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LIFT-INTERFERENCE AND BLOCKAGE CORRECTIONSFOR
TWO-DIMENSIONAL SUBSONIC FLOW IN VENTILATED AND CLOSED
WIND-TUNNELS

1 NOTATION AND UNITS
S| British
A area of aerofoil section m? ft?
A, equivalent area of aerofoil section (see Section 5.1) m? ft2
a width of dot (see Sketch 3.1) m ft
b breadth of tunnel m ft
Cp drag coefficient in constrained flow, (drag)/¥zp U O%c
CL lift coefficient in constrained flow, (lift)/%p_UZ2c
Civs pitching-moment coefficient in constrained flow, about
quarter-chord axis, (pitching-moment)/%p_UZ2c?, positive
nose up
c chord of aerofoil m ft
d mean periodic spacing of sots (see Equation (3.9)) m ft
F dlotted-tunnel geometry parameter (see Section 3.3)
G ratio of corrected to uncorrected kinetic pressures
h height of tunnel m ft
K function defined by Equation (5.19)
I aerodynamic loading, (p,—p,,)/%2p,,U2
M Mach number of undisturbed tunnel-stream
N effective number of full-width slots (see Section 3.3)
P wall porosity parameter (see Section 3.2)
p local static pressure N/m? |bf /2
P, static pressure of undisturbed tunnel-stream N/m? Ibf/ft?
3p pressure drop across ventilated wall N/m? |bf/ft2
oplox longitudinal pressure gradient due to blockage N/m3 |bf/ft3

Issued November 1976
With Amendment A, (ictober 1995 - 29 pages
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dummy variable of integration
Reynolds number of undisturbed tunnel-stream, p_UZ2c/p

static temperature of undisturbed stream

aerofoil maximum thickness

velocity of undisturbed tunnel-stream
vertical velocity induced by tunnel walls
vertical velocity at ventilated walls

longitudinal co-ordinate of tunnel

longitudinal co-ordinate of leading edge of aerofoil

vertical co-ordinate of tunnel

incidence with respect to tunnel axis (assumed to be direction
of undisturbed stream)

Prandtl-Glauert compressibility parameter, (1-M2)”

ratio of specific heat capacity at constant pressure to specific
heat capacity at constant volume, taken to be 1.4 for air

prefix denoting correction increment

lift-interference parameter associated with stream direction

lift-interference parameter associated with streamline curvature

blockage factor, AU /U
chordwise parameter, see Equation (4.5)

viscosity of undisturbed tunnel-stream
density of undisturbed tunnel-stream

perturbation velocity potential

perturbation velocity potential induced by tunnel-wall
constraints

perturbation velocity potential due to model in unconstrained
flow

For footnote see end of Notation Section.

radian’

radian
kg/ms

kg/m®

ft

ft/s
ft/s
ft/s

ft

ft

ft

radian”

radian
duglfts
slug/ft®

ft?/s

ft?/s

ft?/s
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Q ratio of ventilated-wall to closed-wall values of blockage
factors

Subscripts

B denotes total-blockage values

c denotes closed-wall values

f denotes free-air (i.e. corrected) values of aerodynamic
coefficients based on corrected kinetic pressure,
Yap,,U2 +A(¥2p,U2)

[ denotes aerofoil lower-surface values

R denotes lift resolution correction values
S denotes solid-blockage values
u denotes aerofoil upper-surface values

" Except where stated as degree

INTRODUCTION

This Item gives correction formulae, obtained from Derivation 1, for wind-tunnel flow and model
measurements for a two-dimensional aerofoil spanning and centrally placed in a rectangular wind-tunnel
with closed, longitudinally-slotted or perforatedJr roof and floor and solid side-walls, when the flow over
the aerofoil iswholly subsonic and fully attached.

Such corrections are necessary, astheflow past amodel in awind tunnel is different from that which occurs
in free air because of the constraints imposed on the flow by the tunnel walls. Measurements made in the
tunnel have therefore to be corrected to free-air values to allow for changes in flow speed, direction and
streamwise gradient. For amodel that isfairly small compared to the tunnel height, the corrections can be
calculated theoretically by first-order linearised potential flow theory, in which the changes to the stream
direction and the streamline curvature are referred to aslift interference and the changesin stream vel ocity
and longitudinal gradient are referred to as blockage interference. Thelift interference arisesfrom changes
induced by thetunnel wallsinthe circulation or vorticity around themodel and isassumed to beindependent
of the blockage effect, which is associated with changes in the velocity potential of the doublet and source
representing the volume occupied by the aerofoil and its wake.

InthisItem, asin Derivation 1, the lift interference is treated through the use of the parameter 3, which
represents the effect of changes in stream direction, and &, , which represents the effect of changes in
stream-line curvature.

