomena, are explained. Then, the 
principal causes of unsteady wind tunnel interference are described and the practicabil
ity of adaptive wind tunnel walls to eliminate aerodynamic wall interference effects in 
unsteady aerodynamic and aeroelastic wind tunnel model measurements is discussed. Fi
nally, prospective wind tunnel wall corrections for motion-induced unsteady flow, applying 
steady flow wall adaptation and advanced computational fluid dynamic (CFD) techniques, 
are outlined. 

2. Basic concept behind wind tunnel wall adaptation 

The basic concept behind wind tunnel wall adaptation is to match two independent 
flow-disturbance quantities measured at an interface (the tunnel wall) in the experiment 
to the same quantities computed from an interference-free flow outside the interface. If 
both quantities were to exhibit exactly the same value, then the contour of this interface 
would be equivalent to a streamline (or stream surface) in an unrestricted, interference
free flow field. This is shown schematically in Fig. 1, where the tunnel wall separates 
the inner, experimental flow region, II, from the outer computed flow region, I, which is 
actually just fictitious. For a real streamline the pressure on both sides of the interface 
must be the same: PI = p11 • Hence, if the measured pressure Pn along the wall inside 
the tunnel coincides with the calculated pressure PI for the fictitious flow over the known 
wall shape, cTJ( x , y ), then the wall shape can be considered adapted. A principal feature 
of this adaptation concept is that there is no requirement for a theoretical representation 
of the flow about the test article. 

Since any adjustment to the flow by means of wall control affects the entire flow 
field, both the inner, experimental flow and the outer, computational flow will change, i.e. 
adaptation becomes an iterative process.ln the past years several such iterative adaptation 
strategies and relating streamlining algorithms have been elaborated, see Refs. [1-3) and 
have successfully heen applied not only to actively controlled flexible wind tunnel walls 
but also to porous walls with variable suction, see Refs. [4, 5). 

3. Basic physical relations of motion-induced unsteady flow fields 

Before the applicability of adaptive walls in the case of unsteady flow is considered, 
some fundamental relations, basic to a physical understanding and computational treat
ment of unsteady flow phenomena, will first be explained in the following. In contrast 
to steady flow the differential equation that governs the inviscid compressible unsteady 
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FIG. 1. Principle of adaptive wind tunnel walls. 
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FIG. 2. Oscillating airfoil in a wind tunnel with coordinate system. 
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flow due to small oscillatory perturbations imposed on a steady, uniform flow field takes 
the form of a wave equation. In reference to rectangular coordinates, see Fig. 2, this 
equation in linearized form for two-dimensional unsteady compressible flow, generated 
by an oscillating airfoil, reads: 

. 2 A!Jo 1 _ 
(1- 1\!c.J <Pxx + t/J yy- 2-U <Pxt- - 2-<Ptt .... 0, 

00 aoo 
(3.1) 

Here, ¢ = ¢( x , y , t) is the time-dependent perturbation velocity potential, U oo the velocity 
of the undisturbed flow, 1\100 the corresponding Mach number and a00 the velocity of 
sound. When the steady free stream Mach number 1\100 is close to unity, the governing 
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equation for 2D transonic flow in its simplest form reads, see Ref. [6]: 

2 .A1Jo {) () .A1Jo 1 
(3.2) (1- l\100 )</Jxx- (I+ 1)-U n:(<Px<Px) + </>yy- 2-U <Pxt- - 2 <Ptt = 0, 

oo ux oo aoo 

where 1 denotes the ratio of specific heats. Equation (3.2) is the time linearised transonic 
small perturbation (TSP) equation, where we recognize a nonlinear term associated with 
the steady flow potential ¢ 0 independent of time t. 
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FIG. 3. Motion-induced unsteady flow field (complex unsteady potential function <p ) of an airfoi l performing 
harmonic pitching oscillations about the 0.425-chord axis (<p'-real part, <p 11-imagi nary part of <p ). 

In the case of harmonic motion of the airfoil, 

(3.3) <P(x, y, t) = <P(x, y)eiwt, 

with the coordinate transformations ( L = reference length) 

I - I tUoo h I 2 (3.4) x=x L, y=/3y L and T= L ' wit {3 = y1- .A100 , 

and upon introduction of a reduced velocity potential <p, 

(3.5) 

Eq. (3.1) can be transformed into the well-known Helmholtz wave equation: 

(3 .6) 'Pxx + 'PVV + >.2<p = 0. 

