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' ' " Preface

One of the major reasons I selected this topic was hy
background as a B-52 receiver pilot. Throughout the study
I tried to use my flying exberience’to ﬁrovido a little
more insight to what really hapﬁena behind a tanker. As a
Flight Instructor, I am also aware of some of the problems
students have when learning how to air refuel. This know-
ledge enabled me to choose some of the areas I emphasized

in the report. To date, little has been published on air-

refueling aerodynamics and I hope this report can help
stimulate more interest in the subject.
This effort would not have béen possible without the 3
’ help of a number of peopls. I would first like to thank
the members of my thesis committee, Major Eric Jumper and
Captain Hugh Briggs, for their help in this undertaking. ;
I would also like to thank my thesis advisor Lt Col Michael

Smith whose patience and direction were essential ia com-

pleting my thesis. Lt Marc Masquelier, Rimentas Liaugminas, :

. EERA L ot

Ojars Skujins, and William McClure sponsored the project
and their aid was very much appreciated. A special thanks
to Mr. James Snyder who gave me the Latex program and j
helped me get it working on the AFIT computer. Finally &

big thank you to my wife Tawnle and my daughter Bethany

whose ‘love and support kept me going throughout the project.

' Eric H., Hoganson
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Notstion
A Distance bshind tanker 1lifting lire
{A} Influence coefficient matrix
a Angle of attack
(1 -H'i)*
b Wing span
b! Effective wing snan
¢ Chord length
Cy, Lift coefficient
Cn Moment coefficient
r Circulation strength
Fi Distance below tanker 1lifting iine
M Mach number 1
Numbor of semi-span panels %
Point of interest
x2 + yz + 32

Wing area

Free stream velocity

b B s it

Induced velocity in the x direction
Total induced velocity

Induced velocity in the ¥ direction
Descent velocity of wing tip vortex palr

Induced velooity in the = diroéhion

Distance behind the tanker wing in the
direction of U



Spanvise distance off sanker conterline
(positive to the right)

' 2 Distance normal to tanker wing at cero
angle of attack (poaitive up)
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Abstract

nyes 7,90t ed .
4'his report, deocuments-an-investigation-o® the feusi-

billity of ﬁfi“ an analytical spproach and the vortex
lattice m:14:3 fcr“bh(}Qthuafg;a‘ef—thé7;orodynnmic
interference effecta present during aerial refueling.
(\—“~A‘ KC-10 tanker and a B-52 receiver were seleched—for—
=¥

atud}thvvvvonyfthe method ocn—%grapplias to any tanker-

//,oad receiver combination. ?hn{z,jor assumptions include:

" linear potential flow; tanker and receiver are represented

by wing planforms, fuselage effects are small; and the L
rolling-up process of the tanke%g wing tip vortices are
not considered. The analytical approach uses a lifting
l! line followed by a semi-infinite vortex sheet to represent
the tanker. Three linear lift distributions for the :

S el e T L e

tanker's wing were used and equations were derived for

§ the induced downwash at any point in space. Points weve-
% were selreted
¢ saleetaé?on the receiverp winglto indicate the tanker's

effect on the receivege flowfleld. Results of the analy-
tical equationaudzgé conpared with analytical predictions
wers found to ovor’bredict the induced downwash by ‘
25-358%. th—vortcx-k&%ex~lc%ﬁ&ee—ioﬁhoé‘(GiHT"is used ;
to study the effects cf: rentangular vs svept wings on
induced downwash; tanker tailplane on the receiver; change

of angle of attack of one alrcraft due to the presencs of

the other, and the presence of the tanker on the receiver's




pitching moment. y Again, the results for induced downwash

( _ were compared-“ith the Douglas predictions to ovaluate the

accuracy.H VLM results varied from the Douglas prediction

| for induced downwash by only 5% and were even more gdourato
at lower tanker angles of ttt;ck.“'Othor findingl‘vo;oz
swept wings were necessary for good simulation, the tanker
r tailplane has only a slight effect on the receiver, and

the tanker (in this combination of aircraft) affects the

receiver to a greater extent than the receiver affects
i ; » the tanker. The results indicate that a simple vortex
‘ lattice method which ignores fuselags effects, can be

j used to determine many of the interference effects exper-

; ; ienced during aerial refueling. ]
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A Stud- of the Aerodynamic Interference
Effects During Asrial Refueling