The blockage interference istreated in terms of the total blockage factor, e, which isthe sum of the solid
blockagefactor, ¢, associated with the aerofoil volume, and the wake blockage factor ¢, associated with
the volume of the wake. The streamwise gradient of blockage interference gives rise to a longitudinal

T By an array of straight or inclined holes with circular or other cross-sectional shapes or by transverse slots.
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buoyancy force on the aerofoil which is allowed for by a correction to the drag if measured by a balance.
When ventilated tunnels are used, the solid and wake blockages are expressed asratios, Q¢ and Q,, , of
the corresponding factors for the closed tunnel.

The functions &, 8,, ¢ and Q,, have been evaluated for a systematic variation of two parameters, F
and B/P, that represent the characteristics of ventilated walls, and the results are presented graphically.
The presentation is more comprehensive than that contained in Derivation 1 and, within the limitations of
the theory, tunnel correctionsfor given wall boundary conditions can be made accurately for awider range
of wall characteristics than has been possible previously.

A comprehensive list of references to the many reports dealing with the wind-tunnel correctionstreated in
thisltem isgivenin Derivation 1.

WALL CONSTRAINTS

Potential Flow Equations

The theoretical analysis of tunnel corrections is based on potentia flow theory in which the perturbation
velocity potential, ¢, of an aerofoil satisfies the linearised differential equation

p2 4, 2o (31)

6x2 072

and the homogeneous wall boundary condition for ventilated walls

o) Fh <|> 10¢p _ _ . h

—_ 4+ — —L 4+ - £ = = + - )

2 2mziho 0 z=E5 (32)
as derived in Reference 4. The perturbation velocity potential iswritten as

b =0dmt+o; (3.3)

where ¢, isthe potential of the aerofoil and its wake in the absence of any wall boundary conditions and
¢, isthe addition necessary to satisfy the boundary condition given by Equation (3.2). The potentia ¢,
comprisesavortex potential to represent lift, adoublet potential to represent the volume of the aerofoil and
asource potential to represent the volume of the aerofoil wake. It isthe contribution of ¢, to each of these
three components, evaluated at the aerofoil position, that gives lift-interference, solid-blockage and
wake-blockage corrections, respectively. Solving Equations (3.1) to (3.3) for ¢; yields the following
interference parameters at the model position

_ h O
%G »CCL 0z’ (34)
_pre_ o
9y = U,.cC, oxoz (3.5)
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3.2

3.3

and gg = o — . (3.6)

These depend on the non-dimensional parameters F and P appearing in Equation (3.2), which are discussed
in Sections 3.2 to 3.4.

Perforated Tunnel

For a perforated wall F = 0, and the parameter P is a measure of the pressure difference across the
wall. Tofirst order in ¢, and in incompressible flow, the pressure differenceis

09 _ Pl Wy
op = pOOUOOaX S , (3.7

where w,, (= +0¢/0z at z=+h/2) isthevelocity normal tothewall, andthe boundary conditionisaspecial
case of Equatlon (3.7). The same value of P is assumed to apply to roof and fl oor'

Thevalue of P for a particular wall can be established experimentally by measuring dp for various values
of p . Theinterference parameters and blockage factors are found to be functions of /P which, to a
rough approximation, is generally assumed to be independent of Mach number. In specific cases, however,
there may be some variation of 3/P with Mach number and some guidance on this point may be obtained
from Reference 6.

Slotted Tunne

The parameter F is a unique function of the geometry of a slotted tunnel and is defined by

FF = Zhtogecose( )
F—nhlogecosec(2 , (3.8)

where a is the dot width and d is the mean periodic spacing of the dots. For atunnel of breadth b with
N slots of width a, dis given by

d= (3.9)

b
N
Slotted tunnels sometimes have half-width slots adjacent to the side walls and in such cases the two

half-width slots are considered as asingle full-width slot. In Sketch 3.1, for example, there are two dots of
width a and two slots of width a/2 adjacent to the sidewalls, sothat N = 3.

T Reference 7 discusses an experiment where different values of P were assigned to roof and floor.

* Asnoted in Derivation 1, Equation (3.8) was derived assuming vanishingly small slot depth, |. Reference 9 suggests that for attached
flow through the slots afurther term 2dl / ha should be added to F in Equation (3.8). For separated flow thisterm is omitted and the wall
porosity term in Equation (3.2) isintroduced to allow for the effects of viscosity.
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4.1

Sketch 3.1

In practice, the dots of atunnel are often tapered in the longitudinal direction and the value taken for a
should be the dot width at the aerofoil position. Conventionally, the ratio a/d is known as the open area
ratio of the tunnel.

For adotted tunnel, the quantity P appearsin thefull homogeneous boundary condition to allow for viscous
effectsin the dots. In the case of an idea dotted wall, when there are no viscous effects, P — o« and the
last term on the left-hand side of Equation (3.2) vanishes.

Special Cases

It should be noted that for the ideal dotted tunnel (P — ) integration of Equation (3.2) leads to

¢+F—ha—d2=OaIz=J_r

xo (3.10)

NIDS

Thus the open-wall condition, ¢ = 0, isobtained in the limit as a/d — « and F = 0.

The closed-wall condition, 6¢/6z = 0, can be recovered in two ways. It follows from Equation (3.10), for
theideal dotted tunnel as a/d— 0 and F — o . Alternatively, it isthe limiting form of Equation (3.2) as
the porosity term dominatesand P — 0.