A fundamental solution of Eq. (3.6) is 

(3 .7) 'P"" H1\
2)(>. r ), 
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where 
H1\

2
) Hankel function of second kind and order zero, satisfying the Sommerfeld radi

ation condition, 
wL 

k Uoo - reduced frequency (w - circular frequency), 

kAf00 .-\ "'7 - reduced wave number, 

€ .-\ Af00 , and 

r Jcx- ~)2 + (fi -7])2 distance between transmitting (€", 7]) and receiving field 
point. 

Hence, the unsteady part of the flow field of a harmonically oscillating airfoil may be 
represented by a superposition of perturbation sources which move with the base flow 
velocity U00 and propagate in the form of waves with the velocity of sound a00 , thus 
exhibiting a waviness of the flow field dependent on the parameters .X and/or € and on the 
mode of oscillation as well. As a typical example, Fig. 3 illustrates the motion-induced 
unsteady flow field of an oscillating airfoil in 20 compressible flow, where <p' denotes the 
real part (in phase with the oscillating airfoil) and cp" the imaginary part (90 degrees out 
of phase) of the unsteady velocity potential cp . It can be seen in Fig. 3 that this unsteady 
flow field is by far more complicated than the steady flow field of an airfoil at rest. 

4. Wind tunnel interferences in unsteady flow 

From the practical point of view, the most important types of motion-induced unsteady 
flow fields in a wind tunnel arise from forced or self-excited (flutter) oscillations of the 
(elastic) model. In such wind tunnel investigations the unsteady aerodynamic data of 
main interest are the magnitude and phase of the motion-induced unsteady aerodynamic 
pressures. For instance, for an airfoil performing a pitching oscillation of amplitude e 
about a mean incidence O'o, the wall interference effects on magnitude and phase of the 
unsteady pressures can be considered under the following headings: 

1) steady effects on the flow for the mean incidence a 0 , 

2) quasi-steady effects in context with the time-dependent kinematic flow conditions 
for all changes of incidence within the range (a0 - 8) < a < (a0 + 8), 

3) unsteady effects on the manner in which the magnitude and phase of the motion
induced unsteady pressure vary with frequency in context with the unsteady wake. 

Hence, the requirements for avoidance of wind tunnel wall interference effects on 
unsteady measurements are: 

1) correct (undisturbed) base flow and correct steady perturbations, 
2) absence of any additional unsteady effects, 

i.e. an unsteady process may be directly affected by steady flow wall interference as well 
as by the purely unsteady sources of interference. 

The principal causes of unsteady tunnel interference-in addition to the well-known 
steady interference effects, such as wall constraint, shock wave reflection in transonic flow 
and wall boundary layers-are, see Fig. 4: 

1) unsteady effects of wall constraint, 
2) reflection by the walls of model-generated acoustic disturbances, and-as a con

sequence-acoustic wind tunnel resonance, 
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3) distortion of the oscillatory wake of the model by other tunnel deficiencies, 
4) inherent tunnel flow fluctuations. 
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FIG. 4. Principal causes of wind tunnel interference. 

Since a clear understanding of these unsteady wind tunnel interference effects is of 
basic concern for the application of adaptive wall concepts, they will be discussed in more 
detail in the following. 

Corrections for unsteady effects of wall constraint-excluding transonic flow-in tun
nels having well-defined wall boundary conditions can readily be obtained from theoretical 
investigations. The corresponding boundary conditions for open and closed (solid) wind 
tunnel walls can easily be established, but it is difficult to obtain quantitative estimates for 
ventilated wind tunnel walls because of mathematical uncertainties about the boundaries. 
For two-dimensional airfoils oscillating in sub- and supersonic flow several such analytical 
unsteady wall correction techniques have already been elaborated, see Refs. [7-12]. 

