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ABSTRACT 

With the advent of V/STOL model configurations, it became appar- 
ent that classical solutions to -wind tunnel wall interference problems 
were not adequate to produce interference-free test results with aug- 
mented lift models.    The investigation reported herein is the experi- 
mental portion of a unified theoretical and experimental search for a 
slotted wind tunnel wall configuration with minimal interference for 
conventional and V/STOL models.    It is shown that theory and experi- 
ment are in excellent agreement for the classical case provided an 
appropriate expression is used to relate the wall geometry to the bound- 
ary condition.    Classical data correction equations are not appropriate 
for the V/STQL case, however.   An additional term, not predicted by 
theory, is needed to account for changes in the jet wake.   Geometric 
parameters which influence the wall interference quantities are indi- 
cated.   Wall configurations are shown which will produce interference- 
free force data to a jet-to-free-stream velocity ratio of 4. 5.    However, 
additional development work is needed to simultaneously obtain 
interference-free pitching moment data at velocity ratios greater than 
two. 

in 
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SECTION I 
INTRODUCTION 

It has long been recognized that wind tunnel walls produce interfer- 
ence effects which significantly affect the data of a lifting airfoil.   Two 
avenues are available to the wind tunnel user to counteract the interfer- 
ence effects:   (1)   apply theoretical or empirical corrections to the data, 
or (2) devise a tunnel configuration with negligible interference.    Both 
alternatives have been used with acceptable results in many instances. 

However, with the advent of vertical and short takeoff and landing 
(V/STOL) configurations it became apparent (Refs.  1 and 2) that classi- 
cal solutions to wind tunnel interference problems were inadequate. 
Classical theory developed from two basic assumptions: 

1. All of the lift is produced by circulation around the wing, 
and 

2. The trailing-vortex-wake flows horizontally downstream. 

Both assumptions are inappropriate for a vehicle operating with a large 
amount of augmented lift.    Heyson (Ref.  S) modified the classical theory 
to consider a nonhorizontal wake.   Kirkpatrick (Ref. 4) modified 
Heyson's wake model by using a distribution of point doublets along 
short line segments approximating a curved path.    The singularity 
strengths decreased in the downstream direction according to a sched- 
ule derived from jets exhausting into free air.    While Kirkpatrick1 s 
wake representation provided correction factors which were larger than 
Heyson's, attempts to correct-data were in many instances unsatisfac- 
tory (Ref.  5, for example). 

Because of the lack of satisfactory theoretical correction methods, 
it has been proposed that to obtain precise data with high lift devices, 
one should test very small models or use very large wind tunnels. 
When one considers a V/STOL configuration with six to ten lift engines, 
the concept of small models is rather impractical, except for very pre- 
liminary configuration evaluation.    On the other hand, test section sizes 
for negligible interference approach uneconomical proportions.   A 
third alternative is to devise a test section wall configuration with inter- 
ferences which are either small enough to be neglected or corrected by 
analytical means. 

The investigation reported herein is the experimental portion of a 
unified theoretical and experimental search for a wind tunnel wall con- 
figuration with minimal interference for V/STOL models.   Much of the 
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theoretical work, by C.  F. Lo, has been reported in Refs. 6, 7, 8, 
and 9.   The principal advantages of Lo's results are that solutions can 
be obtained for arbitrary tunnel cross-sectional shapes and arbitrary 
peripheral slot distributions.   Thus, interference calculations are no 
longer limited to tunnel configurations which can be represented by the 
image method. 

The primary purpose of this research program was to investigate 
the wall interference effects associated with augmented lift vehicles. 
However, it was also desired to obtain information applicable to con- 
ventional model configurations.    The program has been confined to 
slotted wall configurations because past experience has indicated that 
the slotted wall has better characteristics in the low subsonic speed 
range than porous walls (Ref.  10). 

Force and moment data were obtained with a jet-in-fuselage model, 
balance and sting in the 7 by 10-ft and 15 by 20-ft test sections of the 
Ling-Temco-Vought (LTV) Low Speed Wind Tunnel.   These data, con- 
sidered essentially interference free, were used to evaluate wall inter- 
ference by comparison with data obtained with various wall configura- 
tions in the 30 by 45-in. test section of the Arnold Engineering Develop- 
ment Center Low Speed Wind Tunnel (V/STOL). 

While the LTV tests were conducted with the jet-to-free-stream 
velocity ratios from 0 to 30, the tests in the V/STOL tunnel have been 
limited to a velocity ratio of 4. 5.    The limitation is due to the "flow 
breakdown" problem identified in Ref.  11.   It has been shown (Refs.   11 
and 12) that flow breakdown is caused by the model wake interacting 
with the tunnel floor producing a flow field which deviates substantially 
from that experienced in free flight.    Thus, particularly in a closed 
test section, there is a maximum velocity ratio above which the data 
are not valid. 

Approximate wake paths are shown in Fig.   1 (Appendix I) for the 
model installation used herein.    The paths were computed from an 
empirical formula developed in Ref.   13.    It may be seen that, at a 
velocity ratio of 4. 5 and high angles of attack, the jet impinges nearly 
normal to the floor.   At approximately a velocity ratio of 5. 0, the jet 
flow turns forward,  causing a large vortex to form ahead of the model, 
thereby severely distorting the uniform stream.   Thus, the velocity 
ratio of the tests was limited to avoid an additional complication to the 
problem. 



AEDC-TR-71-77 

SECTION II 
APPARATUS 

2.1   WIND TUNNELS 

The data which are considered interference free were obtained in 
the Ling-Temco-Vought (LTV) Low Speed Wind Tunnel.    The LTV 
tunnel is a horizontal, continuous-flow, atmospheric pressure, single- 
return,  closed throat system.   The rectangular 15 by 20-ft test section 
is followed by a 7 by 10-ft test section with speed ranges from 12 to 60 
ft/sec and 80 to 320 ft/sec, respectively.    A complete description of the 
tunnel, its operating characteristics and associated equipment, is con- 
tained in Ref.  14. 