I. Introduction .

Background
In April 1923, the first air refueling took place

between two Army Air Corps DH-4B aircraft. 'Since then a
variety of aircraft has been used as both tankers and
receivers. In the past, refueling training was accom-
plished in flight. Howéver, with the rising cost of both
fuel and airframe time, the Air Force became interested
in decreasing the actuai flying time while maintaining
the same flying proficiency. This was especially true
with heavy (B-52, C-141, C-5A) type aircral’t. The most
logical way to accomplish this task was to develop a’
simulator that can be used for air refueling training and
pilot preoficiency requirements.

The Simulator Systems Program Office of Aeronautical
Systems Division (ASD) needs a method to provide fiow
field data for the XC-10 tanker to use in receiver
simulator design. This information is neceasary to ensure
that the receiver simulator "flies" like the ruval aircraft.

Curing aerial refueling, the normal position of the

receiver alrcraft is below and behind the tanker. In the

refueling position, the presence of the tanker causes




significant changes in the asrodynamic beheavio: or the
receiver, Therefore, for effective refueling simulation,
it is of prime importance to determine how the tanker

aerodynamically affects the receiver.

Purpose

The objective of this study was to determine if an
analytical or a simple numerical approach can be used for
the evaluation of air refueling aerodynamics. To accomplish
this, it was necessary to identify fhe important aerody-
namic factors and also determine the complexity of the
model required to give acceptable results.

The following effects were considered:

1. Tanker span-wise 1ift distribution on
the flow field.

2. Sweepback of the tanker and the receiver
on the flow fleld.

3. Tanker tailplane on the receiver.

4. Change of the tanker angle of attack
due to the receiver.

5. Change of the receiver angle of attack
due to the tanker.

6. Chaage of the receiver's pitching moment
due to the tanker,

The fuselage effects of both tanker and receiver
airecraft were not considered in the analysis. This
greatly simplified the problem and éomparison of the
computed values with the available Douglas data (5),
indicated that it was a reasonable aéaumption. A dis-

cussion of the method used by Douglas, and the effects

2
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they considered, is found in Chapter five.

Approach

The study of the aerodynamic effects of one aircraft
on another is not a new,hroblem. "In faét. aerial refuel-
ing aerodynamicé is éimilar to biﬁlane aerodynamics. In
biplane theory, the vertical distance between the two wings
is calied gap and the horizontal distance between the
quarter chords of the two wings is called stagger. The
most basic method to model the tanker and receiver is to
replace each aircraft with a rectangular wing. The re-
fueling situation is now reduced to a biplane problem
with an exaggerated stagger and gap.

Glauert (8), Von Mises (18), Munk (13), Millikan, (12)
and others developed biplane theory. They fouﬁd that, for
an elliptical 1ift distribution on the lead wing, a numer-
ical solution is required to calculate the induced normal
velocity at any point in the flow (10). To keep the
problem analytical and identify key parameters, three
different linear distributions for the tanker wing were
selected. They are the tent distribution (fig 1), the
modified linear distribution (Fig 2), and a single
horseshoe vortex (Fig 3). |

To extend the analytical approach and investigate
the effects of sveepback and the tanker tailplane, a
vortex lattice method (VLM) was used. In this method,
aircraft wings and tailplanes are modeled by flat plate

A anBlear s i s ek S i
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planforms for a variety of configurations and positions.
(;) A KC-10 tanker and a B-52 receiver were used in the
evaluation, however, the method can be applied to any

tanker and any receiver,

Result Sumssry

The results of the analytical approach and the vortex
lattice method were compared with Douglas Aircraft Company
(Douglas) data (5). It was found that the analytical
methods were in qnalitétive agreement for tanker inducsd
velocity, while the vortex latﬁice results showed excel-
lent agreement with the Douglas data, especially at lower
angles of attack, where linear theory is expected to give

best results.
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.To have an accurate aimulation; it is necessary to
have a thorough knowledge of the probdis that is simulated.
The same is trus for the refueling problem. This chapter
qualitatively describes the air rofueiing process from a

pilot's point of view. A typical refueling of a KC-135

h tanker and & B-52 receiver will be discussed first, followed
by a description of the changes caused by refueling with a
KC-10 tanker. |