Reflection of acoustic disturbances from wind tunnel walls and their return to the 
model is a crucial unsteady interference problem. As shown in the previous section, an 
oscillating model generates unsteady pressure disturbances in the form of travelling acous
tic waves which propagate outwards in the tunnel. After being reflected from the walls, 
these disturbances return to the model causing additional pressure changes there. This is 
in contrast to the Sommerfeld far-field radiation condition which requires a reflection-free 
propagation of the disturbances to infinity in free atmosphere. Figure 5 shows an airfoil 
in 20 subsonic flow and the wave fronts from an acoustic disturbance in a uniform flow. 
It is seen that the velocity of propagation of the pressure disturbance from a point Po in 
the direction normal to the wall is Ja~- U~, and the time needed for the disturbance 
to be reflected by the wall and return to Po is 

(4.1) !lt =. 2b/ J a~ - u~ = 2b/ f3aoo' 

where b is the distance to the wall. The attenuation of the disturbance by the time it 
returns to the source will depend on the distance travelled in the moving air which is 

(4.2) 
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Reflection of acoustic disturbances from wind tunnel walls and their return to the 
model is a crucial unsteady interference problem. As shown in the previous section, an 
oscillating model generates unsteady pressure disturbances in the form of travelling acous
tic waves which propagate outwards in the tunnel. After being reflected from the walls, 
these disturbances return to the model causing additional pressure changes there. This is 
in contrast to the Sommerfeld far-field radiation condition which requires a reflection-free 
propagation of the disturbances to infinity in free atmosphere. Figure 5 shows an airfoil 
in 20 subsonic flow and the wave fronts from an acoustic disturbance in a uniform flow. 
It is seen that the velocity of propagation of the pressure disturbance from a point Po in 
the direction normal to the wall is Ja~- U~, and the time needed for the disturbance 
to be reflected by the wall and return to Po is 

(4.1) dt =. 2b/)a~- u~ = 2b/f3aoo, 

where b is the distance to the wall. The attenuation of the disturbance by the time it 
returns to the source will depend on the distance travelled in the moving air which is 

(4.2) 
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Thus the reflected wave when it returns will be weaker (by natural damping), the higher 
the Mach number. When a disturbance from the oscillating airfoil is reflected from the 
tunnel wall back to the wing with such a phase relationship that it reinforces, or cancels 
out, a succeeding disturbance and hence the pressure changes currently occurring on 
the model, then we have the case of acoustic resonance. This certainly is the most severe 
unsteady wall interference problem, first described in Ref. [13] and experimentally verified 
in Ref. [14]. For solid walls, that do not change the phase of the wave on reflection, the 
resonance circular frequency is 

(J 1 
(4.3) Wn = {2n- 1)1rUoo Afoo 2b, n = 1, 2, .... 

For open jet boundaries the phase change on reflection is 1r, so that 

(4.4) 
(J 1 

Wn = 2n1TU00 Aifoo Zb, n = 1, 2, .... 

For a tunnel with ventilated walls, theoretical expressions for the resonance frequencies 
depending on wall porosity, depth of plenum chamber and Mach number are given in 
Ref. [15]. In the case of resonance, where the disturbances form a standing wave pat
tern, the normal velocity has a maximum amplitude and the pressure has a node, i.e. 
is of zero amplitude at the position of the oscillating airfoil. Accordingly, the unsteady 
airloads on the oscillating airfoil will vanish at resonance. A typical example is shown in 
Fig. 6. Whereas for incompressible flow ( l'vf oo - 0) there is no tunnel resonance-the 
resonance frequency decreases with increasing Mach number-and since it tends to zero 
as Aif co - 1, the predicated resonance frequency must coincide with a test frequency for 
some intermediate Mach number causing dramatic changes in the magnitude and phase of 
the unsteady lift on the oscillating model. Fortunately at the higher Mach numbers there 
are influences to reduce these effects. Even for strong reflections from solid walls, the ef
fective air distance travelled increases with Mach number and the reflections thus become 
more attenuated. Also, the reflected disturbances travel more with the flow than across 
it, see Fig. 5. Furthermore, for transonic conditions, when the resonance frequencies are 
low enough, the (adapted) walls in typical transonic wind tunnels will be perforated or 
slotted and the reflections thus more diffuse and attenuated. 

In a free atmosphere an oscillating model would leave behind an oscillating wake the 
vorticity distribution of which is consistent with the unsteady flow at the model. If in a 
tunnel this wake is afiected by a tunnel shock wave, the driving fan or a near tunnel corner, 
the unsteady aerodynamic loading at the model may be notably influenced. There are 
reasons to suggest that this source of unsteady interference is of considerable importance 
in certain special cases of low flow speed and less important in transonic flow. 

