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Wind Tunnel Wall Interference
Corrections for Aircraft Models in the Transonic Regime

Magdi H. Rizk* and Ear 11M. Murmant
Flow Industries, Inc., Kent, Washington

A procedure for the evaluation of wall interference corrections for three-dimensional models is presented. In
addition to Mach number and angle-of-attack corrections, the procedure provides an estimate of the accuracy of
the corrections. Lift, pitching moment, and pressure measurements near the tunnel walls are required by the
correction method. The method is demonstrated by application to an isolated wing model and to a wing-body-
tail configuration.
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Nomenclature
characteristic chord length
defined in Eq. (la)
defined in Eq. (3)
defined in Eq. (Ib)
defined in Eq. (2c)
defined in Eq. (2b)
defined in Eq. (6)

lift spanwise distribution/P0c2

Mach number
Pitching moment about the axis x = xm iPoC3

total pressure
(MFoo, Qf/:>, Of, . - t /)

( o t T , w , o t T j )
residual
x coordinate relative to the wing leading tip
Cartesian coordinate system
x coordinate of axis about which the model
pitching moment is measured
y coordinate normalized by the wing semispan
angle of attack
ratio of specific heats
Mach number correction
angle-of-attack correction
small positive number determining convergence
density
perturbation velocity potential for the free-air
flow
perturbation velocity potential for the tunnel flow

Subscripts and Superscripts
d = model
e = measured quantity or experimental condition
F = calculated quantity for the equivalent model in an

inviscid free-air flow
/ = corrected condition
M = Mach number
n = number of iterations
R = residual
5 = shock wave
T = calculated quantity for the equivalent model in an

inviscid tunnel flow
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t =tail
w = wing
oo = undisturbed condition
* = optimum value

Introduction

WALL interference effects are a limiting factor on the
accuracy of data obtained from transonic wind tunnel

tests. It is well-known that ventilated test section walls (either
porous or slotted) are necessary to reduce blockage effects at
Mach numbers close to unity. However, wall effects on flow
around the model introduce uncertainty errors into the data.
Classical linear theory1 provides an insight into the nature of
these errors. For example, it is known that the pressures (and
hence the forces) on a model tested at a tunnel Mach number
Meoo and geometric angle of attack ae are closer to those that
the same model would experience at a freestream Mach
number Mfoo =Me<x + AM and angle of attack cif = ae + Ace.
The blockage (AM) and lift (Aa) corrections represent only
the dominant effects. Higher-order corrections are needed for
models of realistic size relative to the tunnel dimensions.

Although classical wall interference theory provides an
insight into the features of wall interference, it does not
produce sufficiently accurate formulas for practical use. Its
limitations include 1) the modeling of the ventilated wall by
the general homogeneous wall boundary condition; 2) the
assumption that the model is small compared to the tunnel
size; 3) the assumption of an infinitely long test section; and 4)
the neglect of transonic flow effects. Most wind-tunnel in-
stallations, therefore, use experimentally determined
correction formulas that retain some functional relationships
from classical theory. The uncertainty of the corrections is
often so great that no corrections at all are applied. It is also
not clear from the theory whether corrections are always
possible. One can imagine conditions where the transonic
flow in the tunnel does not correspond to any free-air flow.
Classical theory provides no suitable estimation of the ac-
curacy of the correction.

Two recently proposed wall correction procedures are now
in the research stage. One of these procedures uses adaptive
wall tunnels2'3 to eliminate the wall interference in situ. This
approach combines tunnel measurements and computational
analysis to determine a wall setting that corresponds to a free-
air streamline. In principle, experiments in an adaptive wall
tunnel may be rendered completely free of wall interference.
The method has been demonstrated using blowing and suction
through segmented porous walls,4"7 through segmented
slotted walls,8 and through deforming or compliant solid
walls.9"11 Results to date are quite encouraging. Three-
dimensional geometries appear less demanding in terms of the
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amount of wall control required to eliminate interference.5

Nevertheless, the practical limitations of adaptive wall
technology are not yet quantified.