The wall interference study was conducted in the Arnold Engineer- 
ing Development Center (AEDC) Low Speed Wind Tunnel (V/STOL).    The 
V/STOL tunnel is a continuous-flow, closed-circuit, atmospheric pres- 
sure test unit in which speeds from 5 to 220 ft/sec can be attained.    The 
test section has a 30- by 45-in.  cross section and is 72 in.  long.   The 
horizontal test section walls are mounted on a variable number of 
support columns which allow a wide variety of wall configurations to be 
used.   The vertical wall liners are supported on a web framework and 
were solid for most of the investigation.    The test section is enclosed in 
a sealed plenum which allows a constant-pressure field equal to the free- 
stream static pressure to be maintained around the test section.   A com- 
plete description of the V/STOL tunnel, its operating characteristics 
and associated equipment, is presented in Ref.   15. 

2.2   MODEL 

The jet-in-fuselage model, shown installed in the V/STOL Tunnel 
in Fig,  2, consists of an air ejector surrounded by a minimum cross- 
sectional area fuselage,  a midfuselage wing, and a removable horizontal 
tail.   The pertinent model dimensions are given in Fig.  3. 

The air ejector and its inlet were mechanically separated from the 
fuselage.    The flow resistance through the 0. 01-in. gap between the 
ejector and fuselage was increased by using a labyrinth seal.   The 
ejector has an inlet diameter of 3.25 in.  and an exit diameter of 2. 6 in. 
and is capable of generating 85 lb of thrust.    The ejector exit is coinci- 
dent with the bottom of the fuselage.   High-pressure nitrogen was sup- 
plied to the ejector through a specially designed sting.    A description of 
the ejector and its operating characteristics may be found in Ref.  16. 
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The fuselage has a square cross section with the corners rounded 
with a 0. 25-in. radius.    The model has a rectangular planform wing 
whose 1/4-chord line intersects the ejector centerline.    The wing has a 
NACA 0012 airfoil section and is at 0-deg angle of attack with respect to 
the fuselage.    The horizontal tail also has a NACA 0012 airfoil section 
and is also at zero incidence to the fuselage. 

The model contains two strain-gage balances.    One measures the 
normal force of the ejector and its inlet.    The other measures the 
normal force, axial force, and pitching moment of the wing-fuselage - 
tail assembly.    The model was mounted in the V/STOL tunnel so that 
the pitch center coincided with the wing 1/4-chord line. 

2.3   WALL CONFIGURATIONS 

Data were obtained with seven basic wall configurations.    A letter 
(A through G) is used to denote a particular configuration class and is 
synonymous   with a slot shape characteristic of that class.    Unless 
otherwise stated, each configuration consisted of solid vertical- walls 
and ten slots in each horizontal wall.   Each wall was constructed from 
individually supported 1/4-in.-thick plates whose edges were machined 
to produce a given slot configuration.    Porosity variations were accom- 
plished by removing the plates from the tunnel and machining the edges 
so that the width of a slot or slots was increased as indicated in the 
description of the individual configurations. 

The configurations may be divided into two groups.    Configurations 
A to D had slot centerlines located such that there was a slat directly 
above and below the tunnel centerline; whereas,  Configurations E to G 
had a slot on the tunnel centerline, thereby resulting in a half-slot at each 
side of the wall.    The slot shapes and their relation to the model are 
shown in Fig. 4. 

Configuration A:   The theoretical formulations assume a constant 
width slot extending from infinity to infinity in the streamwise direction. 
Configuration A approximates the theoretical configuration with constant 
width slots (Fig.  4a) extending the length of the test section.    The Config- 
uration A slot shape was also used to form a test section configuration 
with seven slots in each vertical wall and solid horizontal walls in addi- 
tion to the most general test section arrangement described above. 
Porosity variations were accomplished by increasing the slot width. 

Configuration B:   The Configuration B slot has a constant width from 
the beginning of the test section to Station 36.   The slot width then 
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decreased linearly to zero at the end of the test section.    Porosity was 
changed by increasing the maximum slot width. 

Configuration C:   The slot width varied linearly from zero at the 
beginning to a maximum at the end of the test section.    Porosity varia- 
tions were made by changing the maximum slot width. 

Configuration D:   The slot for Configuration D and all subsequent 
configurations began at Station 20.    The slot tapered linearly to 
Station 36, had a constant width to Station 60,  and then tapered to zero 
width at Station 72.    The slot shape was derived from theoretical solu- 
tions for the axial distribution of lift interference (Ref.  8) which indi- 
cate that zero upwash interference may be attained along the tunnel 
centerline by varying the slot width with axial position.    The theoreti- 
cal slot width variation to obtain zero lift interference in the V/STOL 
tunnel with ten slots in each horizontal wall for a velocity ratio of 
approximately 3. 2 is shown in Fig.  5.    Also shown is the slot shape for 
Configuration D which was selected to approximate the theoretical shape. 
Porosity was varied by changing the value of the maximum slot width. 

Configuration E:   The slot shape and location with respect to the 
model were the same as Configuration D,  except the rear taper was 
eliminated and the slat centerlines were shifted to obtain a slot on the 
tunnel centerline (Fig. 4b).    The maximum width of each slot was in- 
creased uniformly until the data obtained at zero velocity ratio indicated 
zero upwash interference which occurred with T = 2. 14 percent.    There- 
after,  porosity variations were accomplished by varying only the width 
of the center slots; that is, the slots directly above and below the model. 

Configuration F:   Configuration F is similar to Configuration E in 
that all slots except the center slot had the shape of Configuration E with 
the maximum slot width (0. 263 in.) established by producing the correct 
lift at zero velocity ratio.    The center slot had a shape as shown in 
Fig. 4b.    Only the width of the rectangular area directly above and below 
the model was opened to achieve a porosity variation.    The length and 
position of the opened rectangle correspond to the jet impingement 
region for VR of 3. 3 and 4. 5 shown in Fig.  1. 

Configuration G:   Near the end of the experimental program, theoreti- 
cal calculations (Ref.   9) indicated that a test section configuration with 
solid vertical walls, a small porosity on the top wall,  and a moderate 
porosity on the bottom wall would produce zero upwash interference in- 
dependent of the velocity ratio.    Configuration G was devised by using 
an existing top wall with TW = 3. 6 percent with a slot shape the same as 
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Configuration E.    The bottom wall configuration began by using the 
Configuration E slot shape with TW = 19. 3 percent, giving an overall 
porosity of 6 percent.   Subsequent changes were then made by changing 
only the rear portion of the bottom wall.    The resulting slot shape 
(Fig. 4b), tapered from Station 20 to Station 36, had a constant width 
(1.5 in.) to Station 44, tapered linearly again to Station 50 and had a 
second constant width section to Station 72.    Only the width of the second 
constant width section was increased to increase porosity. 