Finally, various types of flow fluctuations, often described collectively as tunnel noise, 
can have several unwanted effects, particularly in aeroelastic model investigations. One 
of the principal sources of noise in transonic tunnels is the flow over ventilated walls. It 
is possible to reduce the noise from this source by covering the perforations with gauze 
cloth and to apply sound-absorbing material to the tunnel walls, as shown in Ref. [16]. 

5. Application of adaptive wind tunnel walls in unsteady flow 

From the preceding explanations we have seen that the following wind tunnel interfer
ence effects, due to an unsatisfactory test environment, are of main concern in unsteady 
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aerodynamic and aeroelastic experiments with oscillating models: 
1) interference of the steady base flow field by steady wall constraints, including shock 

wave reflections in transonic flow, 
2) interference of the (superimposed) motion-induced unsteady flow field by wall con-

straints, 
3) reflection of the model-generated acoustic disturbances by the walls, 
4) acoustic tunnel resonance in the test section. 
With regard to the application of adaptive wind tunnel wall concepts to eliminate or 

significantly reduce these wall interference effects in unsteady flow measurements, the 
following statements can be made. 

Ad 1. 
Practicability and feasibility of wall adaptation for steady flow have already successfully 

been demonstrated in many wind tunnels. At least for free stream subsonic flow, in which 
locally supersonic regions may occur near the model, wall adaptation can be incorporated 
with confidence in the design and construction of future wind tunnels. 

Ad 2. 
Unsteady wall adaptation can be realized, at least theoretically, in the same way as for 

steady flow conditions. However, enormous technical efiort is mandatory even for 20-
measurements. Unsteady wall adaptation would require oscillatory moving flexible walls, 
where the motion of the walls and the wall contours would depend on the frequency and 
vibration mode of the model, on the model amplitude of oscillation and on certain phase 
relationships with respect to the motion of the model. Streamlining algorithms for such 
a nomta tionary wall adaptation , even for the simplest case of non-flexible (rigid body) 
oscillatio ns of the model, would be very difficult to establish. 3D adaptive walls lie beyond 
the realm of practicability. 

Ad3. 
Elimination would demand basically the same techniques and requirements as for 

nonadaptive walls, i. e. ventilated walls to diminish the reflections and a model-to-tunnel 
size-ratio as small as possible. · 

Ad4. 
Remains essentially unaffected by adaptive walls and cannot completely be eliminated 

by any type of tunnel wall. 
Summarizing it can be stated that the elimination or at least reduction of unsteady 

wind tunnel wall interference by means of adaptive walls is extremely difficult to realize, 
if not even impossible. Unsteady wall adaptation, therefore, cannot be considered to be 
a reasornable means to overcome this problem. However, since unsteady aerodynamic 
proce~es may also strongly be affected by steady flow wall interferences, particularly in 
the trmsonic flow regime, avoidance of steady flow wall effects by application of steady 
flow 'Mlll adaptation could also significantly improve the results of unsteady wind tunnel 
measurements, as demonstrated in Ref. [17] and shown in Fig. 7. Indeed, the application 
of adapttive walls to minimize interference from steady flow wall constraints, together 
with the application of advanced CFD-techniques which take into account unsteady wall 
pressure: data from experiments to describe precise wall boundary conditions, is most 
promhirng in deriving corrections for wind tunnel wall interferences in unsteady flow. 
Prospectts and concepts for such hybrid wind tunnel wall correction techniques are outlined 
in the fo llowing. 
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FtG. 7. In-phase-component cL of unsteady lift coefficient of a harmonically oscillating model with and without 
steady closed tunnel wall adaptation and with perforated walls (adapted from Ref. [17]). 

6. Wind tunnel wall corrections for unsteady flow applying steady wall adaptation and 
CFD-techniques 

6.1. Prediction methods for 20 unsteady wall interference 

Analytical predictions of wall effects on unsteady pressures and airloads require exact 
knowledge of the wall boundary conditions. Only three types of boundary conditions are 
well-defined, namely those of solid (closed) walls, free jet and of prescribed unsteady wall 
pressure distributions (known from experiment). Porous or slotted walls can be simulated 
only approximately by mixed boundary conditions including free parameters. Until now 
systematic theoretical studies of unsteady wall effects have only been carried out for 2D 
airfoils oscillating in subsonic and supersonic flow. As wind tunnel test s with oscillating 
models are performed primarily for aeroelastic purposes, wind tunnel interference effects 
have to be studied within a wide range of Mach numbers, oscillation modes and reduced 
frequencies. 