The second approach to wall interference was formulated
by Kemp12'13 and involves making post-test corrections
together with a quantitative assessment on the error of the
corrections. If the error is unacceptably large, a limited
amount of adaptive wall control can be employed followed by
post-test correction and assessment. Kemp's method uses
measured pressures near the wall in lieu of the classical
homogeneous wall boundary conditions. Nonlinear transonic
computer codes are then employed to determine the
corrections AM and Ace and higher-order effects. Thus many
of the shortcomings of classical theory are overcome. The
finite-length test section may be incorporated either by ap-
proximation or by additional measurement. Murman14 made
improvements in Kemp's formulation and conducted a series
of two-dimensional airfoil simulations to show that wall
interference corrections are possible for strongly supercritical
flows. Recently procedures15"17 have been developed for the
evaluation of wind tunnel wall interference corrections for
three-dimensional geometries. These procedures are ex-
tensions of the two-dimensional method of Mokry and
Ohman18 to three-dimensional flows. They eliminate the first
three limitations of classical theory mentioned above;
however, they cannot be applied to strongly supercritical
flows, since the flow is assumed to be governed by the
linearized equations.

It is premature at present to compare the relative merits of
the adaptive wall and correction/assessment approaches,
since it is apparent that a spectrum of possibilities exists
ranging from complete adaptive wall control to complete
post-test correction/assessment analysis. The optimum
combination will probably be facility dependent.

This paper presents the results of a study undertaken to
extend the Kemp correction/assessment approach to practical
three-dimensional geometries and includes a detailed form-
ulation of the procedure, a summary of its basic assumptions
and elements, and the computed results. Tte results, however,
are illustrative in nature, as the methodology has not yet been
applied to actual tunnel data. One guideline of the research
was to develop a procedure that allows a tradeoff between
complexity (cost) and accuracy so that a practical choice can
be made.

The goal of the procedure is to determine Mach number and
angle-of-attack corrections together with a numerical estimate
of the error EM. Observations and physical reasoning indicate
that transonic wall interference effects are less severe for
three-dimensional geometries than for two-dimensional
geometries. Therefore, simplifying assumptions can be made
to develop a cost-effective procedure that minimizes the
number of measurements needed to assess wall interference
and uses sensors installed in the facility rather than in the
model.

The experimental data required by the correction procedure
include the usual parameters (Meoo and ae) and model forces,
together with the measurement of one variable at a control
surface near the tunnel wall. Although the method is form-
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ulated assuming that this is a static pressure, another variable
such as vertical velocity19 could be used equally well. An
inviscid transonic code simulating the flow about a simplified
representation of the experimental model is used to evaluate
the Mach number and angle-of-attack corrections.

An earlier, but less complete version of this work has been
presented in Ref. 20. In the present work, the efficiency and
accuracy of the correction procedure are improved.
Moreover, the present work allows correction of both the
wing and tail angle of attacks, while the work described in
Ref. 20 allows only one angle-of-attack correction.

Correction Procedure
The correction procedure for a general-aircraft-like test

model requires that pressure measurements be made on the
boundaries of rectangular parallelepiped with sides close to
the tunnel walls but outside the boundary-layer region (see
Fig. 1). If the end planes are taken far upstream and far
downstream from the model, it may be possible to replace the
pressure measurements on these end planes by simple
theoretical estimates. The freestream Mach number, the
model angle of attack, the lift force, and the pitching moment
are also required by the correction procedure. An inviscid
transonic code simulating the flow about a simplified model
uses the experimental data to evaluate the lowest-order wall
interference corrections, AM and Ace. The correction
procedure is divided into the two steps described below.

In the first step, an equivalent model is determined such
that it suitably represents the tested geometrical model
together with corrections for viscous effects. It is not required
that the equivalent model produce the detailed flow features
of the tested model. However, the dominant or global flow
features produced by the model tested in the wind tunnel must
correspond with features produced by the equivalent model in
an inviscid wind tunnel. The correction procedure requires

1 <Meoo, ae>w, ae>t)

Match calculated lift and pitching moment to
corresponding measured values.

EL = o , Em = o

i (Mgoo» ̂ T w» ̂ T t^.............
Match calculated free air wing and tail lift values
to corresponding calculated tunnel values.
Minimize difference between Mach numbers on
model surface in tunnel and free air.