LIFT INTERFERENCE

General Case of Ventilated Walls

Liftinterferenceinducesan upwash velocity, w; , which varies along the tunnel and necessitates corrections
to the aerofail incidence, loading, lift and pitching moment. The correction to incidence, Aa, represents

the interference upwash at the aerofoil mid-chord and the remaining corrections allow for the residual
upwash distribution over the aerofoil.
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The incidence correction is given by

25,(C
Ao = (ﬁj 5,C_ + (Ej El[f - le/J , (4.

wherethefirst termisassociated with the upwash at the aerofoil centre of lift (thelocation of thelift vortex)
and the second term allows for the additional upwash at the half-chord point.

The parameters 3, and 3, are defined by Equations (3.4) and (3.5) in Section 3.1 and substitution of the

appropriate velocity potential ¢; yields the following integral solutions in terms of the tunnel-wall
parameters F and P (see Derivation 1, Chapter 6),

1 (E) [ dq , 4.2)

0~ "o 2
2miPo (sinhq+Fqcoshq)2+((B/P)coshq)
" 3 . a 2 —(
and 81=—7—1 .[0 [(1-Fq)(sinhg+ Fgcoshqg)—(B/P) coshglge "dg . 4.3)

(sinhg+ Fqcoshq)2 + (([S/P)coshq)2

Thechoice of Ao issuch that the residual loading correction, Al , vanishes at the aerofoil leading-edge and
the increment to be added to the measured loading is

Al =~ 2 €8¢ ging 4.4

=-27 BZCLsm , (4.9

where 0 isaparameter used to describe the chordwise distance aft from the leading edge of the aerofail,
X—x = g(l—cose). (4.5)

Theincremental correction to lift is obtained by integrating Al along the aerofoil chord, giving

2
AC, = - g[r’ﬂ %%CL . (4.6)

and the incremental correction to pitching moment is obtained by integrating Al(x_+0.25c—x) along the
aerofail chord, giving

2
_nfc] 8. - AG
ACm%—S[hj %o =-t 4.7)

Thelift and pitching-moment coefficientsappearingin Equations(4.1), (4.4), (4.6) and (4.7) areuncorrected
and based on the uncorrected kinetic pressure, ¥2p U 2

0"
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The parameters 5, and &, have been calculated from Equations (4.2) and (4.3) by evaluating theintegral's
numerically (see Derivation 3) for the ranges 0<F<1.2 and 0<B/P<5.0, and are plotted in Figures 1
and 2 as carpets’ in F and B/P.

Particular Wall Conditions

For four particular wall conditions 5, and 5, can often be expressed in simplified form, as set out below
in Table 4.1. Where there is no simple form, the appropriate Figure is referenced.

TABLE 4.1
Wall condition 3¢ 3

Perforated walls

1 1B no A 1B\
(BIP+0, F=0) 3o (5 | o))
Ideal slotted walls 1 _
(BIP=0, F%0) S Figure 2
Closed walls T
(B/P— o0, F — ) 0 24
Open jet 1 T
(B/P=0,F=0) 4 12

BLOCKAGE EFFECTS
General Case of Ventilated Walls

The change in longitudinal velocity caused by blockage varies along the tunnel, but for a small aerofoil it
is calculated only at the locations of the doublet and source representing ¢,,,, which give rise to solid and
wake blockage respectively. Associated with each of these velocity increments there is a streamwise
buoyancy force on the aerofoil which would be absent in free air and which necessitates a correction to
balance-measured drag-forces, as described in Section 5.4.

The blockage caused by the model and its wake are added to give the total blockage factor

AU
TR gt ey, - (5.1

o0

For ventilated wallsthe values of ¢ and ¢,,, are obtained by factoring the closed-wall blockage factors by
the quantities Q¢ and Q,, , respectively. The total blockage factor can therefore be written as

eg = Qe+ Q.- (5.2

Theblockagefactorsare defined by Equation (3.6) in Section 3.1 and substitution of the appropriatevel ocity
potential ¢; yieldsthe following results for aclosed-wall tunnel,

TA
_ e
€sc = 6[33h2 ’ (5.3

T The expressions for 60 and &, have been evaluated by a different method in Derivation 2 where the integrals are expressed in infinite
power series expansions; the values obtained by the numerical integration agree with the power series summations.
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where A, isan equivalent area for the aerofoil section, and

e = {92 (5.4

where, if drag measurements are made by a wake traverse method, C, is simply the uncorrected drag
coefficient based on the uncorrected kinetic pressure ¥2p U O% , and if drag measurements are made by a
balance, G is the balance-measured drag coefficient based on the uncorrected kinetic pressure and
corrected for stream rotation by the addition of the resolved lift component correction (c/h)SOCE (see
Section 6).