For 2D subsonic flow in one of the first systematic analytical investigations on wind 
tunnel wall effects, based on Eq. (3.1) BLAND [7] derived an integral equation relating the 
downwash w (prescribed by the harmonic motion of the airfoil) to the induced unsteady 
pressure jump bp at the airfoil: 

1 

(6.1) w(x) = J K(x- ~~ M 00 , k)bp(~)d~. 
() 

This is an extension of Possio's integral equation [18], which is valid for free stream condi
tions. Bland derived the rather complicated kernel J{ by Fourier transformation, including 
tunnel wall boundary conditions to be automatically fulfilled on infinitely extended walls 
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in the general form: 

(6 .2) 
op 

P ± Cw !) = 0, 
uy 

at y = ±b (ul pper) walls, 
ower 

613 

where cw denotes a specific wall parameter. The limiting cases of solid walls and free jet 
are included in Eq. (6.2), when 

(6.3) Cw = 0 - p = 0 
Cw = 00 - Opj Ofj = 0 

- 'P = 0 (free jet), 
- o~.pjofj = 0 (closed wall). 

Thus, the effects of ventilated walls are described by certain values of cw, but the depend
ence of cw upon the kind of walls, their opening ratio and perhaps Mach number and 
reduced frequency is unclear and would have to be studied systematically by comparison 
with experiments. 

Bland's method was completed by FROMME and GOLBERG [8,9], who improved the 
numerical performance of the solution method and extended it to general oscillation 
modes, including flap motions. They obtained results showing clearly the unsteady wall 
effects, especially the sharp drops in magnitude of the loads and their phase jumps in the 
case of acoustic resonance, see Fig. 8. Wall effects are significant in the whole frequency 
regime and wall-influenced loads are bigger/smaller than the corresponding free stream 
values for closed/open walls, which is well-known for steady or quasi-steady flow. In 
particular, the strong changes in phase deserve special attention. 

11. 
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open wall (cw = O) 

8 

6 

2 

<l>L 

0+---~--~--~--~~--~ -90° 
0 .2 .3 I. k .5 

FtG. 8. Lift coefficient I c L I and phase angle 4> L of an airfoil performing harmonic pitching 
oscillations about the 0.5-chord axis in the case of acoustic resonance (adapted from ref. [8]). 

This numerical method provides exact reference results, but it is restricted to 20 flows 
and to the regime of linear compressibility, i.e. constant Mach number in the whole flow 
field. It hardly appears possible to extend this method to 3D or transonic flow. 
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The following numerical approach, elaborated recently at DLR/Gottingen and pub
lished in Ref. [19], is more flexible. It is also based on the 2D linear Eq. (3.1), but 
can be extended to 3D and even transonic flow as shown later. Within the framework 
of linearised unsteady theory (small amplitudes of oscillation) the position of the airfoil, 
its wake and the walls may be assumed to be approximately parallel to the x-axis, see 
Fig. 2. The airfoil is located midway between the tunnel walls, a distance b away from 
them. Then, as fully described in Ref. [19], this 2D boundary problem can be solved by 
application of Green's theorem: 

(6.4) 

Here, 

(6.5) 

_ _ J a~.p a·l/; 
~.p(x, y) = (1/;-- <p-)ds = 0. an an 

c 

is Green's function which satisfies Eq. (3.6) and Sommerfeld's far-field radiation condition 
according to Eq. (3.7). The integration contour C and the integration paths run along the 
boundaries of the control volume and along those boundaries where 'P is discontinuous, 
see Fig. 9. For free flight conditions, infinite boundaries have no effect. Thus, only the 
profile contour and the wake line have to be taken into account. For flows in a wind tunnel 
the integration path also has to run along the tunnel walls. As a final result one obtains an 
analytical relationship between the downwash w at the airfoil, which is prescribed by the 
airfoil's oscillatory motion, and the unsteady potential value f and the normal unsteady 
velocity component g at the walls, 

(6.6) 
{ 

w = a<p I ay at the profile, 

f = <p on the walls, 

g = a~.p I ay on the walls, 
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in terms of the following set of integral equations: 

{ 

w = A8cp + Atf + A2g, 
(6.7) J = Bj)t(B8cp + Btg), 

g = C1)t(cbcp + Ctf) . 