ECT,W = 0 , Ea,t = 0
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Apply corrections to data

Mfoo = Me00 + AM

af,w = *e,w+ Aaw
af,t = »e,t + Aat

Fig. 1 Geometrical configuration. Fig. 2 Correction procedure.
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that the flow be calculated numerically about the equivalent
model. Therefore the equivalent model should be simple
enough to allow numerical calculation of the flow about it at a
reasonable cost. The wing and tail angles of attack, aT>w and
oiTit, are determined such that the calculated lift and pitching
moment of the equivalent model are respectively equal to the
measured lift and pitching moment of the tested model. The
problem solved in this step may be stated as follows: Find
p [ = (ar>w, aT,t) 1 subject to the constraints:

„=0

with </> satisfying the equation

(la)

(Ib)

(Ic)

& 7 ( 0 ) = 0 (Id)

Equation (Ic) is the full potential equation

V - [ p V (* + </>) ]=0

or an approximation to this equation. In the present work, the
transonic small disturbance approximation is used. Therefore

subject to the boundary conditions

where

Boundary condition (Id) is the boundary condition at the
rectangular parallelepiped surfaces. It consists of Dirichlet
boundary conditions specified at the side planes. These
conditions are estimated from pressure measurements there.
At the two end planes, appropriate boundary conditions are
defined. These may either be obtained from experimental
measurements (if available) or from theoretical con-
siderations. Boundary condition (le) specifies zero flow
through the model surface.

It should be noted that the angle-of-attack modifications
are due both to the viscous effects present in the experiment

but not in the numerical simulation of the flow and to the
geometrical differences between the equivalent model and the
test model. Additional factors may be included in the sim-
plified equivalent model to account for other viscous effects if
needed.

In the second step of the correction procedure, the values of
OLF>W) aFt, and MFoo are determined such that the values of the
equivalent model wing lift in free air and in the tunnel are
matched; the values of the equivalent model tail lift in free air
and in the tunnel are matched; and the Mach number dif-
ference on the equivalent model surface in free air and in the
tunnel is minimized. The problem solved in this step may be
stated as follows: Find the optimum value of P[ = (MFoo,
CXF>W, oLFt) ] ,P*, such that

subject to the constraints

(2a)

(2b)

with $ satisfying the equation

=0 (2c)

(2d)

(2e)

(20

Boundary condition (2e) specifies the free-air far field con-
ditions. Here,

subject to the boundary conditions

\(MF-MT)2ds
" jAffds (3)

Fig. 3 Top view of wing in tunnel.

This is a measure of the Mach number difference on the
equivalent model surface in the tunnel and in free air. The
integrals are taken over the equivalent model surface. The
choice of normalizing the lift by the total pressure allows the
calculated values of L in Eqs. (2b) and (2c) to be dependent on
the Mach number distribution on the model surface while
being independent of the undisturbed Mach number value
M^.

The Mach number and angle-of-attack corrections are
calculated from the relations

o — MT

and the corrected Mach number and angles of attack are then
found from the relations

M/00 =Meoo +AM

An estimate of the accuracy of the wall interference
corrections is given by the value of EM. If EM exceeds an
acceptable value, the data must be considered as un-
correctable. If an adaptive tunnel is available, it may be used
to reduce the wall interference in this case. A summary of the
correction procedure is given in Fig. 2.

In certain situations it may not be required or desirable to
have different wing and tail angle-of-attack corrections. In
such cases an alternative approach which determines the
values of aFid and MFoo may be used in the second step of the
correction procedure. These parameters are determined such
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that the values of the equivalent model lift in free air and in
the tunnel are matched, and the difference in Mach numbers
on the equivalent model surface is minimized. In this form-
ulation, Eq. (2b) is deleted, while subscripts t in Eq. (2c) are
replaced by subscripts d. The value of mfrd — med in addition
to EM becomes a measure of the accuracy of the wall in-
terference corrections.

Numerical Approach
Step 1: Wind Tunnel Simulation

In this step, the angles of attack a rvv and aT>[ are deter-
mined. To determine these angles of attack it is necessary to
solve problem (1). Reference 21 describes a procedure for
solving the transonic small disturbance equation iteratively by
successive line overrelaxation. This procedure is used to solve
Eq. (Ic) with the following modification. In a standard
solution of Eq. (Ic), the potential function </> is updated at the
end of each iterative sweep, with the iterative solution <frn + I

resulting at the end of the n+ 1 iterative sweep. Throughout
this process, the values of aTw and aT>t are held fixed. In the
current procedure, the values of aTw and aT>t are updated
before each relaxation sweep by adding the incremental values
dotjfj and da^7 to the angle-of-attack values at the nth
iteration, a.nr>w and a.j>t. The scheme used for updating the
values of the wing and tail angles of attack before the n + 1
relaxation sweep is given by

/ H. and cx,r, are updated as follows:

i=w,t (4)

where

*r./

E"u=ELii(p";4>")