In Derivation 1 it is pointed out that improved agreement with experimental resultsis obtained if £, and
&y aremodified on the basis of more elaborate theories. Thus €. contains an incidence effect factor and
A, isreplaced by A[1+1.2B(t/c)], and ¢, contains an extra compressibility factor which multiplies
B2 . The recommended formulae for the blockage factors are then

N 6[’3‘;}‘] 2{1 + 1.2[3@}{1 + 1.1@&} (5.5)

[1+0.4M2]
and fue = %@TCD. (5.6)

The blockage factor ratios Qg and Q,, are obtained by substituting the appropriate value of ¢; in
Equation (3.6) and using Equations (5.2) to (5.4), which gives the following integral solutions in terms of
the tunnel-wall parameters F and P,

_ 6 (T[[1-F2q2— (B/P)2] + [(1 — Fq)2 + (B/P)?]e~29]qdqg
Q= - | : : , (57
n2 Yo (coshq + Fgsinhq)? + ((B/P)sinhq)?2
_ _2(B\f dg t
d Q = —=|= . 5.8
- W “(ijo(coshq+Fqsinhq)2+(([3/P)sinhq)2 8

Theparameters QO and Q,,, have been cal culated from Equations(5.7) and (5.8) by evaluating theintegrals
numerically (see Derivation 3) for the ranges 0<F<1.2 and 0<B/P<5.0, and are plotted in Figures 3
and 4 as carpetst in F and B/P.

Particular Wall Conditions

For four particular wall conditions Q¢ and Q,,, can often be expressed in simplified form, as set out in
Table 5.1. Where there is no simple form, the appropriate Figure is referenced.

T It should be noted that Equation (5.8) is not the same as that given in Derivation 1 or in earlier texts. It has been shown in Derivation 2
that an error in the early work on this subject was perpetuated by later workers and that Equation (5.8) is the correct form for Q..

* The expressionsfor Q_ and Q. have been evaluated by a different method in Derivation 2 where the integrals are expressed ininfinite
power series expansions; the values obtained by the numerical integration agree with the power series summations.
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TABLE 5.1

Wall condition Qg Q,
Perforated walls 6. 1 2, 2
(B/P#0, F=0) Sl (BRI -v ~ “tan " (B/P)
|deal slotted walls Fiaure3 .
(B/P=0, F=0) 'gure
Closed walls 1 .
(by definition)
Open jet .
(B/P=0, F=0) — 0

5.3 Correctionsto Stream Quantities

Because blockage changes the stream longitudinal velocity, the static pressure, density and static
temperature of the stream also change. The incremental corrections to be added to the undisturbed stream
valuesto allow for these changes, and the associated incremental correctionsto the derived flow quantities,

Mach number, kinetic pressure and Reynolds number, are defined through the following equations,

Aui‘” =gy = Sﬁs—gﬁ{u 1.25@}{“ 1.1@#} +

o0

Ap,,
P

S,

= —M2¢,,
Por 0B

AT

0

< =-04MZzeg,
A

M
M—°° = (1 +02M2)ep,

AP, U2)

=(2-M2)e
l/zpoougo ( oo) B

AR
and i (1-0.7M2)eg,

O

4

(¥

B2

= - 14M2¢g (Ap,, = —p,, U2¢g in compressible flow),

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

where it has been assumed that y = 1.4. The Reynolds number correction involves the further assumption
that the viscosity of the stream is proportional to T%.7; in practice AR/R is very small and R is seldom

corrected.

T See comment after Equation (5.4) concerning Cp .

10
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Drag Corrections Dueto Blockage Gradients

Thevariation inlongitudinal velocity caused by blockageisnot symmetrical forward and aft of the aerofoil
mid-chord, and consequently there is alongitudinal buoyancy force on the aerofoil which would be absent
in free air. Balance measurements of drag record this buoyancy force and therefore have to be corrected in
order to correspond to free-air vaues by the addition of an incremental coefficient ACg as described
below. However, if the aerofoil drag is obtained by wake traverse measurements downstream of the model,
this buoyancy correction should not be applied.

The interference pressure gradient due to the longitudinal blockage gradient is

(@] - _ pwuz£a_gs+aiv] , (5.16)
OX B *®

which leads to an incremental correction to the balance-measured drag coefficient,

AP
AC 0X)g 2A(Oeg Og,, £ 17
= | 4 — ) .
DB 1p,U2c clox  ox (5.17)
The solid blockage gradient is given by
oe. AK
= = (5.18)
OX B4h3
o0 2
where K = —5(9) [ q-dq . (5.19)
n\P/Jq (coshq + Fgsinhg)2 + ((B/P)sinhq)2
The wake blockage gradient is closely related to the solid blockage at the model, so that
og,, CCpeg
X 2A; " (520

e

where C is the balance-measured drag coefficient based on the uncorrected stream kinetic pressure,
1/2900U020, and corrected for stream rotation by the addition of the resolved lift component correction
(c/h)3,C, , (see Section 6).