These equations relate the downwash distribution w to an unknown dipole distribution 
bcp, which provides the unsteady pressure jump at the airfoil by taking the unsteady flow 
values f and g at the windtunnel walls into account. A, At, Az, B0 , B, Bt and Co, C, Ct 
are known integral operators (kernel functions). 

For the numerical solution of Eq. (6.7) the wing profile and the walls are divided into 
line elements (panels) on which w, bcp, J, g are approximately constant for each discrete 
step. The dipole strength in the wake in subsonic flow is approximated by the values near 
the trailing edge and by use of the Kutta condition. Since the unsteady potential function, 
especially downstream of the airfoil, decreases only slowly, see Fig. 3, the control area of 
the integral equation should be extended over several chords (at least 10 upstream and 
10 downstream, as numerical test have shown). Applying this panel technique, or any 
other straight-forward CFD-technique for the numerical solution of Eqs. (6.7), the latter 
will be transferred to a corresponding system of linear algebraic equations, where A, At, 
A2, B0, B, Bt, C0, C, C1 are now the known aerodynamic influence coefficient matrices 
replacing the integral operators, and where w, bcp, J, g are now column vectors of the 
corresponding values at the airfoil and at the wall control points. For the cases of solid 
and open walls, Eqs. (6.7) simplify to the closed forms, 

(6.8) 
solid walls : g = 0- w = (A + A 1 Bj) 1 B)bcp, 

open walls : f = 0- w = (A + AzC1) 
1C)bcp, 

from which the (wall-afl'ected) potential jumps 8cp, and hence the related unsteady pres
sures, can be calculated for a prescribed downwash w, i.e. oscillatory motion of the airfoil. 

In Figs. 10-11 some typical results obtained from this numerical method are illustrated. 
Figs. 10 and 11 show the wall-influenced and free stream pressure jumps in terms of the 
complex unsteady pressure coefficient ~cp = (Pupper - Plower)/ ( qoo • da) (with qoo = 
free stream dynamic pressure and da = pitching amplitude) on a 20 plate, performing 
harmonic pitching oscillations about the 0.425-chord axis, and on an oscillating flap for 
the same Mach number 1\100 , reduced frequency k and wall distance b/ L. Again it can 
be seen that solid walls increase the loads while open walls produce the opposite effect. 
Figure 12 shows the pressure jump dcp for the same conditions as in Fig. 10, except that 
the reduced frequency has been changed so that it is close to the first solid wall resonance 
frequency. It can be seen that both the real part ~c~ and the imaginary part de~ are 
nearly zero in the case of the solid wall. 

6.2. Application of numerical methods for correction of 2D experimental results 

If it is possible to measure the unsteady wall pressure distributions during the test, 
they can be used to correct the wall-influenced unsteady pressure data at the model to 
corresponding freestream values. Such wall pressure measurements are a basic requisite 
in all steady flow adaptive wall concepts. In this case unsteady wall pressure data (in 
amplitude and phase) can alsoreadily be measured. Then the afore-mentioned numerical 
correction technique can be applied in the way described in Ref. [19] as follows. 
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FIG. 10. Complex unsteady pressure coefficient Llcp of an airfoil performing 
harmonic pitching oscillations about the 0.425-chord axis at different wall conditions. 

From the experimental unsteady (harmonic) wall pressure distributions c}f the corre
sponding potentials rpw at the walls can be obtained from 

(6.9) elf= -2(<p~ + i ; 2 <pw )e;a 
and hence 

(6.10) 
x 

10w = -~ J elf(() exp [i(k(- ; 2 x)] d(. 
-oo 

The wall pressures have to be measured at enough points upstream and downstream of 
the model within the area of integration. Then from Eqs. (6.7), one obtains an integral 
equation for the wall-affected dipole distribution fJrp• on the model: 

(6.11) (A+ A2C1)
1C)6rp* = w- (A 1 + A2C1)

1CI)rpw, 

or 

(6.12) Ai fJrp• = w- Airpw = w- ww. 

It can be seen that the wall effects change the downwash and the kernel of the integral 
equation, compared to the corresponding free stream equation 

(6.13) AfJrp = w. 