This is the Chord method22 with an upper limit on the
magnitude of 60;̂  Specified by the positive constant Aa. Ca
is a positive constant. Estimates for Le>w and Le>tf which are
required for the evaluation of ELiW and EL>t are given in the
Appendix. In evaluating En

L>i, the nth iterative solution, </>", is
used. After the values of aT>w and a.T>t are updated, a
relaxation sweep is performed in order to calculate the new
iterative solution, 0" + / . The iterative process continues until
the convergence criterion

max(\R"\-eR, \En
Ltt\-ea)<0

is satisfied, where R" is the maximum residual for the set of
finite-difference equations at the nth iteration, and eR and ea
are small positive constants.

Step 2: Free- Air Simulation
In this step, the angles of attack a,-w and ar , and the Mach

number M/00 are determined. In order to determine these
parameters it is necessary to solve the boundary value
problem, Eqs. (2d-2f), subject to constraints (2b) and (2c) and
to condition (2a). A procedure similar to the above-described
procedure is used here. For free-air simulation, however, each
i terative step requires that the values of «//„. , a / / , , and M /00
be updated. This is then followed by a relaxation sweep which
updates the value of <f>. In the n + 1 iterative step, the values of

(5)

where

The scheme used for updating the freestream Mach number
before the 77+ 1 relaxation sweep is described in Ref. 23. This
scheme requires the introduction of a new function eM givenby
The scheme is given by

(sn -

(7)

(8)

and cl and c2 are constants with cl > 1 and c2 < 1 . Equation
(8) determines the sign and magnitude of the incremental
value <5M£J7 . The sign of the incremental value is determined
in a manner similar to that used in Ref. 20. However, the
magnitude is determined in the manner suggested by Kemp
during a recent visit to NASA Langley Research Center.
When the sign of 6M£+7 is in agreement (disagreement) with
the sign of dMFoo, the magnitude of <5M£i7 is increased (de-
creased) by the factor c / (c 2 ) relative to the magnitude of
dMFoo . The scheme used in determining the magnitude of
<5M£+7 in Ref. 20 proved to be unreliable.

After the values of aF>w, aF>t, and MFoo are updated, a
relaxation sweep is performed to calculate the new iterative
solution $n+1. The iterative process continues until the
convergence criterion

max( \R" I -eR, \E^ I -

is satisfied.

Results and Discussion
The correction procedure described above is applied to a

rectangular wing, with a NACA 0012 airfoil section, located
in the middle of a solid-wall wind tunnel of height 3.26 (see
Fig. 3). The flow in the wind tunnel is assumed to be inviscid
with an undisturbed Mach number value of 0.8, while the
value of the lift experienced by the wing is assumed to be
L = 0.343 . In the case of a model with only one lifting surface,
the correction procedure does not require the pitching
moment. The first step of the correction procedure determines
the value of the wind tunnel angle of attack (a.T = 2.768 deg),
while the second step determines the values of the corrected

Table 1 Comparison of results based on linear theory to those based on transonic theory

Ac* AM

Uncorrected conditions 0 0
Linear theory 0.550 deg 0.004
Transonic theory 0.593 deg 0.009

0.644 x 10 ~ 3

0 .916xlO~ 4

0.222
0.395 x l O " 1

0 . 1 1 6 x l O ~ 5
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Mach number (MFoo - 0.809) and the corrected angle of attack
(o:/r = 3.361 deg). In calculating this example, the pressure
boundary condition (Id) has been replaced by a solid- wall
boundary condition.

A comparison between the results of the present procedure
and linear theory is given in Table 1 . In calculating Aa and
AM by linear theory the present approach has been used after
setting

The table indicates inaccuracies in the linear results.
Although linear corrections may be used with good accuracy
for subcritical flows, a fast deterioration in accuracy occurs
for supercritical flows as the size of the supersonic region
increases.24 The values of \dEM\ and \EaiW\ shown in the
table are calculated using solutions of the transonic equation
at the uncorrected condition and at conditions corrected by
linear theory and transonic theory.

A comparison between the spanwise lift distribution for the
wind tunnel flow (M^ =0.8, a = 2. 768 deg), the free-air flow
at the uncorrected conditions (M^ =0.80, a = 2. 768 deg), the
free-air flow at the corrected conditions (M^ = 0.809,
a = 3.361 deg), and the free-air flow at the conditions
corrected by linear theory (M^ =0.804, a = 3.318 deg), is
given in Fig. 4. Figure 5 shows the Mach number distributions
on the wing top surface at the midsemispan station. A
comparison between the shock wave locations for the dif-
ferent flow conditions is shown in Fig. 6.