Therefore, from Equation (5.16),
ACpg = —5= —Cpes. (5.21)

and, substituting for Ae from Equation (5.3), this can be rewritten as

_ —T2pheZ K

n2c

where g, isgiven by Equation (5.5). Thefunction K hasbeen cal culated from Equation (5.19) by evaluating
the integral numerically for theranges 0<F<1.2 and 0</P<5.0, and is plotted in Figures 5a and 5b

11
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asacarpetJr inFand B/P.

For aperforated wall (B/P+0, F=0), Kisgiven by

K = g[l—niz[tan_l(g)ﬁ tan_l(g) . (5.23)

For theideal (inviscid) slottedwall, the closed wall and the open jet, the solid blockage variessymmetrically
about the aerofoil mid-chord and in these three cases the solid-blockage gradient is zero and

K =0. (5.24)
Zero Solid Blockage

One of the advantages of a ventilated tunnel is that a suitable choice of dotted-tunnel and porosity
parameters can result in zero solid blockage. From Equation (5.7) it is possible to relate F and B/P at
Qg = 0 for tunnel-wall conditions varying from the ideal slotted wall (B/P =0) to the perforated wall
(F =0). This relationship has been evaluated numerically in Derivation 2, in which the integra was
expressed in terms of infinite power series expansions, and the results are reproduced in Figure 6 where F
isplotted against B/P for Q¢ = 0. AsFisagivenfunction of thetunnel geometry, the value of the porosity
parameter P can be estimated from Figure 6 if atunnel operating condition is known to correspond to zero
solid blockage. References 5 and 8 discuss how this condition may be determined experimentally.

At Q = 0 thedrag correction due to the wake bl ockage gradient vanishes from Equation (5.22). The drag
contribution from the solid blockage gradient is still present, however, and isimportant because it happens
that 0g/Ox increases as g4 tends to zero.

CORRECTION OF AERODYNAMIC COEFFICIENTS

The lift-interference and blockage effects have been considered separately in Sections 4 and 5 and their
interaction needs to be treated with care.

Theinterference correctionto balance-measured drag coefficientsdiffersintwo respectsfrom the procedure
for correcting drag coefficients determined by wake traverse. The drag force recorded by the balance
includes the longitudinal buoyancy force and requires the correction AC g, as described in Section 5.4,
and thereis also aresolved component of lift due to the change in streamwise direction at the centre of lift
which requires the incremental correction

ACor = (£)84C2. (6.1)

where C, isthe uncorrected lift coefficient based on the uncorrected stream kinetic pressure. Neither of
these corrections applies when the drag force is obtained by wake traverse.

It is recommended that the aerodynamic coefficients determined from tunnel measurements and based on
the uncorrected stream kinetic pressure are corrected to free-air values by

T The expressions for K have been evaluated by a different method in Derivation 2 where the integrals are expressed in infinite power
series expansions; the values obtained by the numerical integration agree with the power series summations.

12
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(1) adding to the measured values, of |, C, and C,,, the lift-interference corrections Al, AC, and
AC, ., (Equations (4.4), (4.6) and (4.7)) and, in the case of balance measurements of drag only,
adding to C, the corrections ACpg (Equation (5.22)) and ACp, (Equation (6.1))

(i) and then factoring the results by G, the ratio of the uncorrected kinetic pressure to the corrected
kinetic pressure.

The free-air values of aerodynamic coefficients, based on the corrected kinetic pressure, are then given by

() = (1+ADG, (6.2

(C); = (C_+AC))G, (6.3)

(Crw)¢ = (Crwy+ ACmy))G, (6.4)

and (CD)f = CpG (for wake traverse measured drag coefficients), (6.5)
or (Cp); = (Cp+ACLg+ACKHR)G  (for balance-measured drag coefficients)  (6.6)

Yapo,U2 1
1p,, U2 +A(%P,U2)  1+(2-M2)eg’

where (6.7)

and g isgiven by Equation (5.9).

The corrected coefficients are appropriate to a free-air incidence o + Aa. and to a free-air Mach number
M_ +AM_ , where Aa isobtained from Equation (4.1) and AM_ from Equation (5.13).

APPLICABILITY

Theinterference and blockage factors that are presented apply to atwo-dimensional aerofoil spanning and
centrally placed in arectangular wind-tunnel with closed, dlotted or perforated roof and floor and solid side
walls.

M ost of the equations presented arederived by linearised potential flow theory and theresulting interference
corrections apply only to attached, subcritical flow. In practice they are used over the whole range of
conditionsin two-dimensional tunnel testswhere M_ <1, evenfor slightly supercritical flow or flow with
some degree of separation, but in these conditions they should clearly be used with caution.

The equations are also limited, by the theory, to cases where the aerofoil chord isfairly small compared to
tunnel height. They are, however, commonly used for values of ¢/h up to 0.35.

In practice, it is difficult to establish a precise value of the parameter /P and it is shown in Derivation 3
that the possible error in correcting measured values of lift-curve slope, for example, can be significant due
to uncertainty in the value of B/P to be used in Figures 1 to 5. It is particularly important that the value
taken for B/P should be as accurate as possible when /P isless than about 1.5 as some of the curves
presented in Figures 1 to 5 vary rapidly in thisregion.