2.4   INSTRUMENTATION 

The ejector thrust and the model normal force,  axial force,  and 
pitching moment were obtained from strain-gages placed on specially 
designed balance beams.    The tunnel nozzle-exit pressure, which was. 
used as a reference for all other pressure measurements, was meas- 
ured with a precision mercury manometer.    The ejector-exit total pres- 
sure obtained from a manifold of eight total pressure tubes located in- 
side the ejector was measured with a 15-psid transducer.   The tunnel 
dynamic pressure and the model base pressure were measured with 1.0- 
and 0. 3-psid transducers, respectively.    The tunnel and ejector-exit 
total temperatures were measured with iron-constantan thermocouples. 

SECTION III 
PROCEDURE 

3.1   DATA PROCUREMENT 

In general, data were obtained at jet-to-free-stream velocity ratios 
of 0, 2.0, 3.3, and 4. 5 for. each tunnel wall configuration with the hori- 
zontal tail off and on.   The nominal tunnel and model conditions corre- 
sponding to the velocity ratios are as follows: 

VR q» v» Zi Re x 10"° 

0.0 29.2 160 0 5. 10 
2.0 24.4 145 290 4. 59 
3.3 16.8 120 396 3.79 
4. 5 16.8 120 540 3. 79 

Test conditions were selected to match as close as practicable those of 
the interference-free data.    However,  in order to avoid the necessity of 
calibrating the test section for each wall configuration, it was assumed 



AEDC-TR-71-77 

that the tunnel calibration obtained with solid walls was not significantly 
affected by wall porosity. 

The tunnel velocity was set by varying the fan speed until the desired 
dynamic pressure was established at the test section entrance.    Since the 
tunnel temperature was not controllable,  a "warm-up run'1 was made at 
the beginning of each test period to stabilize temperature.    The tunnel 
dynamic pressure was adjusted to compensate for temperature changes 
if the temperature changed 10°F during the course of a test period which 
was about six hours duration.    High-pressure nitrogen was supplied to 
the ejector through an appropriate pressure control system until the 
desired jet exit total pressure was obtained.    The jet exit temperature 
was also uncontrollable.    However, no adjustment was made for its 
variation.    This procedure is justified by the fact that the aerodynamic 
forces, which were of primary interest, were not significantly affected 
by small changes in velocity ratio. 

3.2   DATA PROCESSING 

The instrument readings were transferred from hand recorded data 
sheets to paper tape and processed with a digital computer using stand- 
ard data subroutines for computing the tunnel conditions, force and 
moment coefficients,  and model parameters. 

3.2.1   Determination of the Incident Correction Factors 

For reasons to be discussed in Section IV, it is assumed that the 
correct angle of attack for a V/STOL model in a wind tunnel is given by 

s 

where 6 and Aaj are constants for a given wall configuration and velocity 
ratio.    Values of 6 and Ao-j were obtained by comparison of data from 
the V/STOL tunnel with the assumed interference-free results from the 
LTV tunnel in the least-squares sense from the relations 

N N N 
NS[f(CLi3-a,J  CLl-S[flC,,.)-aiJSCL. (1) 

s-t t 
N 2 c,..2-(S cL ) 

1    '■•       1     ' 

2 

and 
ftKCi^-ojj ci,3 - 7[KcLl)-q,]cLi^ c.,„. 

Aa;   = s  U) 
N2 CT..2-(2 cL.)2 

1      '       1      ' 
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Equations (1) and (2) are derived in Appendix II. 

The incident correction is a coordinate rotation of the force com- 
ponents in the pitch plane from an axis determined by the tunnel center- 
line to an axis determined by the airstream direction related to the free 
air condition.   The amount of the axis rotation (Aor) is the difference 
between the geometric angle of attack in the wind tunnel and the equiva- 
lent free-air angle of attack.   Thus, 

Aa = a - am 

The corrected force coefficients are given by 

ClJ    =   ^L COS Aa  -  CD sin Aa (3) 

CD)C =  CL sin Aa + CQ COS Aa (4) 

In many instances, Ace and CD are sufficiently small so that the correc- 
tion to the lift coefficient is within the uncertainty interval of the data 
and may be neglected.   Such was the case for the investigation reported 
herein. 

3.3   DATA PRECISION 

The data contained herein were determined from single-sample 
measurements.    The uncertainties for the data are estimated from 
instrument precision and calibration curve-fit deviations.    All uncer- 
tainties are based on a 95-percent confidence level.    The precision of 
the measurements is as follows: 

YR cLf on» Cm q. Zs am 

0.0 ±0.011 ±0.006 ±0.005 ±0.3 ___ ±0. 1 
2.0 ±0. 009 ±0.008 ±0. 005 ±0.3 ±0.01 ±0. 1 
3.3 ±0.017 ±0.010 ±0.008 ±0.3 ±0.03 ±0. 1 
4.5 ±0.022 ±0.016 ±0.008 ±0.3 ±0.04 ±0. 1 

The accuracy of q,,, is affected by the assumption that the tunnel 
calibration was unaffected by changes in wall porosity.    Subsequent 
tunnel calibration with open horizontal walls (Ref.  15) has shown that 
the assumption was not appropriate.    Thus, the accuracy of q,,, is a 
function of wall porosity.   If it is assumed that the variation of q^ for 
a given tunnel nozzle exit condition is a linear function of wall porosity, 
the accuracy of q,» with T = 20 percent is within 0. 3 to -0. 54 psf. 

8 
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The accuracy of VR is affected by variations in the jet and the 
tunnel temperatures (neither of which was controllable) from one test 
period to the next.   The test conditions were considered acceptable if 
the velocity ratio was within 0. 1 of the desired value. 