Scheme (5) for determining a. subject to constraint (2b)
effectively accelerates the rate of convergence for solving the
flow equation.24 Scheme (7) for determining M^ subject to
condition (2a), however, does not have a strong effect on the
convergence properties for solving the flow equation.23 To
determine the effect of using both schemes simultaneously, as
described above, on the rate of convergence of the flowfield
solution, a standard calculation with MFos= 0.809 and
01/7 = 3.361 deg was performed. In this calculation, Pwas not
updated during the iterative process. A solution obtained on a
coarse computational mesh was used as an initial guess for
solving the problem on the final mesh. The number of
iterations required for convergence (e/?= 0.0005) of the
standard iterative process is 124 iterations for the coarse mesh
and 223 iterations for the fine mesh. The corresponding
number of iterations required for convergence (eR= 0.0005,
eM = 10~6 , ea = 10~5) of the present iterative process is 116
iterations for the coarse mesh and 205 iterations for the fine
mesh, indicating comparable, but slightly better convergence
properties for the present iterative process.

In the above calculations, the initial guess for the values of
MFoo and aF were taken to be 0.83 and 3.0 deg, respectively.
The intial incremental value dMFcx and the constants c/, c2,
and Ca were set equal to 0.002, 1.2, 0.6, and 3.0, respectively.
No attempt has been made to optimize the values of these
parameters in the present calculations.
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Fig. 5 Mach number distribution on wing top at the midsemispan
station.
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For a wing model, the correction procedure applied here de-
termines the Mach number and angle-of-attack correc-
tions such that the model l if t in free air and in the tunnel is
matched, while the Mach number difference on the model
surface in free air and in the tunnel is minimized. Alternative
formulations determine the Mach number and angle-of-attack
corrections such that the pressure difference14 or the Mach
number difference25 on the model surface in the tunnel and
free air is minimized with no constraints. In each of the form-
ulations, the error function being minimized will not be equal
to zero, in general, indicating that Ace and AM are only the
lowest-order wall interference corrections. Higher-order
corrections include lift , pitching moment, and drag correc-
tions. If the data are correctable (i.e., the minimized error
function is small), Ac* and AM calculated by the present
approach should agree to the lowest order with those
calculated by the alternative approaches.14'25 However, the
main advantage of the present approach over the other ap-
proaches is its superior computational efficiency.

The correction procedure described above is applied to a
wing-body-tail model configuration. The geometrical con-
figuration of the model in a solid-wall wind tunnel is shown in
Fig. 7. The model is assumed to be located at middistance
between the tunnel upper and lower walls. The distance
between these walls is 3.2 c. A NACA 0012 airfoil section is
used for both the wing and tail. The body is axisymmetric and
defined by

— yv —^ m

where r is the radial coordinate, and the coordinates x%, xm,
and xt are defined in Fig. 7. The maximum body radius is
taken to be 0.4. The undisturbed wind tunnel Mach number is
assumed to be 0.77, while Le>d and med are assumed to be 0.4
and 1.6, respectively.

A Cartesian computational mesh is used in the calculations.
The small disturbance boundary conditions for the wing and
tail are applied on planar mean surfaces in the usual manner.
The body boundary conditions are also applied on the planar
surfaces y — W and z = z0 ±H (see Fig. 8). For a general body
the boundary condition at these surfaces is given by

where Sb (0,x) is the path length along the body cross-
sectional contour at a given x station; Sp (6) is the
corresponding path length along the parallelepiped cross-

^ r- Parallelipiped
V / on which

body boundary
2^ conditions are

applied

sectional contour; n is the coordinate in the direction normal
to the body contour; and N is the coordinate normal to the
parallelepiped contour. In the special case of the axisymmetric
body,

Sb
e=rb n = r

The first step of the correction procedure determines the
values of the wind tunnel angles of attack (c^ = 3.296 deg,
0*7;, =3.780 deg), while the second step determines the values
of the corrected Mach number (MF(X= 0.799) and the
corrected angles of attack (aFtW = 4.212 deg, otFt =4.944 deg).
The values of \EM\, \EaiW\, and \Ea>t\ are reduced from

0.14

0.12

o.io-

0.08 -

Free Air Flow at the
Corrected Conditions

0.06

0.04 -

0.02 -

Fig. 9 Spariwise lift distribution for wing and tail.
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Fig. 8 Body and parallelepiped cross-sectional contours.
Fig. 10 Maximum Mach number distribution along wing top and tail
top.
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Fig. 11 Maximum Mach number distribution along wing bottom and
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Fig. 12 Shock position on wing top.