13
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Flow properties of slotted walls for transonic test sections. Paper 17 in
wind-tunnel design and testing techniques. AGARD CP-174, October
1975.

9. BERNDT, S.B.
SORENSEN, H.

EXAMPLE

Anaerofoil hasbeen tested in three two-dimensional tunnelswith solid side-wallsand, respectively, dotted,
perforated and closed roof and floor. The slotted tunnel operated at two conditions, theideal condition (i.e.
no viscous effectsin the slots), and the zero solid-blockage condition (2 = 0) . The porosity parameter for
the perforated tunnel was the same as that of the slotted tunnel at (Q¢ = 0) . The lift, pitching-moment and
drag coefficients were measured at two Mach numbers, M = 0.75 and M_, = 0.40, and two geometric
incidences, a = 2.0° and o = —1.0°. The drag coefficient was measured by a wake-traverse method.
Compare the corrections required in each case to convert the measured data (given in Tables 9.1t0 9.4) to
free-air values.

[Asthe calculation procedureissimilar inall cases, the eval uation of corrected valuesis presented in detail
for only a single case and the results are tabulated for the remainder.]
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9.1

Correction of Dataat M_ = 0.75, a. = 2.0° for the Ideal Slotted Tunnel (B/P = 0)
Tunnel Geometry and Wall Parameters
Theslotted tunnel hasaheight, h, of 0.45m, abreadth, b, of 0.40mand four slotsof width a = 1.4 x 10=3 m.

The aerofoil has a chord, ¢, of 0.130 m, a section area, A, of 1.58 x 10~3 m? and a thickness chord ratio,
t/c of 0.14.

The set of measured values to be corrected are M = 0.75, o = 2.0°, C_ =0331, le/4 = 0.0374 and
Cp = 7.97x 1073,

Equation (3.9) gives the mean periodic spacing of the slots
= %) =010 m,

and Equation (3.8) gives the dotted-tunnel geometry parameter

_2d na| _ 2x0.10 nx14x1073| _
F = nhlogecosec [Zd] = 7t><0'45Iogecosec [____ZXO.lo j = 0.540.

As the tunnel is assumed ideal, B/P = 0 (but also note from Figure 6 that with F = 0.540 the tunnel has
zero solid blockage when /P = 1.09) .

Lift Interference
AtM_ =075, B = (1-M2)” = (1-0.752)*2 = 0.661.
The parameter 3, is obtained from Table 4.1 for an ideal tunnel, so

-1 -1

= X1+F) - a1+0540) 0162

S0

The parameter &, is obtained from Figure 2 with /P = 0 and F = 0.540, giving

8, = —0.098.

Thelift-interferencecorrectionsto o, C; and le/4 aregiven by Equations(4.1), (4.6) and (4.7), asfollows

2
5,(C
_|C C 1 ~L
Aa = (FJSO(:L+(FJ -B-{.Z+C /4]
2

_ 013 0.130] (—0.098)(0.331

: 50 x (~0.162) x 0.331 + (

045) 0661 | 4 +0'0374]

= —0.0170 radians (— 0.973 degrees),

15
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o
-_T¢ 2

0.331

2
_ n[{0.130) (-0.098)
2( 045) 0.6612

9.73x 1073,
and _AC,
my, = —4—_—

_ _%”xlﬁ = —243x1073.

Blockage Effects

The closed-wall blockage factors are given by Equations (5.5) and (5.6),

A t c
= 1+1.2B = ||| 1+1.1] = |a?
Fsc = Gaap| 1T AP @ [J“

_ mx158x1073 (AAXQ 2
{1+1.2><0.661><O.14}{1+1.1x )&

6 x 0.6613 x 0.452

= 0.0159,
2
and e = 1 |[1+04MZIC,
4\ h [32
2
_ i(%fé)) [1+0.4x %75 ]7_97 <1073
: 0.661

= 0.00161.

The blockage-factor ratio Q) is obtained from Figure 3 with B/P =

Qg =-0.18,

and Q, is obtained from Table 5.1 for aideal Sotted tunnel, so
Q, =0.

Thus, from Equation (5.2)

eg = Qg Qune

= —0.18 x 0.0159 + 0 x 0.00161
= -2.86x1073.
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9.2

The correction to the test Mach number is obtained from Equation (5.13)

AM_ ,
—2 = (1+0.2M2)gg,

MOO
S0 AM_ = (1+0.2x0.75%)(— 2.86x 1073) x 0.75
= - 2.39x 1073,
Theratio of corrected to uncorrected kinetic pressures, G, is obtained from Equation (6.7),
-1
1+(2-M2)eg
_ 1
1+(2-0.752)(—2.86 x 10-3)

= 1.0041.

As the aerofoil drag was measured by a wake traverse method there is no correction to C due to
longitudinal buoyancy or resolved lift component.