SECTION IV 
RESULTS AND DISCUSSION 

4.1   THEORETICAL CALCULATION OF THE INTERFERENCE VELOCITIES 

Extensive theoretical calculations for wall corrections have been 
made for solid, slotted, perforated, and open test sections of various 
cross-sectional shapes.   The solutions have been obtained by assuming 
a compressible or incompressible fluid which is inviscid and irrotational. 
The incompressible flow field in terms of the perturbation velocity poten- 
tial is described by 

d2<f>        d2<f>       d2<f> 

d*2     +   By2 dz2 (5) 

The velocity potential <p is considered to be the sum of the potential due 
to the model in free air 0m and the interference potential caused by the 
presence of the tunnel boundary $j.    The free-air model potential is 
represented by appropriate singularities dependent on the problem under 
consideration.    For example, if it is assumed that the model is small 
compared to the tunnel size, a horseshoe vortex may be used to repre- 
sent a lifting wing, and a doublet may be used to represent the blockage 
of a model.    A combination of singularities has been used to represent 
more complicated configurations.    The solution for <j>i is obtained by 
satisfying the boundary condition which is determined by the wind tunnel 
under consideration.    For a solid wall, the velocity normal to the wall 
must be zero.    The perturbation potential is zero at the boundary of an 
open tunnel.    For a slotted tunnel, which is of interest in this report, 
the boundary condition 

d<f> 

* + K äT " ° <6> 
has been derived by several authors (Refs.  17 through 21) by replacing 
the slotted boundary with an equivalent homogeneous boundary.    The 
parameter K is related to the slot spacing and wall porosity and is dis- 
cussed in more detail in Section 4. 4. 2. 
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It has been found convenient to correlate the theoretical results by 
a slot parameter P defined as 

P =  § + f]_1 (7) 

A closed wall corresponds to P = 0, whereas an open wall is represented 
by P = 1. 

4.2   INTERFERENCE-FREE DATA 

The lift data obtained in the LTV tunnel are presented in Fig.  6. 
It should be noted that the forces being considered do not contain the 
direct force from the ejector and its inlet, but only the forces caused 
by flow over the model.    The lift coefficient fairings were obtained 
from a least-squares curve fit of each set of data.    The data exhibit a 
decrease in the aerodynamic lift at a given angle of attack as the velocity 
ratio is increased.    The lift decrement, which is characteristic of 
V/STOL configurations,  is caused by the flow field induced by the jet 
and its inlet.    The induced flow field is essentially normal to the model 
planform, thereby causing a negative normal force.    The lift data for 
each velocity ratio show a slight Reynolds number dependence. 

The drag data (shown in Fig.  7) indicate an increase in drag, at a 
constant value of the lift coefficient,  as the velocity ratio increases. 
The increased drag may be attributed to two factors.    First,  as the jet 
velocity is increased, at a constant free-stream condition, the velocity 
of the jet-induced flow field over the model increases causing an increase 
in the drag force.    However, the drag data are nondimensionalized with 
the free-stream dynamic pressure.    Thus, the drag coefficient is com- 
puted from an increased value of the drag without compensating for the 
jet-induced increase in the dynamic pressure.   Secondly, the jet efflux 
has a highly turbulent characteristic.    As its velocity increases, the 
influence of the turbulent flow on the model boundary layer is such to 
cause transition from laminar to turbulent conditions over a greater 
portion of the model, thereby increasing the skin friction.    The drag 
data also exhibit an increased Reynolds number dependence as the 
velocity ratio is increased, which may be attributed to an increase in 
the susceptibility of the boundary to transition under the influence of the 
jet-induced free-stream turbulence as Reynolds number increases.    It 
would have been interesting to obtain interference-free data with the 
location of the model boundary layer transition fixed. 

10 
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The jet-induced flow field causes a severe nose up pitching moment, 
as shown in Fig.  8,  which is inadequately compensated for by the force 
on the tail surface.    The data are very Reynolds number dependent.    In 
general, the pitching moment increases with decreasing Reynolds num- 
ber, but at VR of 4. 5, the data display a rather erratic behavior.    A very 
brief tuft investigation of the flow over the model indicate'd the presence 
of a vortex on the underside of the fuselage immediately behind the jet. 
It is probable that the vortex would be somewhat unstable with its position 
influenced by small changes in the flow field.    Thus, the pitching moment 
data would show a greater influence of small flow field changes, reflected 
in Reynolds number, than would drag or lift. 

4.3   BLOCKAGE INTERFERENCE 

The V/STOL configurations are characterized by the presence of a 
skewed wake rather than a horizontal wake as in the case of conventional 
aircraft.   The presence of a skewed wake in conjunction with the wind 
tunnel wall effects results in interference velocities in both the vertical 
and horizontal directions.    The velocity encountered by a model in the 
wind tunnel is 

U = LCU„ + u)2 + v2 + wf (8) 

where u, v, and w are the interference velocity components at the model 
caused by the presence of the tunnel boundaries.    For most model con- 
figurations, v is identically zero because of flow field symmetry.   Equa- 
tion (8) may be written as 

-4KtMc?r (9) 

Theoretical formulations (Ref. 22) have led to the definitions of the up- 
wash and streamwise interference factors for the case of a helicopter, 
lifting jet,  or lifting fan as 

and 

S„ 

S„ = 

w       C 
V7 T do) 

u      C_ 

v,„    A (ID 

respectively.    The lift produced by the direct lift device can, from 
momentum considerations, be expressed as 

L = 2p w0 u  A (12) 

11 
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The lift from a wing is given by 

L = l/2PUjCLS (13) 

Equating Eqs.  (12) and (13) gives an expression for the reference 
velocity wQ in terms of an equivalent wing, 

s 
*o  =  1/4 U

«CL  — (14) 

Substituting Eq.   (14) into Eqs.   (10) and (11) and in turn substituting 
into Eq.   (9) yields an expression for the velocity at the model in terms 
of the interference factors 

I'  = U..ß   +  1/4«. | CL)2 -  (l  45wAcL): 

(15) 

An experimental method for independently evaluating 6U and 6W for 
a V/STOL configuration has not been devised.    An estimate of U/U^, 
however, may be obtained from theoretical solutions.    It is shown in 
Ref.  8 that 6U and 6W have maximum values of 0. 3 and 0. 8, respec- 
tively, for the V/STOL tunnel configuration.    For the investigation 
reported herein,  CL < 1 and S/C = 0. 133.    Thus, \J/UW has a maximum 
value of 1.01 which occurs with a solid test section.    As the porosity 
of the tunnel is increased, the value of U/U,,, decreases to a minimum 
value of 0. 99 with the horizontal walls open.    Further, theory indicates 
that at the condition of zero upwash interference, the blockage correc- 
tion is also near zero.    Thus, the primary objective of the investigation, 
that of searching for a minimal interference configuration,  is not com- 
promised by neglecting the blockage correction.    Therefore, the 
velocity approaching the   model was taken from the tunnel calibration 
results. 

