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Two-Variable Method for Blockage Wall Interference
in a Circular Tunnel

X. Qian* and C. F. Lot
University of Tennessee Space Institute, Tullahoma, Tennessee 37388

A two-variable method for the blockage interference assessment in a circular tunnel has been developed. The
Prandtl-Glauert equation is applied to describe the subsonic flowfield. Analytical solutions are obtained using
Fourier transform technique, by either assuming a given body of revolution profile or representing the body of
revolution by a source-sink distribution. Numerical examples computed by a small perturbation inviscid code
TSFOIL and a panel method code PMARC are utilized to validate the developed two-variable method for open
jet and closed circular tunnels. Good agreement has been found on interference pressure coefficient assessment
between the solutions of the two-variable method and inviscid code predictions. Results have demonstrated that
the two-variable method for circular tunnel blockage wall interference is ready for experimental verification.

Nomenclature

= pressure coefficient

= hypergeometric function

modified Bessel functions of the first kind

= imaginary number, V —1

modified Bessel functions of the second kind
= body length

= freestream Mach number

Fourier transform parameter

= radius of the circular wind tunnel

= slope of a body revolution profile

axial velocity

= radial velocity

cylindrical coordinates in axial, radial, and
angular directions

= compressibility factor, V1 — M2

potential function

distributton of source strength

ratio of maximum body thickness to body length
quantity in Fourier transformed plane
absolute value

Smo
~
Il

~
ke
I

R

“uxT %
I

=&
<~ =
I

i

X
>
I

AR
il

T AN
N’
(Il

Subscripts

i = wind-tunnel wall interference
T = wind-tunnel conditions

% = freestream conditions

Introduction

HE new wall interference assessment/correction method

requires in situ measurements of flow variables near the
tunnel boundary, which is in contrast to the classic prediction
method. The approaches can be classified’ as one- and two-
variable methods based upon the number of flow variables
required at an interface near the tunnel wall. The one-variable
method uses one measured variable and the representation
of the test model to calculate the wall interference. The two-
variable method uses two measurements at the test section
boundary, but does not require any model representation.
The distinct advantage of the two-variable method, in general,
is able to replace the representation of a complex flowfield
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around the test model by the task of measurement of two
flow variables.

The two-variable method applied to a two-dimensional wind- -
tunnel case has been reported by Lo? with some analytical
examples. This article presents the formulation and results of
the two-variable method for the blockage interference in a
circular tunnel as the continuation effort. The Prandtl-Glauert
equation is chosen to describe the flowfield in the subsonic
flow regime. The Fourier transform technique is utilized to
obtain the analytical solution. The numerical examples com-
puted by a small perturbation inviscid code® and a panel method
code PMARC* are used to validate the present results for
both open jet and closed tunnels.

Formulation

A body of revolution model located at the centerline of a
circular wind tunnel forms an axisymmetric flowfield. The
Fourier transform technique is applied to the subsonic flow
case to obtain the flow variables under free-air, wind-tunnel
(i-e., wall interference) conditions. As shown in Fig. 1, the
boundary value problem is formulated to simulate a wind-
tunnel experiment including measured boundary flow varia-
bles at a selected control surface near the tunnel wall, r =
R. The velocity components U,(x, R) and V(x, R) are along
axial and radial directions, respectively.

Solutions in Fourier Transformed Plane

The axisymmetric small perturbation equation for subsonic
flows in cylindrical coordinates (x, r, #) can be written in-
dependent of 6 as

9?2 10
._¢+__¢:0
or? r or

(1 - M2) % + (1)

Let ¢(p, 7) be the Fourier transform of the potential function

P(x, )
qZ)(p, r') = %}_ J»j: 4>(x, f)e('m') dx

F=rV1l— Mz =18

then the Fourier transforimed solution of the perturbation
potential from Eq. (1) is

<f>(P, F) = Cll(,(]p|f) + CK(|pl7) 2
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Fig. 1 Boundary value problem region of a wind-tunnel flowfield.

where 1,, K, are the zero order of the first and second kind
of modified Bessel functions, respectively. |p| is the absolute
value of the Fourier transform parameter. C,, C, are two
constants to be determined from the boundary conditions.

By applying inverse Fourier transform to Eq. (2), the free-
air velocity potential ¢.. and the velocity potential generated
by test article in a wind tunnel ¢, can be obtained with two
different sets of boundary conditions, respectively. The dif-
ference between these two velocity potentials is called wind-
tunnel wall interference ¢,. The test article body of revolution
profile should be interpreted as a “potential equivalent” air-
foil profile including the viscous effects. It is reasonable to
assume that the same equivalent profile exists in a free-air
flow condition. Two approaches in calculating blockage wall
interference of the present two-variable method are based on
two different model representations: 1) first approach—a profile
of the body of revolution, and 2) second approach—a dis-
tribution of source-sink. They are described in the following
text.