Substitution of Eq. (6.13) in (6.12), finally, yields the following integral equation: 

(6.14) Ai6rp* = AfJrp- Airpw, 
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in which the kernel functions (influence coefficient matrices) A, Ai and Ai are known 
from theory; 8<p* (and hence Llc?) on the model and <pw at the wind tunnel walls (see 
Eq. (6.10)) are known from experiment. Thus, Eq. (6.14) can be used for correction 
of the measured wall-influenced Llcj>-distributions on the model in order to obtain the 
corresponding free stream values 8r.p or Llcp, respectively. Numerical solution of Eq. (6.14) 
can again be performed by means of advanced CFD-techniques. 

It should be mentioned that SAWADA [12] arrived in his correction technique, where he 
also applied Green's theorem, at a formulation similar to Eq. (6.14). The advantage of his 
approach is, that the pressure distributions at the walls and at the model appear directly in 
his integral equations. But the kernels of these equations are rather complicated functions. 
The results he obtained are encouraging for low frequencies but are not as good in the 
vicinity of the resonance frequencies. Nevertheless, for 2D subsonic flow, this could be 
a promising unsteady wall correction procedure, but an extension to 3D and transonic 
flow and to more complicated (elastic) mode shapes of the oscillating model appears 
to be extremely difficult. Finally, for the sake of completeness, it should be mentioned 
that Jones in his 2D correction technique, see Ref. [20], took the walls into account by an 
infinite series of image singularity distributions by which he derived a correction technique 
for wall interference in subsonic flow. 

6.3. Extension to 2D transonic flow 

An extension of the correction method described in Ref. [19] to 2D transonic flow is 
possible, if 

a) the unsteady flow field may still be treated as a small harmonic disturbance of the 
steady transonic flow field (i.e. small amplitude of harmonic oscillations), 

b) the steady transonic flow field is well adapted (no steady wall interference) and 
known the extension of supersonic regions in the wind tunnel test section is significantly 
smaller than the wall distance from the model. 

[ wall panels 

/llllllllll/11111/1116~11111111/, 

compressibility 
source panels 

local supersonic. 
regions 

dipoles on profile 

7//777777777777777777~7777777777/ 

wall panels 

FIG. 13. Region of integration for the solution of the transonic 20 boundary 
value problem including the additional near-field control area B. 

From a) it follows, that the unsteady flow may be described by a complex velocity 
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potential amplitude function ¢ which is governed by the time linearised TSP-equation 
(3.2). Then, for harmonic oscillations according to Eq. (3.3) and applying the transfor
mations expressed by Eqs. (3.4) and (3.5), the TSP-equation (3.2) takes the form of an 
inhomogeneous Helmholtz equation: 

(6.15) , '"l ( a · ) (c ) i\1~ o c · )) sc ) <p;r:r + <pyy + l'l'"<p = {)£ + 1E I+ 1 7J2¢x <p;r + tE<p = <p . 

A direct integral equation method for the solution of this equation under free stream 
conditions is described in Ref. (21 ]. This numerical computation technique can equally 
be applied to provide corrections for 20 unsteady transonic wall effects, where a wall
interference-free steady transonic flow (by application of adaptive walls) would be a pre
requisite. Figure 13 shows the region of integration for this transonic boundary value 
problem. The additional near-field control area B comprises the local supersonic regions 
and can be represented by a rather limited number of additional unknowns. Then, an 
integral equation problem can be formulated for closed walls as well as for the free stream 
condition, and hence for their difl'erence, which is the potential of the desired correction: 

00 00 

(6.16) 
() B -oo 

on the profile and 

(6.17) 
() B -oo 

in field control points of B, where rpf denotes the free stream disturbance potential. 
Eqs. (6.16) and (6.17) can be solved by the numerical method described in Ref. [21]. 
For ventilated walls the integral equation would also contain normal velocity terms at 
the walls. These terms would have to be eliminated by mixed boundary conditions as 
formulated in Eq. (6.2) by introducing the unknown wall parameter cw. 

6. 4. Extension to JD problems and application of finite difference methods 

In Ref. (22] GARNER et a/. developed a 3D correction method for ventilated tunnel 
walls by describing the wall influences through an infinite series of images of the vortex 
distributions representing the model. This method has been modified in Ref. [ 17] by 
using experimental unsteady pressures at closed tunnel walls which have been adapted for 
steady wall effects. Both methods are restricted to low aspect ratio models and to low 
reduced frequencies (quasi-steady flow). 