4.4   UPWASH INTERFERENCE 

4.4.1   Theoretical Considerations 

The change in angle of attack of a lifting body caused by the pres- 
ence of the tunnel walls may be expressed, in terms of the perturbation 
velocities,  as 

. -1 W W'UBO 
iia   =   tan          =     /io\ 

u   +u     i + u/u (16) 

12 
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Substituting Eq.  (14) into Eqs.  (10) and (11) and in turn substituting into 
Eq.  (16) gives the change in angle of attack of a V/STOL vehicle due to 
the presence of the wind tunnel walls as 

l/4 5w-§-CL 

Aa =  s  (17) 
1 + 1/4SU-|-CL 

By using the values given in the previous section, the term 
1/4 6U CL S/C has a maximum value of 0. 01 which may be neglected 
compared to one.   Thus, Eq.  (17) can be written in the form of the 
classical correction equation 

Aa = 5 jr CL (18) 

The factor 6 is commonly referred to as the lift interference factor. 

Experimental results (Ref.  7) have indicated that an additional 
correction is needed in the V/STOL case - at least for a model for 
which part of the lift is due to aerodynamic surfaces.   Not only do the 
tunnel walls introduce an interference potential into the flow field, but 
they also cause a change in the trajectory of the jet wake.   As a result, 
the jet-induced flow field over the model is different than in the free-air 
case.    It was observed that the effect could be compensated for by an 
additional incident correction term which is independent of lift.   The 
incident correction then becomes 

A« = 8 |- CL + Aaj (19) 

where Ao-i, termed the jet interference angle, is an angle-of-attack 
increment to account for the change in the jet-induced flow field over 
the model.   It is shown in subsequent portions of this report that Acs is 
a function of jet-to-free-stream velocity ratio and tunnel wall configu- 
ration.    It is probable that AOJ is also dependent on a model-to-tunnel 
size parameter and model configuration.    It appears that a theoretical 
evaluation of the term would require detailed knowledge of the induced 
flow field of a jet in crossflow, a capability which is currently beyond 
the state of the art.    Nevertheless,  all experimentally determined inter- 
ference quantities have been computed from Eq. (19) in the least-squares 
sense as described in Section III using the aerodynamic rather than the 
total lift coefficient.    The procedure is valid because the tests were 
conducted at constant values of jet thrust and justified because the 
aerodynamic lift measurement is significantly more accurate than the 
total lift (due to piping interactions).   Thus, the addition of a constant 
increment to both the interference and interference-free data does not 
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change the relationship between the two sets of data.    Therefore, the 
interference factors are unaffected.    The interference factors computed 
from the data obtained with the model tail off and on were essentially 
the same.   Therefore, no distinction is made between the two model 
configurations in the discussion of incident corrections. 

4.4.2  Comparison between Theory and Experiment 

It is indicated in Ref.  7 that theory and experiment were in qualita- 
tive rather than quantitative agreement.    Part of the discrepancy in the 
data of Ref.   7 was caused by not taking into account the change in tunnel 
calibration as the horizontal wall porosity was increased.   It is shown 
in Ref.   15 that the test section velocity with horizontal walls open is 
significantly different from the solid-wall calibration.    The data have 
been corrected by assuming that the variation in the calibration is linear 
with wall porosity so that,  for example, 

CL)
C = ^—    CL (20) 

where qT = q^i^ + T^open " Qsolid)-    The corrected data are shown in 
Fig.  9.    Theory and experiment are in good agreement for the closed and 
open tunnel but do not agree for the slotted case.    The reason for the 
disagreement lies in the expression for K in Eq.  (6), which relates the 
wall geometry to the boundary condition.   The expression for K used in 
Ref.  7, 

I     „ IT     a_ 

I (21) Kl    =       in CSC — 

has been derived independently in Refs.   17,   18,  19,  and 20 and has been 
used in most publications concerning slotted-wall interference.   A 
second expression for the boundary parameter 

(a \          ■_  iTt 

1 -   — 1 -   cosh     

K2--        M   -       ,             U f— (22) 
sin n h   - j\ 

derived in Ref.  21 results in a much better correlation between theory 
and experiment as shown in Fig.   10. 

Equation (21) was derived using conformal transformation tech- 
niques and by replacing the slotted wall with an imaginary homogeneous 
boundary.    Flow through the equivalent boundary may be described by 
the potential expression for flow through a thin screen with parallel 
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equidistant slits.   Equation (22) was derived by representing the slats in 
the tunnel wall by rod doublets.   The strength of the doublet is evaluated 
in terms of the slat width, thickness, and spacing by considering the 
flow normal to the wall to have a stagnation point at the center of each 
slat.   Apparently, the rod-doublet representation of the slotted wall is 
closer to the physical flow field than the mathematical model used to 
derive Eq.  (21). 

It is surprising that the theoretical and experimental data obtained 
at Vp =4.5 agree so well since the jet intersects the tunnel floor in such 
close proximity to the model (see Fig.  1).   However,  since theory and 
experiment agree well for the closed and open horizontal walls, P2TT* °* 

zero and one, respectively, it would appear that the lack of agreement 
is associated with the boundary expression rather than the theoretical 
model or the nearness of the jet impingement point. 

The effect of slots in the vertical walls on the lift interference is 
shown in Fig.   11.    The experimental data have been corrected by Eq.  (20) 
for the change in tunnel calibration caused by ventilating the test section. 
The theory and experiment agree quite well.    As would be expected, 
vertical wall porosity is not as effective in reducing upwash interference 
as is porosity in the horizontal walls.    The penalty paid for using a 
porous wall is increased power loss, test section noise,  and turbulence. 
Thus, it is desirable to keep the test section porosity as small as possi- 
ble.    Consequently, all subsequent wall configurations tested had solid 
vertical walls. 

