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SUMMARY 

The effect of the sidewall boundary-layers in airfoil testing in two

dimensional wind tunnels is investigated. The non-linear crossflow velocity 

variation induced because of the changes in the sidewall boundary-layer 

thickness is represented by the flow between a wavy wall and a straight 

wall. Using this flow model, a correction for the sidewall boundary-layer 

effects is derived in terms of the undisturbed sidewall boundary-layer prop-

-erties, the test Mach number and the airfoil aspect ratio. Application of 

the proposed correction to available experimental data showed good correla

tion for the shock location and pressure distribution on airfoils. 

INTRODUCTION 

A simplified analysis in the form of a modified Prandtl-Glauret rule to 

account for the attached sidewall boundary-layer effects was proposed by 

Barnwell (Ref. 1). This was later extended to transonic speeds using the 

von Karman similarity parameter by Sewall (Ref. 2). The Barnwell-Sewall 

correction for the test Mach number has been found to be quite effective in 

giving good agreement between the measurements and the predictions of the 

Grumfoil computer code for various airfoils tested in the Langley O.3-m 

Transonic Cryogenic Tunnel (Ref. 3-5). From these studies, it appears that 

the change in the sidewall boundary-layer characteristics due to the airfoil 

pressure field can be a significant source of blockage correction, particu

larly at transonic speeds. 

The Barnwell-Sewall correction has been derived under certain assump

tions of simplified boundary-layer treatment arid linear variation of the 

crossflow velocity across the width of the tunnel. These assumptions imply 



that the airfoil chord is sufficiently large so that the effect of the side

wall boundary-layers can be considered to be quasi- one dimensional. Barn

well has shown recently (Ref. 6) that the linear crossflow assumption is 

justified provided (4o*/b)(b/c)2 is small. Hence, this assumption is likely 

to become less accurate when the width of the tunnel is much larger than the 

airfoil chord. (i.e., for high aspect ratio models). 

Since the inapplicability of the Barnwell's correction to large aspect 

ratio models is mainly due to the linear crossflow assumption, it appears 

that the validity of this correction can be improved if a more realistic 

assumption for the crossflow velocity variation is made. In the present 

report, this has been attempted by considering the compressible flow between 

a straight wall and a wavy wall. For this problem, the ratio of the 

crossflow velocity at any point in the flow to that at the wall is only a 

function of the distance from the wavy wall. It is assumed that the 

crossflow velocity variation along the airfoil span with sidewall boundary

layer effects can be represented by this wavy wall flow model. Using this 

approach, a modification to the Barnwell-Sewall correction is proposed to 

account for the airfoil aspect ratio. 

b 

c 

NOMENCLATURE 

Semi-width of the tunnel 

Airfoil chord 

Lift coefficient 

Normal force coefficient 

Pressure coefficient 

Shape factor of the sidewall boundary-layer 

Constant (See Eq. 16) 
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kl Constant (See Eq. 5) 

k2 Constant (=2~a bit) 

t Wavelength of the wavy wall 

ts Length of source distribution 

M Mach number 

n Coordinate normal to the wavy wall (Fig. 2) 

U Velocity 

u Perturbation velocity in the x-direction 

v Perturbation velocity in the y-direction 

w Perturbation velocity in the z-direction 

Wo Crossflow velocity at the sidewall 

x Streamwise coordinate 

Xs Shock location on airfoil surface 

y Normal coordinate 

z Spanwise coordinates 

* o Sidewall boundary-layer displacement thickness 

E Amplitude of the wavy wall 

a Compressibility factor 

~ Velocity potential for the 2-D wavy wall flow (Fig. 2) 

~w Velocity potential corresponding to wind tunnel flow 

Subscripts 

c Corrected values 

e Conditions at the edge of boundary-layer 

exp Experimental values 

m Free stream condition 
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ANALYSIS 

For the steady subsonic flow over an airfoil in a nominally two-dimen-

sional wind tunnel of width 2b (Fig. 1), the development of the boundary-

layer on the sidewalls introduces a spanwise velocity across the width of 

the tunnel. This spanwise velocity is maximum at the sidewall, and zero at 

the mid-plane because of the symmetry. In general, the flow in the tunnel 

tends to become three-dimensional and the corresponding small perturbation 

equation for the flow in the tunnel is 

( 1-M2) A. + <1> + A. = 0 
= ~w,xx . w,yy ~w,zz 

(1) 