Correction of Measured Data to Free-air Values

The free-air values corresponding to the set of measured valuesat M_ = 0.75, o = 2.0° are given by
Equations (6.3), (6.4) and (6.5),

(CD; = (C_+AC)G
= (0.331+9.73x 1073)1.0041
= 0.342,
(Cody = (Cpy + ACy, )G
= (0.0374-2.43x 10)1.0041
= 0.0351,
and (Cp) = CpG
= 7.97x 10-3x 1.0041
= 8.00x 103,

and these corrected values are appropriate to afree-air incidence
a+Aoa =2.0-0.973 = 1.027 degrees
and afree-air Mach number
M_+AM_=0.75-2.39x 1073 = 0.748.

Comparison of Tunnel Corrections

The correction of data at other Mach numbers and incidences, and for the different tunnels, follows the
method set out above and the results are summarised in Tables 9.1 to 9.4. In order to appreciate the relative
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magnitudes of corrections in different tunnels and at different Mach numbersit is instructive to study the
lift-curvesiope, 0C, /oo, andtheaerodynamiccentre, oC,, /GCL , of theaerofoil infreeair and constrained
flow. These parameters are evaluated in the Tables and are contrasted in Sketches 9.1 and 9.2. It may be
noted that the closed wall tunnel gives a lift-curve slope higher than the free-air values whereas all the
ventilated tunnels give lift-curve slopes less than the free-air value.

TABLE 9.1 Ideal Sotted Tunnel

Tunnel properties Aerofoil geometry Lift-interference and blockage parameters
h 045m c 0130m 3y (Table4.1) -0.162
b  040m A 158x103 m?| 5, (Figure2) -0.098
F (Equation (3.8)) 0.540 |t/c  0.14 Qg (Figure3) -0.18
B/P 0 Q,, (Table5.1) 0
MEASURED VALUES

M, 0.75 0.40
o (degrees) 2.0 -1.0 2.0 -1.0
C, 0.331 0.000 0.265 0.000
Crrw, 0.0374 0.0350 0.0360 0.0350

b 797x1073| 7.97x107°| 7.48x1073| 7.48x1073
oC /oo (per radian) 6.32 5.06
GC ,]9CL 7.25x 1073 3.77x 1073

BLOCKAGE FACTORS
€ (Equation (5.5)) | 0.0159 0.0158 0.00617 0.00613
Ee (Equation (5.6)) | 0.00161 0.00161 6.84x 104 | 6.84x 104
eg (Equation (5.2)) |-2.86x1073|-2.84x 1073 |-1.11x 1073 | -1.10x 10-3
G (Equation (6.7)) | 1.0041 1.0041 1.0020 1.0020
CORRECTIONS
AM_ (Equation (5.13)) | —2.39x 10~3 | —2.37 x 10~3 | -4.58 x 104 | -4.54 x 104
Aa. (degrees) (Equation (4.1)) | -0.973 -0.0248 -0.763 -0.0179
AC, (Equation (4.6)) 0.00973 0.000 0.00405 0.000
ACpy, (Equation (4.7)) | —0.00243 0.000 -0.00101 0.000
FREE-AIR VALUES

M, +AM 0.748 0.400
a+Aa (degrees) 1.027 —1.0248 1.237 -1.0179
(CL)f (Equation (6.3)) 0.342 0.000 0.270 0.000
(Cry)s (Equation (6.4)) 0.0351 0.0351 0.0351 0.0351
(cD)f (Equation (6.5)) | 8.00x10=3| 8.00x1073| 7.49x1073| 7.49x 1073
(0C, /0a.); (per redian) 9.55 6.86
(0Cpy,,JOC) ),
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TABLE 9.2 Slotted Tunnd at Q,=0

Tunnel properties Aerofoil geometry Lift-interference and blockage parameters
h 0.45m ¢ 0130m 6y (Figurel) -0.093
b  040m A 158x10°3m? | §, (Figure2) 0.040
F  (Equation (3.8)) 0.540 | t/c 0.14 Qg (Figure 3 (or 6)) 0
B/P 1.09 Q,, (Figure4) -0.435
MEASURED VALUES
M., 0.75 0.40
o (degrees) 20 -1.0 20 -1.0
C, 0.404 0.000 0.307 0.000
Cru, 0.0338 0.0350 0.0345 0.0350
Cp 7.99x1073| 7.99x1073 | 7.50x1073| 7.50x 1073
0C, /0a. (per radian) 7.72 5.86
Cry,JOC, —2.97x103 ~1.63x 1073
BLOCKAGE FACTORS
€ (Equation (5.5)) | 0.0159 0.0158 0.00617 0.00613
Ene (Equation (5.6)) | 0.00162 0.00162 0.000685 | 0.000685
eg (Equation (5.2)) |-7.05x10~4|-7.05x 104 | -2.98x 104 | —2.98 x 104
G (Equation (6.7)) | 1.0010 1.0010 1.0005 1.0005
CORRECTIONS
AM_ (Equation (5.13)) | -5.88x 104 | -5.88x 1074 | -1.23x 1074 | -1.23x 1074
Ao (degrees) (Equation (4.1)) | —0.583 0.0101 -0.449 0.00730
AC, (Equation (4.6)) | —0.00485 0.000 -0.00191 0.000
ACry, (Equation (4.7)) 0.00121 0.000 0.00479 0.000
FREE-AIR VALUES
M, +AM 0.749 0.400
a+Aa (degrees) 1.417 -0.990 1.551 -0.993
(Cp) (Equation (6.3)) 0.400 0.000 0.305 0.000
(Cr)s (Equation (6.4)) 0.0350 0.0350 0.0350 0.0350
(Cp)s (Equation (6.5)) | 8.00x1073| 8.00x103| 7.50x103| 7.50x 103
(0C/o0) (per radian) 9.52 6.87
(0Cpy,,JOC ), 0
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TABLE 9.3 Perforated Tunnel