All theoretical formulations to data assume a constant slot width 
extending to infinity upstream and downstream.    As will be shown in the 
following paragraphs, in order to minimize other types of interference, 
it is desirable to consider a slot configuration which varies the slot 
width with position.    For these cases, a direct correlation between 
theory and experiment is not applicable.    Further, the jet interference 
angle (Aar-j) is not considered in the theoretical treatment.    It was found 
that the interference factors 6 and Aa-: for a given slot shape may be 
represented by a single curve when presented versus test section 
porosity.   A typical example using the data obtained with Configuration A 
is shown in Figs.  12 and 13.    All subsequent data comparisons will be 
made with porosity as the correlating parameter. 

4.4.3   Effect of Configuration on the Incident Correction Factors 

The variation of the lift interference factor with porosity is pre- 
sented in Fig.   14 for each slot configuration.    The data points have been 
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omitted for clarity.    The data for Configurations A, B,  and C may be 
represented by a single curve.   Since the Configuration A data agreed 
with theory, the data obtained with Configurations B and C will also 
agree with theory provided the average value of the slot width is used 
inEq.  (19). 

Since the effect of an element of slot is proportional to the inverse 
of its distance from the model, it would be expected that the open area 
near the entrance of the test section would have a smaller influence on 
the interference at the model than the porosity near the model.    The 
expectation is realized by the fact that at every velocity ratio the 
porosity required for a given value of the interference parameter is 
less than with Configurations D through G than with Configurations A, 
B, or C. 

For velocity ratios greater than zero, the variation of porosity with 
Configurations E and F was accomplished by changing the width of the 
slot just above and below the model.    The porosity for zero interference 
was further reduced compared to previous configurations for each veloc- 
ity ratio.   It is surprising that Configurations E and F resulted in an 
identical variation of 6 with porosity.   It will be recalled from Section II 
that the increase in porosity with the Configuration F was obtained by 
opening the area just under the jet, whereas Configuration E opened the 
region above and below the jet for the rear half of the test section. 
Thus, the data would seem to indicate that the open area behind the 
model does not have a large influence on the lift interference factor as 
might be expected because of the distance involved.    However, the 
Configuration G, which increased porosity by opening only the rear 
third of the test section, produced a variation of 6 opposite other configu- 
rations.    The reason for the anomaly is unknown. 

Theoretical results (Ref. 9) show that certain combinations of top 
and bottom wall porosity will not only result in zero upwash interference 
but will also remove the velocity ratio dependence. Configuration G is 
of the wall type suggested in Ref. 9. While the variation of 6 with r is 
opposite the other configurations, the data for all three velocity ratios 
tested are almost coincidental. Thus, additional work with configura- 
tions with small porosity on the top wall and moderate values of porosity 
on the bottom wall is warranted. 

The variation of the jet interference angle (Aor-j) with porosity for 
the various wall configurations is presented in Fig.  15.   The value 
of A«j for the classical case, VR = 0, is identically zero.   Except where 
porosity variations were insufficient, each wall configuration resulted 
in a variation of &x\ with T which passed through zero.    As with 6, the 
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porosity required for zero Aa^ with a given wall configuration increased 
with increasing velocity ratio.   Also, Configurations E and F required 
the smallest value of porosity to eliminate the interference. 

Unfortunately, at almost all conditions, the porosity required for 
zero 6 is different from that required for zero Aa* as shown in Fig.   16. 
It will be recalled from Fig. 4 that Configurations A through D had a 
slat directly above and below the jet.   Data obtained with the centerline 
slat removed showed no effect on the variation of 6 with porosity, but 
caused Aati to be negative.   The data with Configuration A, shown in 
Fig.  17, are a typical example.   Although there is a strong interaction, 
the results suggest that 6 is. primarily a function of porosity while Actj 
is primarily a function of the transverse distribution of porosity.   Con- 
figurations E and F, which only varied the width of the center slot, were 
an attempt to use this result to simultaneously reduce 6 and AQ-J to zero. 
Comparison of the Configuration E and F curves (Fig.  16) shows that, 
except in the neighborhood of VR = 3, the centerline slot is much too 
open.    Thus, it is suggested that the proper configuration to simultane- 
ously give zero 6 and Act; would have a transverse porosity gradient 
proportional to the local value of the downwash.    The total porosity 
should not be significantly different from that required for zero 6 with 
Configuration E or F. 

4.4.4   Effect of Configuration on Drag 

The drag data obtained with a closed test section and with open hori- 
zontal walls at velocity ratios of zero and 4. 5 are presented in Fig.   18a. 
The drag coefficients obtained with other wall configurations lie between 
the data obtained with these two extreme configurations.    The corrected 
data (Fig.  18b) were calculated from Eqs. (4) and (19) using the values 
of 6 and Aaj determined from Eqs.  (1) and (2). 

The corrected data for the closed test section agree very well with 
the interference-free data.   However, the data obtained with open hori- 
zontal walls are increased by a constant drag increment, resulting in 
the corrected data being parallel to the interference-free curve.    The 
data offset may be attributed to a change in the test section flow quality 
resulting from an increase in free-stream turbulence with the open 
walls.    The increased free-stream turbulence causes the model boundary 
layer to transition earlier, thus increasing skin friction, hence drag.   It 
is interesting to note that the drag increment is less at VR =4.5 than at 
VR = 0.   This phenomenon may be attributed to the fact that the jet efflux 
which, in itself, is highly turbulent, dominates the flow field particularly 
on the underside of the model.   Thus, the jet causes a substantial part 
of the model boundary layer to become turbulent lessening the effect of 
free-stream turbulence. 

17 



AEDC-TR-71-77 

The data shown in Fig.   18 indicate that" the drag data may be 
corrected by a simple rotation of the wind axis caused by the lift- 
induced change in incidence.    Thus, a wall configuration which has zero 
incident correction will produce interference-free drag data, provided 
flow quality is not a factor. 