A good starting point for the air refueling process is
3 % when the B-52 receiver is one mile behind and 1000 feet
below the tanker. The B-52 then climbs to a position 1/2
mile behind and 500 feet below the KC-135. The B-52 con-

_ tinues climbing and closing on the tanke; to a point slightly
;fi | behind and below the tanker. This point is called the pre-

j ; contact position (approximately fifty feet behind and ten
feet below the contact or refueling position) ard is very

important. The B-52 is stabilized (closure rate is reduced

to zero) at the precontact position. Precontact is impor-
tant for two reasons:

1. The power setting, trim (angle of attack), and
airspeed are approximately the same for the
oon{?ct position (when the receiver can onload
fuel).

2. The aorodyntlid‘o:focti between aircraft beconme
much more noticeable to the pilots.

ot b b




As the B-52 moves from precontact tc the contact
position, the receiver pilot attempts to keep the B-52
on tanker center line, while moving the aircraft forward
and alightly up. This is often a difficult task for the
refueling student pilot due to the complexity of the com-
bined effects of flying two large aircraft in the sanme
airspace. During the closure to the contact poaiﬁion.
the KC-135 must put in nose-up trim to maintain level
flight conditions. Approximately seven feet from the
contact position, the B-52 experiences a drag increase
(may require a slight throttle increase), and a nose up
trim requirement. However, after passing that point,
there is a slight nose down trim requirement and a drag
decrease (may require reduction of throttle setting).
While in contact with the tanker, the B-52 can move
laterally four degrees (measured from the tanker boom)
left or right of tanker centerline with little effect omn
the B-52 rolling moment (7:1-7). If the B-52 moves
laterally more than four degrees, a rolling moment is
induced on the B-52, causing it to roll toward tanker
centerline. :

Refueling with the KC-10 tanker is very similar to
the KC-135, with the following exceptions. The KC-10 has
a larger wing span than the KC-135 (165 £t vs 131 f£t) and
2180 « much heavier gross wveizat (590,000 1lbs vs 297,000 1bs).
When a B-52 moves from precontact to contact on the KC-10,

there 18 no incrotloAin drag at the seven foot point as with

R Y T B R f b v vt -
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the KC-135, Also., ths B-52 can move eight to ten degrees

(:} left or right of tanker ooqtorlino without gotting the
tendency to roll. Finally, the KC-10 boom is much longer
than that of the EC-135 boom and keeps the receiver farther
behind and below the KC-10,

A well doiignod simulator should "fly" the same as the
aircraft. Therefore, the previous information will be
qualitatively used to check the results. For more infor-

mation on B-52 refueling procedures, see B-52 T.0.

1-1C-1-15 (7).




III. ‘Analytical Approach

Mathematically modeling the velocity induced on the
receiver due to the presence of a tanker was dons by three
methods. A linear circulation distribution, located at
the quarter chord, was assumed for all three methods, so
that the equations could be analytically integrated (See
Appendix A). Methods 1 and 2 used a lifting line at the
quarter chord followed by vortex sheet to represent the
tanker. These methods did not simulate roll-up of the
vortex sheet. Method 3 used one horseshoe vortex with
the 1ifting line located at the quarter chord and two
trailing veortices to repiesent the tanker. This simulated
two fully rolled up tip vortices. The above methods were
the extreme cases (no roll-up and fully rolled up vortex
sheets) of what actually occurs.

The linear circulation distritutions for the tanker
in Methods 1, 2, and 3 were selected for two reasons.
One, to keep the integration as simple as possible and
still give qualitatively useful results. Two, evaluate
how a substantial change in 1ift distribution affected
the prediction of induced veloecity.