0.393X 10~2 , 0.296, and 0.211, respectively, for the flow at
the uncorrected conditions to 0.519X 10 ~ 3 , 0.276 x 10 ~ 4 , and
0 .135x lO~ 4 , respectively, for the flow at the corrected
conditions.

A comparison between the spanwise lift distribution for the
wind tunnel flow (M^ -0.770, aw = 3.296 deg, a, = 3.780
deg), the free-air flow at the corrected conditions
(M^ =0.799, aw =4.212 deg, a,=4.944 deg), and the free-air
flow at the uncorrected conditions (Mx= 0.770, aw = 3.296
deg, at = 3.780 deg) is given in Fig. 9. Figures 10 and 11 show
the distribution of Mmax (the maximum Mach number along a
chord) along the wing and tail semispans on the top and
bottom surfaces. These figures indicate that the blockage
effect caused by the presence of the tunnel walls affects the
different model components (wing, tail, and body) to dif-
ferent degrees of severity. It is therefore not possible to
correct this effect uniformly on the different model com-
ponents by a single blockage correction (AM). However,
accurate blockage corrections for a specific component may
be obtained by replacing the integrals in Eq. (3), which are
taken over the model surface, by integrals taken over that
component surface. A comparison between the shock wave
locations for the different flow conditions is shown in Fig. 12.

In the above calculations, the initial guess for the values of
MFoo, otF>w, and aF>[ were set equal to Me<x, aT>w, and aT>t,
respectively. The initial incremental value dMFoo and the
constants c;, c2, and Ca were set equal to 0.002, 1.2, 0.6, and
3.0, respectively. The number of iterations required for
convergence (eR= 0.002, eM = 0.5x!0~5 , ea = 0 . 5 x l O ~ 4 ) of
the present iterative process is 104 iterations for the coarse

mesh and 133 iterations for the fine mesh. The corresponding
number of iterations required for convergence (eR =0.002) of
the standard iterative process (dMFoo = Ca =0), with
MFoo= 0.799, aF>w= 4.212 deg, aF>t= 4.944 deg, is 110
iterations for the coarse mesh and 189 iterations for the fine
mesh, indicating superior convergence properties for the
present iterative process.

Conclusions
A method has been developed for the evaluation of wall

interference corrections for three-dimensional aircraft
configurations in the transonic regime. The corrected Mach
number and angles of attack are those optimum values that
minimize the Mach number difference on the model surface in
the tunnel and free air while matching the lift and pitching
moment. In addition to lift and pitching moment
measurements, the procedure requires pressure measurements
near the tunnel walls. An estimate of the accuracy of the
correction is provided by the method.

The correction procedure, which has been formulated as an
optimization problem, requires computation of the inviscid
flow about the model in the tunnel and in free air. An efficient
scheme that determines the solution of the flow equation and
the corrected (optimum) values of the Mach number and
angles of attack simultaneously has been developed.

Even though the present approach to the wall interference
problem has been applied to geometrically simple test cases,
and the governing equation is assumed to be the transonic
small disturbance equation, the same approach may be used
to solve problems of a geometrically complex nature and
problems which require the use of the full potential equation
or more complex equations.

The numerical examples presented here indicate that the
correction procedure predicts Mach number and angle-of-
attack corrections with good accuracy. Further calculations
and the use of real experimental data are required to evaluate
the present approach further.

Appendix: Evaluation of Wing and Tail Lifting Forces
The iterative procedure used in determining aTfW and aTl

requires that estimates be made for Le>w and Let. The values
of Le>w and Le>( satisfy the set of equations

Le>w+Le>t=Lefd (Al)

(A2)
where

and xw and xt are the x coordinates of the center of forces on
the wing and tail, respectively. Since £w and £ r are not given,
they are estimated at each iterative step. An the nth iterative
step, they are given by

These estimates are substituted into Eqs. (Al) and (A2) to
obtain the following values for Le>w and
iteration

Let at the nth

L" — -•^ P w —

-me,d
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