4.5   AXIAL GRADIENT OF INTERFERENCE 

4.5.1   Theoretical Consideration 

Classically, pitching moment data have been corrected because of 
"streamline curvature" which results because the wall-induced veloci- 
ties are not constant in the axial direction.    For an airfoil, the inter- 
ference effect can be considered to be a change in chamber.    Correc- 
tions to the pitching moment are derived from lifting line theory, assum- 
ing a circular airfoil and that the interference factor 6 is linear in the 
axial direction (Ref.  23).   The assumptions are reasonable provided the 
chord is' small compared to the tunnel dimensions.    The correction to 
pitching moment for an airfoil in a rectangular tunnel (Ref.  24) is 

cS dS    dCL 
Ac" - l^ET CL *T IT <23) 

In the case of a model with a horizontal tail, the tail experiences a 
different angle of attack, because of wall interference, in a wind tunnel 
than in free air.   The dynamic pressure at the tail will also be different 
in the wind tunnel than in free air.    The correction to the pitching 
moment derived for a V/STOL model with a horizontal tail (Ref.  25) is 

IT      ST   x'      <?CLT I 
*Cm = V JZ i7 ~d^~ (Aaw - A«T) (24) Jw 

where Aa is defined by Eq.  (19) with the proper subscripts depending on 
whether the wing or tail is being considered.    The evaluation of Aavr 
requires independent measurement of the tail forces which was not done 
in the present investigation. 

An additional factor should be considered in the evaluation of the 
pitching moment data.    Partly because of the slotted walls and partly 
because of inherent tunnel qualities, the turbulence level in the V/STOL 
tunnel is relatively high.    The high turbulence level would tend to speed 
boundary layer transition and delay separation of the flow over the 
model.   Small changes in either quantity affect the pitching moment and 
drag more noticeably than lift.    Thus, one would expect more anomalies 
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in the drag and pitching moment data than in the lift data.    Unfortunately, 
the effect of free-stream turbulence cannot be readily evaluated and 
thus represents an unknown quantity in the data.   Because of a nonuni- 
form variation of the pitching moment data with wall configuration, the 
data are not suitable for mathematical treatment as were the lift and 
drag data.    Therefore, one must regress to direct data comparisons. 

The variation of pitching moment with lift for a closed test section, 
open horizontal walls, and Configuration A with 6 approximately zero is 
shown in Fig.  19.   It is evident that, for VR = 0, Eq.  (23) with an 
appropriate value of the interference factor can be used to correct the 
data.    At VR = 4. 5, however, while a small correction proportional to 
lift may be inferred, the primary correction needed is a constant 
moment increment independent of lift.    The data with VR =4.5 are typi- 
cal of all the data for the V/STOL case, although, in general, the 
moment increment required to correct the data is a function of velocity 
ratio.   Examination of Eq.  (24) shows for a linear lift curve that to 
obtain a constant moment correction (Aaw - AO-T) must be constant. 
Since each term contains the incident correction factors 6 and Aas at 
the appropriate location, it is not obvious that Eq. (24) will provide the 
desired result.   Subsequent investigations should use a metric tail to 
resolve this question. 

Theoretical solutions for the axial interference gradient (Ref.  7 for 
the classical case and Ref.  8 for the V/STOL case) show that with a 
closed wall the positive pitching moment should be less than free air, 
approach free air as the wall porosity increases, and finally, be 
greater than free air when the horizontal walls are fully open.   Although, 
for the classical case (Fig.   19a), the experimental data first decrease 
and then increase with increasing porosity, the data generally agree 
with the predicted trends.    In the V/STOL case (Fig.   19b) the pitching 
moment obtained with solid walls is less than the interference-free 
results as predicted, but Cm decreases with increasing porosity, 
opposing the theoretical prediction.   Apparently, these results are 
caused by the flow field induced by the wake-wall interaction which has 
been shown to result in complicated vortex-like flow patterns 
(Refs.   12 and 26). 

4.5.2   Effect of Wall Configuration on Pitching Moment 

Wall Configurations B through G were tested in an attempt to influ- 
ence pitching moment.   In general, as indicated in Fig.   19, the wall 
configuration which produced near zero upwash interference produced 
large pitching moment deviations.   In the classical case, VR = 0, fairly 

19 



AEDC-TR-7W7 

good agreement with interference-free data was obtained with Configu- 
rations D and E with the lift interference factor approximately zero as 
shown in Fig. 20.   However, the pitching moment data show a substan- 
tially different variation with lift in the V/STOL tunnel than was found 
in the LTV tunnel.   It was shown previously that the pitching moment is 
Reynolds number sensitive.    It is felt that the basic difference in curve 
shape shown in Fig. 20, which is typical of all the data, may be attrib- 
uted to different transition-point location in the V/STOL tunnel.    The 
change in transition location is caused by a higher free-stream turbu- 
lence in the V/STOL tunnel which is equivalent to a Reynolds number 
effect.   Insufficient data were taken to evaluate the effect of Reynolds 
number between the two tunnels. 

The difference between tail-on and tail-off pitching moment for the 
data of Fig.  20 is shown in Fig.  21.    The agreement of the data from 
Configurations D and E with interference-free results indicates that 
there is no axial interference gradient with the two configurations for 
Vp = 0.    Thus, with equal flow quality, tests of conventional aircraft 
configurations in a slotted tunnel with slots matching Configuration D 
with T = 3 percent or Configuration E with 2. 14-percent porosity should 
duplicate free air lift, drag,  and pitching moment results. 

The degree of difficulty in simultaneously eliminating lift and pitch- 
ing moment interference is increased in the V/STOL case because Affj 
must also be forced to zero.    As indicated in Fig.  16, data were seldom 
obtained with a configuration which produced zero incident correction; 
that is, 5 = Affj = 0.   Thus, in general, the wall configurations which 
produced interference-free pitching moment must be further modified 
to satisfy the upwash interference requirements. 