The corresponding boundary condition for the spanwise velocity is imposed at 

the sidewall (z = ± b) 

* = + U ~ 
e ax 

(2) 

where Ue is the velocity at the edge of the boundary-layer. Following 

Barnwell, the rate of boundary-layer growth on the sidewalls can be approxi

mated by 

* ao 
ax 

( 3) 

In arriving at equation (3), it is assumed that the sidewall boundary-layer 

can be approximated by a flat plate boundary-layer with its equivalent 
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length much longer than the airfoil chord c, so that the change in the side

wall boundary-layer thickness is predominantly due to model induced chord

wise pressure gradients. In airfoil tests, the interest is often confined 

to pressure measurements over the midspan region of the airfoil. The 

influence in this region due to sidewall boundary-layers is an integrated 

effect of what is happening at the airfoil/sidewall junction and will be 

relatively insensitive to the details of the boundary-layer development at 

the sidewall. Hence, instead of solving the complicated problem of three

dimensional boundary-layer development at the airfoil/sidewall junction, 

Barnwell combined equations (2) and (3), and assumed a linear variation of 

the spanwise velocity between the sidewall and the mid-span. This assump

tion of linear variation implies that the change in the streamtube area is 

gradual so that the sidewall boundary-layer effect can be treated one-dimen

sionally (Ref. 8). 

In the present treatment, the effective shape of the sidewall is repre

sented by a wavy wall of amplitude E and wave length 1. It can be argued 

that the values of E and 1 will be related in some way to the sidewall 

boundary-layer thickness and the airfoil chord, respectively. While it may 

be difficult to identify a priori the exact nature of dependence, it is 

hoped that this wavy wall representation will at least provide an insight 

into the variation of sidewall boundary-layer effects· with changes"in E 

and 1, which are in effect equivalent to changing the sidewall boundary

layer thickness and the airfoil aspect ratio. 

For the two-dimensional wavy wall model shown in Figure 2, the perturb-

ation velocity potential can be written as (Ref. 9) 
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sin 

where 

and 

By differentiating equation (4), the normal velocity variation can be 

written as 

sin 

At the wavy wall (n=O), the normal velocity is given by 

(
ael» = kl k2 (e -2kL l' sin 
an n=O b \ / 

At the straight wall, the normal velocity is zero. Therefore, 

(4) 

(5) 

(6) 

(7) 

(8 ) 

Using equations (7) and (8), the ratio of the normal velocity at any point 

to that at the wavy wall can be written as 
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or 

a<jl/an 

(a<jl/an) n=O 

w = Sinh {k2 (1 - nIb)} 
WO Sinh k2 

Writing z=b-n, equation (lOb) can be written as 

(a<j>/az) = Sinh (k2 z/b) 

Sinh k2 

(lOa) 

(lOb) 

(11) 

Equation (11) gives a relation for the variation of the spanwise velocity 

which reduces to a linear relationship for small values of the parameter 

k2. This situation occurs either when the Mach number approaches unity or 

the wave length (alternatively, the airfoil chord) is large compared to the 

width of the tunnel. 

The relation derived in equation (11) can be used in an empirical 

manner to represent sidewall boundary-layer effects by using the value of 

the spanwise velocity induced due to boundary-layer at the sidewall. Com

bining equations (2) and (11), 

az 

* U~ 
e ax 

Si .. nh (kt_z/b) 
Sinh k2 

= 0* (2 + .!. _ M2) Sinh (k2 z/b) 
e <jlw,xx 

H Sinh k2 
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Differentiating equation (13) with respect to z, it follows 

a
2

<jl * ( __ w=~ 2+~-
az2 b H 

Cosh (k2 z/b) 

Sinh k2 ax2 
(14) 

Combining equations (1) and (14), the flow in the wind tunnel with sidewall 

boundary-layers can be approximated by 

where 

2 
(1 - M + k) A. + A. - 0 = ~w,xx ~w,yy 

k = °b* (2 + .!.H - M:) [k2 Cosh (k2 Z/b)] 
Sinh k2 

At the median section (z=O), equation (16) reduces to 

k = 0* (2 + 1. _ M2) (k2 ) 
b H e Sinh k2 

(15) 