First Approach

Free-air flow solution. Assume the slope of a given body
of revolution profile S’(x), the boundary condition on the test
article surface is

T S ©)
where

— 1 r .
S'(p) = ﬁfﬂ §'(x)er* dx

The far-field boundary condition for free-air flow in the Four-
ier transformed plane is

lim ¢.(p, 7) = 0

F—x

Then, Eq. (2) becomes

.(p. 7) = =S (p)Ky(|p|7) (4)

Tunnel flow solution. With the same body of revolution
profile and a measured radial velocity distribution V,(x, R)
or axial velocity distribution U,(x, R) on the tunnel test po-
sition r = R, the corresponding boundary conditions for tun-
nel flow potential ¢, are

3:r(p, R) _ 1

9F B VT(p’ R)

or

ad’r(pa R)
dax

b (p, R
lim 7 ¢(p, R) —

() or

= Up, R)

S'(p)

where

The tunnel flow potential ¢,(p, 7) is then derived in terms
of measured radial velocity V. (x, R) as

oon = | VB Kl(lplf?)] _
#elp. 7) [Blplll(lplﬂ’) ') 7 ((p1Ry | P1)
~ S (p)K(lpl) (s1)

where [,, K, are the first order of the first- and second-kind
of modified Bessel functions, respectively. Similarly, the tun-
nel flow potential ¢,(p, ) can be determined in terms of
measured axial velocity U (x, R)

- 7 = _E:(P’ R) o7 K()(IPLR)] F
0.0 = | E s + T SGHE ol
- F)KApl) (sb)

By combining Egs. (5a) and (5b), the body of revolution
profile function S'(p) is obtained as

S'(p) = (RIBV(p, R)L(IpIR)
— (IpIp)iRUA(p, R),(Ip|R) (6)

Therefore, ¢.(p, 7) and ¢(p, 7) can be derived in terms
of only the measured velocity components Ur(p, R) and

V.(p, R) at the control surface by substituting Eq. (6) into
Egs. (4) and (5a), respectively.

Interference flow solution. The wind-tunnel wall interfer-
ence is defined as the difference between the wind tunnel and
the free-air flow. Through the above derivation, the inter-
ference flowfield can be obtained directly related to the two
measured tunnel flow variables U, V at the control surface,
r = R, without explicitly in terms of body profile

é(p, 7) = ¢ulp, F) — ¢.(p, )
a(P, r) = RvT(p, R)K(|p|BR)(Bripl) @)

+ iBR ﬁ Tr(p, RIK(|p|BR)(p|Br)

with
— 1 * -
U (p.R) = ﬁj‘w Ur(x, R)e¥ dx
— 1 A .
Vip, R) = T/—é‘—; fﬁx Vilx, R)e™ dx
Second Approach

The body of revolution profile is represented by a source-
sink distribution. The velocity potential at any location inside
the tunnel ¢, can be split into two parts: 1) tunnel wall in-
terference potential ¢, and 2) the potential generated by test
article in free-air ¢.., ¢ = ¢.. + ¢, The solution for the
interference potential based on Eq. (1) is

&(r, p) = BI(Brlpl) + B.K,(Brlp|) (®)

Since K, is singular at r = 0, and ¢,(7, p) is finite, the constant
B, should be zero. Assuming U,(x, R) and V,(x, R) to be
the measured axial and radial velocities at a specified tunnel
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test position r = R, the interference velocities u,(x, R) and
v{x, R} in Fourier transformed plane can be written as

— d(x, . o
Lli(p’ R) = (;b!((axx r) . = UT(p, R) + lp¢x(p, R) (9)

iz a AN v _sc E

W, R) = DNy g - 20

(10)
where
- 3¢, (x, )
ipd(p, R) = — _?% _

Combining Egs. (8—10) to eliminate B, of Eq. (8), one obtains
the following equation:

Ur(p, R) + ipd.(p,
—ipI(,(|p|BR)

3¢.(p, 1)
ar

R) |pierIp))

= Vip,R) - (11)

r=R

The free-air solution can be modeled by a distribution of
source of strength o(x) per length along the body axis on the
strip 0 = x = 1. With this model, the perturbation velocity
potential can be obtained by integrating the equations of the
point source along the axis®

' o(¢)

d)x(" x) 4,” o \/(x _ §)2 ¥ Bz 3

d¢

By applying the Fourier transform and taking the coordinate
transformation
x=n+ ¢ and E=¢

the free-air potential in the Fourier transform plane can be
derived® as

eipn

¢.(r.p) = —— 0(1))[ mdﬂ

= —5- (P)K(Brlp) 12)

where

1 M .
P) = o f,x o(§)er d¢

In order to solve the source strength distribution o(p), the
free-air potential ¢..(p, R) given by Eq. (12) is substituted
into Eq. (11)

a(p) = 2mR [—V_r(p, R)Io(lbIBR)

- iﬁ BU(p, R)I;(|P|BR)] (13)

By combining Eqs. (12) and (13) and the B, relation, Eq. (8)
becomes

a(rs p) = R—V;(p, R)K()(|P|BR)IU(B’|I7|)