It was indicated in Fig.  19 that the pitching moment data obtained 
in the V/STOL tunnel with various wall configurations tended to be too 
negative.    However, two configurations were found which resulted in 
pitching moment data that were in fairly good agreement with the 
interference-free results at a velocity ratio of two.    As shown in Fig. 22, 
the data with Configuration D with T = 8 percent and Configuration G with 
T = 8. 2 percent agree well with the LTV data except at positive lift with 
the tail on.    The effect on pitching moment of varying the width of the 
centerline slot, Configuration E, is shown in Fig. 23.   It is seen that the 
greatest effect of the configuration on the data is at positive lift with the 
tail on.    As the width of the centerline slot is increased, the data at 
positive lift with the tail on approach the interference-free results, 
whereas the remainder of the data is relatively unaffected.    Thus,  it 
would appear that increasing the center slot width of Configurations D 
and E would result in excellent agreement of the pitching moment data 
over the complete angle-of-attack range of the test. 
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Since the jet-wall intersection region at VR = 3. 3 and 4. 5 is in 
close proximity to the tail (Pig.  1), the pitching moment is dominated 
by the wake-boundary interaction.    The only configuration which dras- 
tically modified the wake impingement region, Configuration G, also 
resulted in the highest pitching moments for velocity ratios of 3. 3 
and 4. 5.    The data are presented in Fig.  24 along with that obtained 
with Configuration D with 6*0, which is typical of other configurations. 
It is evident that Configuration G resulted in a significant improvement 
in the pitching moment in each case - thus indicating that future investi- 
gations should consider further modifications in the wake impingement 
region. 

SECTION V 
CONCLUSIONS 

An investigation of wind tunnel wall interference with a jet-in- 
fuselage model has resulted in the following conclusions: 

1. Theory and experiment are in acceptable agreement for 
the classical case provided an appropriate expression 
is used to represent the tunnel boundary characteristics. 
While the theoretical and experiment lift interference 
factors agree well in the V/STOL case for a closed and 
open horizontal wall tunnel configuration, the boundary 
expression valid for classical models needs to be modi- 
fied to obtain better quantitative agreement for slotted 
wall configurations with V/STOL models.   The classical 
boundary expression does, however, give satisfactory 
qualitative results for the V/STOL case. 

2. Classical data-correction equations are not appropriate 
for V/STOL configurations because of changes in the 
jet-induced flow field over the model.    The effect of the 
tunnel boundary on the jet-induced flow field may be 
represented by an incident correction term (Acj), but 
its value must be determined empirically.    Additional 
work, both theoretical and experimental, is needed to 
fully understand the implications of the jet interference 
angle in V/STOL model testing. 

3. Although secondary interactions exist, the results of the 
investigation reported herein indicate that, for a given 
velocity ratio, the lift interference factor is primarily 
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a function of the test section porosity, the jet interfer- 
ence angle of the transverse distribution of porosity 
and pitching moment interference of the axial porosity 
gradient. 

4. Two test section wall configurations (D with T = 3 per- 
cent and E with T = 2. 1 percent) will, when the flow 
quality is equal, produce interference-free force and 
moment data for conventional aircraft configurations. 

5. For the V/STOL case,  Configuration D, modified so 
that the area directly under the jet is a little more 
open and by using a porosity which varies with velocity 
ratio, should result in interference-free data to a 
velocity ratio of two.    Interference-free lift and drag 
data may be obtained at velocity ratios greater than two 
by simply increasing porosity.    However, additional 
development is required to obtain interference-free 
pitching moment data at velocity ratios greater than 
two. 

6. In general, the porosity required for zero interference 
is a function of velocity ratio.    However, theory and a 
limited amount of experimental data indicate that a 
zero interference configuration with porosity independ- 
ent of velocity ratio should be possible by using con- 
figurations vhich have a different porosity on the top 
and bottom walls.    Therefore, future work should con- 
centrate on configurations of that type.    Additional 
attention should also be given to the area of the wake- 
wall intersection.    Modification of the theory to con- 
sider axial gradients of porosity would also be helpful 
in the search for a minimal interference configuration 
for all model conditions. 
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HORIZONTAL WALL PLANFORM 

a.   Slat on the Centerline 

CENTERLINES  INDICATE THE   POSITION OF THE SLOT CENTERLINES 
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Fig. 4  Slot Geometry 
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APPENDIX II 
EXPERIMENTAL INCIDENT CORRECTION FACTORS 

The equivalent free-air angle of attack of a V/STOL model in the 
wind tunnel is given by 

s 
a =  am  + 8 — CL +  Adj (II-1) 

A relation relating the free-air angle of attack to the lift coefficient, 

a =   f(CL)  =  a0  -   aiCL   +  a2CL
2  -  83CL

3
   T   ■ ■ ■ (Ü-2) 

was obtained by a least-squares curve fit of the LTV data for a given 
velocity ratio and model configuration.   Each data point from the V/STOL 
tunnel yielded a pair of values for the lift coefficient and angle of attack 
tern-* CL.).   "^e error associated with each pair of values, obtained by 
subtracting Eqs.  {II-1) and (II-2),  is 

It is desired to minimize the error for a set of data by selecting appro- 
priate values of the constants 6 and Aa-j in the least-squares sense.   The 

sum of the squares of the error is given by 

2 K\ = 2 [aj + 8 -|- CL. + Aaj - f(cLi)r 
(H-3) 

where N is the number of data points in a given set of data.    A set is 
comprised of all (am., QL.) points obtained with a given model configu- 

ration (tail-on or taü-off), tunnel wall configuration and velocity ratio 
between an angle of attack of -6 deg and the model stall point which was, 
in general, near 9 deg. 

The minimum value for Eq. (II-3) is obtained when 

-|- 2 E? = 0 = 2 2 [Bi + 8 | CLi . fe, - f(CLl>]-f CL| 

and 

dAaj    ! 
2 Ei2 = 0 = 2 £ [a; + 5 -|- CLi + Aaj - f(CLi)] 
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■which may be rewritten as 

8  |-  I  CLi
2   *   fej   1  CL;  =   X WCLl)   -  Of]   CLl (n4) 

and 

«■§-*  CLj  +   AajN  -   £  [f(CLi)  -  a;] (n_5) 

The desired quantities are obtained by the simultaneous solution of 
Eqs.  (H-4) and (II-5) which give 

and 

N N N 
N 2[f(CL.)-ai]  rL.-2[f(CL.)-a;]5: cL. 

s = ^— ^ -^ ■ l—- 
S N 9 N 7 

NSCL|
2-(2CL,)2 
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(n-6) 

N N .,      N N 

2[«Ci..)-a,]2CLi  -2[«cLi)-0|]cLi IcL. 
Aaj ■ N N .   (n-7) 

NXcLi
2-(ScLi)
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