3D wall correction by application of the integral equation method described in the 
previous sections for 20 flow will need a great number N of panels for representation 
of the walls (typically several hundred), thus demanding vast computer storage space 
(-- N 2 ) for the calculation of the aerodynamic influence coefficients and long computing 
time (-- N 3 ) for inversion of the influence matrices. 

A significant simplification, especially for complex wind tunnel models, might be pos
sible by neglecting in Eqs. (6 .16) and (6.17) those terms which simulate the model. In 
Ref. [23] ASHILL and KEATING have shown for steady subsonic wall interference that 
this simplification is justified if equivalent free stream velocities and model shapes can 
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be defined. An alternative would be the use of finite difference methods. But in this 
case, the formulation of the unsteady problem in terms of the Helmholtz equation is not 
adequate because it would introduce severe numerical difficulties. In Ref. [24] it has been 
shown, that for finite difference solution of Eq. (3.6) or Eq. (6.15) a limited upper reduced 
frequency exists. Relaxation methods converge only below this limit. For the wind tunnel 
problem its value just equals the lowest tunnel resonance frequency. 

This difficulty can be overcome by formulation of the problem in the time domain (such 
as Eq. (3.1) and Eq. (3.2)) and then application of ADI-solution methods. Assuming 
again validity of a linearized unsteady potential equation (subsonic or transonic time 
linearization), the difference between free stream and wind tunnel flow also satisfies this 
equation. For example in 2D subsonic flow the potential correction ( ¢1 - ¢ ), based on 
Eq. (3.1), is 

{)2 {)2 M2 02 M2 02 
(6.18) -(¢1- ¢) + -(¢'- ¢)- 2~-_-(¢'- ¢)- ~-(¢'- ¢) = 0. 

fJx2 of/ (32 oxfJT (32 fJT2 

While boundary conditions at the model are unchanged by wall effects, thus yielding 
zero downwash for the potential correction, the other boundary conditions have to be 
formulated carefully. For the free stream case non-reflecting boundary conditions, as 
given in Refs. [25] and [26], have to be used at the walls as well as on upstream and 
downstream boundaries. For the subsonic problem these boundary conditions read 

8¢! I M~ a¢! 
(6.19) oy ± 1 _ Jvf~ aT = 0 for y ~ 0. 

For closed tunnel walls we have 

~: = 0, ¢ = ¢w (experimental). 

This yields following boundary conditions for the correction potential ( ¢! - ¢) 

a A12 a M 2 a¢ w 
(6.20) a-y(¢1- ¢) ± 1- ;2 aT(¢!-¢)=± 1- ~2 fJT 

00 00 

at walls. 
It is clear that such 3D unsteady wall correction techniques based on experimentally 

determined wall boundary conditions may presently appear rather prospective. How
ever, with the further development of 3D adaptive wall concepts together with further 
improvements in CFD methods, such hybrid wind tunnel wall correction techniques may 
soon reach maturity. 

7. Concluding remarks 

Adaptive wind tunnel walls, already successfully applied to eliminate steady flow wall 
interference, cannot readily be applied in the same manner to (motion-induced) unsteady 
flow fields. Even in the case of 2D unsteady flow, ~all adaptation would require tremen
dous technical effort: 3D adaptive walls for unsteady flow fields lie beyond the realm of 
practicability. However, as unsteady aerodynamic processes may also strongly be affected 
by steady flow wall interference, application of steady flow wall adaptation would also 
considerably improve unsteady aerodynamic wind tunnel test results. Thus, steady flow 
wall adaptation with the possibility to measure also (after the steady flow adaptation) 
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unsteady wall pressure data, together with the application of advanced CFD-techniques 
which take the measured unsteady wind tunnel wall data into account in formulating 
precise tunnel wall boundary conditions, is most promising in the development of new 
numerical techniques for correction of wall interference in unsteady flow. Elaboration 
of such hybrid correction techniques, and their experimental verification by correspond
ing systematic wind tunnel measurements, is a challenging field of future aerodynamic 
research. It would contribute substantially to a new generation of advanced wind tunnel 
technology. 
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