(16) 

(17) 

The factor k2/Sinh k2 depends on the test Mach number and the airfoil 

aspect ratio. The form of the equation (15) is the same as that originally 

proposed by Barnwell except that in the present case the definition of the 

term k is different as given by equation (16). It has been 'shown in 

Reference (8), that the small disturbance equation (15) representing the 

sidewall effects can be interpreted as causing changes in both the test Mach 

number and the airfoil thickness. The modification to account for the 

transonic effects are given in References (2) and (8). Hence, the 

correction to the test Mach number and forces can be done in a similar 

8 



manner using the value of k defined by equation (17) which also accounts 

for the airfoil aspect ratio. 

The corresponding expressions for the corrected Mach number (Mc) and 

the corrected pressure coefficient (Cp,c) are given by 

1 - M2 + k 1 - M2 
C CXI = 

M4/3 
CXI 

C = CXI C 
(

M2 )1/3 

P ,c M~ P 

RESULTS AND DISCUSSION 

(18) 

(19) 

The present analysis allows for the nonlinear variation of the spanwise 

velocity as compared to Barnwell's assumption of linear variation which is 

strictly correct for narrow tunnels or low aspect ratio models. This is 

demonstrated in Figure 3 by plotting the ratio of the spanwise velocity (w) 

at any spanwise station to that at the wall (wo), for values of k2 = 0, 2, 

and 5. Except for small values of k2 (= 2~ab/t), the variation tends to 

become non-linear. This non-linear variation introduces non-uniform side-

wall boundary-layer effects across the span of the airfoil. The magnitude 

of the sidewall boundary-layer effect is given by the gradient of the span-

wise velocity (Figure 4). For k2 = 0, corresponding to Barnwell's 

assumption of linear variation of the spanwise velocity, the gradient is 

uniform across the width of the tunnel. With increasing k2' the gradient 

increases near the wall but reduces rapidly towards midspan to the value 

given by k2 /Sinh (k2 ). The variation of the gradient at the mid-span is 

shown in Figure 5. This shows that near the mid-span the effect of the wavy 
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wall is to reduce the crossflow velocity gradient with decrease in the wave 

length (or increasing aspect ratio of the airfoil). 

It must be noted that the present method is based on two-dimensional 

considerations and it represents conservative values of the aspect ratio 

correction factor. It is likely that the three dimensional nature of the 

flow at the airfoil/sidewall junction will further alleviate the effects 

near the midspan. 

When applying the present aspect ratio correction, it is necessary to 

define what constitutes a typical length scale! in terms of the airfoil 

chord c. This is examined by cornpari~g the present results with some of 

the experimental data. Initially, the shock position correlation on a 

supercritical airfoil tested in the ON ERA tunnel is attempted. The measured 

shock positions for two different sidewall boundary-layer thicknesses of 

* o /b = 0.023 and .054 are shown in Figure 6a. The effect of applying the 

Barnwell-Sewall correction without accounting for the aspect ratio effects 

is shown in Figure 6b. It may be noticed that this method tends to over 

correct and the correlation is not entirely satisfactory. The effect of 

incorporating the aspect ratio correction is shown in Figures 6c and 6d, 

assuming ! = 2c and ! = c, respectively. For this case, assuming the 

wave length to be equal to the airfoil chord appears to give better correla-

tion. 

Assuming ! = c, the normal coefficient measurements (Ref. 2) on a 

supercritical airfoil in the Langley 6"x19" tunnel have been correlated 

(Figures 7a, b, and c). For this case, considering the scatter in the 

experimental data, the aspect ratio correction does not seem to significant-

ly influence the correlation. 

It may be noted that the aspect ratio of the models in the Onera tests 
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and the Langley tests were respectively D.73 and 1. These tests do not 

represent a wide range of aspect ratios and it is difficult to generalize 

from these limited comparisons what is the best value for the representative 

length scale" in terms of the airfoil chord. 