The effect of the rolling up process will be slight.
Vortices for a awoptving sircraft are fully rolled up at
three to four span widths (11:13). For a KC-10, that
amounts to 660 feet behind the wing tip. In a typical




situation, a receiver is only 25 feet behind the tanker.
The descent velocity of the vortex peir was found by (11:8):

"d"!;%rt;i

vhere b! is the distance separating the two vortices

(b' = #b/4 for an elliptical 1lift distribution.) For a
typical refue'ing, Vg = 5.7 + 1.42 ft/sec.
Notice in Fig 4, the B-52 flight path is well below

the KC-10 tip vortices., Even in the contact position,

the receiver is twenty-five feet below the tanker's wing

tips and the tip vortices are only beginning to roll-up,
indicating that the effect of the rolling-up process should
be minimal. The other assumptions for the analytical
approach are:

1. Linearised potential flow field
| 2. Receiver is on tanker centerline (y=0)
3. Tanker and receiver are represented by
( circulation distributions tloni.tho

quarter chords (fuselage effecte and
tailplanes ignorsd)

4. Sweepback is not comsidared
' Both tanker und receiver wings inducad u downwash at the
receiver wings quartsr chord. The total downwish (va)

02 the raceiver wine vai found by:

Vg = Wy + Voo

Viure wyy is the induced velooity caused by the tanker on
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the receiver and w,, 1s the velooity the receiver's wing
induces on itaelf.

For all methods discussed above, equations were de-
rived to express the induced velocity at any point in
space. To get the tanker influence on the receiver (w21).
points were chosen along the lifting line on the receiver's

wing.

Method 1

As noted above, method 1 replaces the tanker wing by
a 1lifting line and a semi-infinite vortex shee! combina-
tion (Fig 5). Method 1 asaumes a tent shaped c¢irculation
distribution (Fig 1). An expression for the velocity
induced at any point P by the bound vortex (along the y
axis) and the planer vortex sheet (in the x, y plane) is
derived in Appendix A.

The velocity induced in the x direction (u), ia much
smallsr than the free stream velocity (u<<U) so it is
neglected. The velocity induced in the y direction (v)
will always average to be zero, provided the receiver is

on tanker centerline which was an assumption for the study.

. Mnally, tha velocity induced in the s direction (w), is

found to have a significant affect on the receiver's flow
field.

The induced veloocity in the s direction (downwash) is
given by Eq (22) in Appendix A. Bq (22) wvas nondimension-
alised by dividing by the free stream velooity (U). Sub-

1

T T e e
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stituting Eq (32) for I', yields the induced velocity for
any point in space caused by a tent circulation distridu-

tion. Thus:
“21 - I'%.c s.[ glb/242y42R/b) _ + gg-géz-gwéntm
Uy v (x“+3°) (R+d*/4+yd) (x“+3°) (R+v</4-yD)
2, 2 2,.2,.2
- R -1 + + 1 +y°+ -
s B e e M A s 7o
b(x“+s°)R b nly +3°4by+d /&' val 37 +y |
) 2
- %’.n (R) x|+ %zn'gm!bw “)*- X|
Réx (R+yb+d“/4) %+ x
+ %m (R-gbn)z[_l,}*- X q (2)
(R-yb=b</4)%+ x

In Eq (2) the following information is needed to deter-
mine the downwash the tanker induces on the receiver:
1. Tanker 1lift coefficient (CL)
2. Tanker reference area (S) 3
3. Tanker wing span (b)
4. Point of interest P (x,y,2) i

Method 2 i
Similar to method 1, method 2 also models the tanker '
wing by a 1ifting line at the quarter chord and a semi- |
finite vortex sheet combination (Fig 5). Method 2, however,
assumes & modified linear shaped circulation distribution
(Fig 2). The only difference between Method 1 and Method 2
is the shape of the circulation distribution; therefore,
the discussion for Method 1 also applies to Method 2.
From Appendix A, the induced downwash caused by a

14
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modified circulation distritution at any point P(x,y,z)

( was given by Eq (25). Equation (25) was. also nondimension-

s 4 e pon U SR 200 1 ST

alized by dividing by the free stream velocity. By sub-
stituting Eq (33) for Iy, the final result for the modified
circulation distribut’on is:

Waq = =CrS [ -xgbg@+zx+4a[b2 __x(b+ibt4R/D)
Ugs BTD M (42152) (5°/16+yb/24R)E (x2+22) (R+D2/ 43 yD) >
- x§2x-b[§+5R b + x§b-4!+§3(b2 '
(x“+2°) (R-yb/2+b /16).E (x°+2°) (b°/4-yb+R)
2, 2.2, 2, 2.2
- %2n|x +2°4b é16+y_b@'+%zn-| % +3°+b M-xb )

. y+z5+0°/ 4+yb Yy +z5+b /16-yb/2',
| -2 (R+yb/2+b2/16)é - Xy.2 (R+yb+b2/4)é - X
en | ) T |+b£n| — T
: (R+yb/2+b°/16)* + x (Rry»*p</4)% + x 7
; + 2 (R=yb+b2/4)? - & -2, (R-yb/2+6%/16) =% (3) |
i B (Roybp?/4)E 4 x (R-yb/2+b%/16)% + x

' The information needed to determine the do mwash.the tanker

induces on the receiver in Eq (2) also applies to Eq (3).