+ iBR lpl U (p, R)K,(|p|BR)I(|p|Br) (14)

The interference velocity potential of Eq. (14) is the same
as Eq. (7) derived from first approach. With #(p, r) =
—ipddp, r), the interference velocity in the transformed plan
can be expressed as

u(p,r) = —iRV(p, R)pKy(|p|BR)I|p|Br)
+ BRU(p, R)|p|K\(|p|BR)I(|p|Br) (15)

Solutions in the Physical Plane

The interference velocity in the physical plane can be ob-
tained through inverse Fourier transformation from Eq. (15):

1 e _ )
ufx, ry = Von Jﬁx u{p, rje""* dp

_'R oo 4o
- f Vi(n, R) U pK.(|p|BR)

X Io(|p|Br)erin= dp] dn
R [** +e
* lz%_wﬁw Ur(n, R) [L IpIK.(|p|BR)

X I()(|P|Br)eip(ﬂvx) dp] dn (16)

The series expansion of Bessel functions has been used to
integrate Eq. (16). For small r argument, /, can be expressed
in a series form:

I(r) = 1 + (r¥4) + 6()

By substituting the series expansion of [, into Eq. (16), the
final form of the axial interference velocity u,(x, r) can be
obtained through a sequence of manipulation

u,-(x, r) = gfjj VT(TIa R) [( _ (x";z__*_xl)ngz]s/z

+ g | Valn R = )

— 2
XF[éé% _<n_x>]d,7

dn

2’ B’R?
BZRZ J’+m UT(na R)
+ d
2 e [(n - x)Z + BZRZ]S/Z n

531 (m—-xp
SBR3J UT("I’R)FI: 79 B2R? ]d"l
17

where Fis a hypergeometric function.® The interference pres-
sure coefficient can then be obtained as C,, = —2u,. Equation
(17) indicates that the interference velocity component is ex-
pressed in terms of only two measured variables U (x, R)

and V. (x, R) at the control surface.

Numerical Examples
Open Jet Tunnel

To validate the above derived formula, a numerical ex-
ample was performed by the modified TSFOIL code*” for a
given model geometry

rll = 4ex(1.0 — x)

in an open jet tunnel, where ¢ is the ratio of the maximum
body thickness 7, to [. The selected case has the model to
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Fig. 2 Radial velocity distribution calculation from TSFOIL at the
interface R/l = 0.82.
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Fig. 3 Pressure coefficient correction on the model of the body of
revolution in an open jet wind tunnel, at M, = 0.9.

tunnel blockage ratio 1%, Mach number M., = 0.9, and the
ratio of the tunnel radius to the length of the test article R//
= 0.82. For an open jet tunnel, the axial velocity on the
tunnel wall is zero, i.e., Ur(x, R) = 0. By selecting the con-
trol surface at the tunnel wall, the radial velocity distribution
V(x, R) calculated from the TSFOIL code as shown in Fig.
2 is substituted into Eq. (17) as the required variable to de-
termine the interference velocity and pressure coefficient at
the model plane. By subtracting the C,, from the open jet
pressure coefficient of TSFOIL data, the free-air pressure
coefficient C,, is obtained. Figure 3 shows the comparison of

P

the corrected C,, distribution with the reference data. It is

seen that the tunnel data with the correction from Eq. (17)
gives good agreement with free-air flow results.

Closed Tunnel

The second numerical example obtained from the PMARC
code* is a closed tunnel case. A test article with the same
parabolic body of revolution geometry as shown in an open-
jet tunnel is tested in a closed circular tunnel. The flow is
incompressible, and the ratio of the tunnel radius to the length
of the length of the test article is 0.82. The blockage ratio is
1%. For the closed wind tunnel, the radial velocity V. (x, R)
at the tunnel wall is zero. In order to obtain the other required
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X/

Fig. 4 Axial velocity distribution calculated from PMARC code at
the interface R/l = 0.82.
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Fig. 5 Pressure coefficient correction in a closed tunnel.

variable for the derived formula Eq. (17), a panel method
code PMARC was used to calculate the axial velocity profile
Ur(x, R) on the closed wind-tunnel wall, as shown in Fig. 4.
The interference velocity and pressure coefficient was cal-
culated by substituting U,(x, R) into Eq. (17). Figure 5 shows
the comparison of the interference pressure coefficients be-
tween solution of the two-variable method and PMARC code.
Good agreement can be seen in Fig. 5. These results have
clearly demonstrated that the two-variable method for circular
tunnel blockage wall interference assessment is promising for
experimental verification.

Concluding Remarks

Analytical expressions are obtained for the blockage wall
interference in a circular tunnel as a function of two measured
velocity components at the control surface or the tunnel wall.
The solutions are derived by assuming two types of repre-
sentation of the body of revolution as testing article. The
analytic solutions are verified by numerical examples com-
puted by two inviscid codes for open jet and closed tunnels.
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