Tunnel properties Aerofoil geometry Lift-interference and blockage parameters
h 0.45m c 0130m 5y (Table4.1) -0.118
b  040m A 158x1083m?| &, (Table4d.1) 0.0432
F  (Section3.2)0 t/c 0.14 Q, (Table5.1) -0.0828
B/P 1.09 Q,, (Table5.1) -0.527
MEASURED VALUES

M., 0.75 0.40
o (degrees) 20 -1.0 20 -1.0
C, 0.384 0.000 0.295 0.000
Crr, 0.0337 0.0349 0.0345 0.0350

b 7.98x1073| 7.98x1073| 7.49x1073| 7.49x1073
oC, /oo (per radian) 7.33 5.63
0Cy,,10C -3.13x 1073 -1.69x 1073

BLOCKAGE FACTORS
€ (Equation (5.5)) | 0.0159 0.0158 0.00617 0.00613
Ee (Equation (5.6)) | 0.00162 0.00162 0.000684 | 0.000684
£g (Equation (5.2)) |-2.17x1073|-2.16x 1073 |-8.71x104|-8.68x 104
G (Equation (6.7)) | 1.0031 1.0031 1.0016 1.0016
CORRECTIONS
AM_, (Equation (5.13)) | -1.81x1073|-1.80x 103 | -3.60x 104 | -3.58 x 104
Aa (degrees) (Equation (4.1)) | —0.709 0.0109 —0.552 0.00788
AC, (Equation (4.6)) | —0.00497 0.000 —0.00199 0.000
ACy, (Equation (4.7)) 0.00124 0.000 0.000498 | 0.000
FREE-AIR VALUES

M, +AM 0.748 0.400
a+Aa (degrees) 1.291 -0.989 1.448 -0.992
(Cp); (Equation (6.3)) 0.380 0.000 0.293 0.000
(Cru)s (Equation (6.4)) 0.0350 0.0350 0.0351 0.0351
(Cp)s (Equation (6.5)) | 8.00x10=3| 8.00x1073| 7.50x1073| 7.50x 1073
(0C/00) (per radian) 9.55 6.88
(0Cpy, ,1OC ), 0
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TABLE 9.4 Closed Tunnel

Tunnel properties Aerofoil geometry Lift-interference and blockage parameters
h 045m c 0130m 8y (Table4.1) 0
b 0.40m A 158x103m?| &, (Tabled.l) 0.131
F (Section 3.4) t/c 0.14 Q, (Table5.1) 1
B/IP [ PBIP—w or F—>w Q,, (Table5.1) 1
MEASURED VALUES
M., 0.75 0.40
o (degrees) 20 -1.0 2.0 -1.0
C, 0.557 0.000 0.381 0.000
Crr, 0.0304 0.0359 0.0335 0.0354
b 8.21x1073| 821x103| 7.59x1073| 7.59x 1073
oC /oo (per radian) 10.64 7.28
0Cy,,10C -9.87x 1073 —4.99x 103
BLOCKAGE FACTORS
€ (Equation (5.5)) | 0.0159 0.0158 0.00617 0.00613
Ee (Equation (5.6)) | 0.00166 0.00166 0.000694 | 0.000694
£g (Equation (5.2)) |1.76x102 |1.75x1072 [6.86x10=3 |6.82x 103
G (Equation (6.7)) | 0.9753 0.9755 0.9875 0.9876
CORRECTIONS
AM_, (Equation (5.13)) | 1.47x 102 |1.46x1072 |2.83x103 |2.82x10°3
Ao (degrees) (Equation (4.1)) 0.161 0.0340 0.0880 0.0242
AC, (Equation (4.6)) | —0.0219 0.000 -0.00778 0.000
ACy, (Equation (4.7)) 0.00548 0.000 0.00195 0.000
FREE-AIR VALUES
M, +AM,, 0.765 0.403
o+ Ao, (degrees) 2.161 -0.966 2.088 -0.976
(Cp); (Equation (6.3)) 0.522 0.000 0.369 0.000
(Cru)s (Equation (6.4)) 0.0350 0.0350 0.0350 0.0350
(Cp)s (Equation (6.5)) | 8.01x10~3| 8.01x1073| 7.50x103| 7.50x 1073
(aCL/aa)é (per radian) 9.57 6.90
(Cpy /4/8 L) ¢ 0 0
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