Recently, pressure distribution measurements on two different chords of 

the Cast-lD airfoils (Ref. 4) were made in the Langley D.3-m Transonic Cryo

genic Tunnel over a wide range of Reynolds and Mach numbers. The aspect 

ratio of the models were 1.33 and 2.66, respectively. These test results 

demonstrated that on the higher aspect ratio model, the application of the 

Barnwell-Sewall method often over estimated the sidewall boundary layer 

effects. As mentioned in the introduction, it has been the experience with 

several airfoil tests in the TCT, the Barnwell-Sewall sidewall boundary-

1 ayer correction was adequate" for the 6" chord (or aspect ratio of 1.33) 

model normally employed. The effect of applying the sidewall boundary-layer 

corrections with and without the aspect ratio effect for the pressure dis

tribution on the higher aspect ratio (=2.66) model is shown in Figures 8a 

and 8b. For applying the aspect ratio correction, it has been assumed that 

t = 2c. This assumption is based on the fact that the effect of the 

airfoil on the sidewall boundary-layer is distributed over a distance of 

about twice the chord of the airfoil. From Figures 8a and 8b, it may be 

seen that the aspect ratio correction certainly improves the agreement 

between the measurements and the calculated pressure distribution using the 

Grumfoil code. For this aspect ratio, with the assumption of t = 2c, the 

correction to the test Mach number is negligible. 

While there can be certain ambiguity about the extent of the aspect 

ratio correction required, it appears that the proposed correction will at 
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least provide a conservative estimate of the reduction in the sidewall 

boundary-layer effects on higher aspect ratio models. It must be noted that 

the present corrections account for only the blockage effects. Detailed 

measurements on the Cast-7 airfoil (Ref. 10) over a wide range of aspect 

ratios suggest that the downwash effects can be significant. However, con

sidering the uncertainties in angle of attack in two-dimensional airfoil 

testing, the present correction is useful when making theoretical calcula

tions of the pressure distribution with prescribed lift coefficient. 

CONCLUS IONS 

1. A correction for the sidewall boundary-layer effect in airfoil testing 

has been proposed taking into account the aspect ratio of the model. 

2. The correction proposed, based on the flow between a wavy wall and a 

straight wall, shows significant reduction in sidewall boundary-layer 

effects with increasing aspect ratio of the "model. 

3. Comparison with the experimental data on shock location and pressure 

distribution on airfoils using the present correction gave good corre-

1 ation. 

4. In the limit of vanishing aspect ratio, the present correction reduces 

to the Barnwell-Sewall method. 
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Figure 1: Airfoil model in a two-dimensional 
wind tunnel and the coordinate 
system. 
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Figure 2: Flow between a wavy wall and fixed wall. 
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Figure 3: Variation of the normal velo'ci ty across 
the width of the tunnel for different k2" 

17 



5~------------------------------------------~ 

... 

3 

2 

1 

0 
0.0 

k = 2 
0 

2 

5 

0.2 0.4 0.6 0.8 
(n/b) Distance from wall 

Figure 4: Variation of the normal velocity 
gradient across the width of the 
tunnel for different k2" 

18 

1.0 



1.0 

0.8 

0.6 

Sinh k2 

0.4 

0.2 

0.0 
o 2 4 6 

k2 (=21T Bb/ R,) 

8 

Figure 5: Variation of the normal velocity 
gradient (i.e., Aspect ratio correc
tion factor in the median plane). 
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Figure 6a: Measured shock locations on a super
critical airfoil with different side
wall boundary-layer thicknesses. 
(Data from Reference 7) 
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Figure 6b: Correlation of shock location using 
Barnwell-Sewall sidewall boundary
layer correction. 
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Figure 6c: Correlation of shock location using 
the present method. 
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Figure 6d: Correlation of shock location using 
the present method. 
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Figure 7a: Measured normal force data on a super
critical airfoil in the Langley 6"x19" 
with different sidewall boundary-layer 
thicknesses (from Ref. 2) 
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Correlation of normal force coefficient 
using Barnwell-Sewall method. 
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Figure 7c: Correlation of normal force coefficient 
using the present method. 
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Figure 8a: Comparison of' pressure distribution 
on Cast-10 airfoil with Grumfoil 
code predictions using Barnwell-Sewall 
correction (Ref. 2). 
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Figure 8b: Comparison of pressure distribution 
on Cast-lO airfoil with Grumfoil 
code predictions using the present 
correction. 
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