Method 3 ' 3

The previous results are for a vortex sheet with a

: linear circulation distribution, simulating no vortex roll
up. To try to bracket the problem, a single horseshoe
K vortex, simulating fully rolled up tib vortices, may be

;‘ ' used to repraéent the tanker wing.” The derivation for !

the velocity induced by any horseshoe vortex is found in

(1:191-201). Figure 6  shows the tanker wing represented

by a horseshoe vortex.
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Again, select point P on the lifting line of the
receiver to get the downwash of the tanker on the receiver.
Then vary P along the lifting line to compute the downwash
distribution.

A modified te : wing span b! represe#ts the effec-
tive wing span due to the roll up of the tip vorﬁices.

Muttray (14) states the correction for the span with
a constant 1lift distribution is .865, therefore b'=,865b

was used,
From tke 3D horseshoe vortex derivation in (1:197),

the induced downwash at any point in space is:

W21 °©
I‘TH,( (x-X1 ) (y“yz)‘(y‘y1 ) (x-X2)
T\((y-34) (2=2,) ~(2-2,) (3-3)} +{ (x-x, ) (3-3,) = (322 ) (x=%,)} 2. ..

cen 1
+H{(x-%1) (y-y5) - (y=y, ) (x-x,0} 2

[ (xp-xq) (x=x4)+ (yy~yy) (y-y4)+(25-24) (z-2,)

{(x=xq )24 (-3 24 (23003

- (Xz-x1 ) (-x'xg.)*(~Y2,‘¥1-)--()"‘Yg.)-+ (‘32.’31 ) (‘3'52) ]

{ (x-%) 24 (y-y,) %4 (2-3) %}

17

D . L e e SURR TSy e TR, A
T L Gl Ly s A ‘-“i.‘-:«»‘g‘:-_"' ﬂ;—umﬁ?

N LGN et n 3




o A [1 v o XeXg ]
(2-21) +(Y-}'1) (x_x1)2+(?;_y1)2+(2-z1)2 .

o Cpp¥) e [ XX ])
(z-zZT‘T(y-y?)z[ (xoxg) 2+ (y-y) 2+ (3-3)> J /

- where x,Yy,z are the coordinates of point P.

As indicated in Fig 6,

=0

x1=x2=0 z4%25

y4=-.865b/2 ¥o=.865b/2 ;

Substituting these values into Eq (4) yields:

Woq = I'H(1.1§6A [.865b§¥+.422§b)‘ - .865b(y-.4325b ]
In (.187b +;865yb+n)* (,187b<-.865yb+R")

T\ bAS+H"D

it ALl Telaiepies s sl et

1 + E-.g:ng-x) [1 + A ]
; +(y+.43250)° (.187602+.865yb+R) ¥

H

. i

(.187b°-.865yb+R)EIN(5)

H*+(y~-.4325b)

o The circulation 1s found from: g = L __ (See Ap- f
S pu.,B' ’

pendix B for derivation.)
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Dividing Eq (5) by U yields a nondimensional equation

for downwash. Thua, Eq (5) becomes:

w21 & O ’ 1.1 6A[ .865b(y+.4325b)
u 875 | L4248 L (1870 +.865yb+R)

£

. ‘]*"Eéélzzib‘ )

(.187b%-,865yb+R*)®d  H<4(y+.4325b)

[1 + A ' }- - (.4325-y)
2 +(y-.4325Y)

(.187b%+.865yb+R)%d &

[l o
(.187—'52.865yb+ﬁ)1 (6) ;

In Eqs (2), (3), and (6), downwash information for |
the receiver flowfield is determined by varying P.(x.y,z) i
along the receiver's lifting line.

Once the downwash velocity the tanker induces cn the

receiver is calculated, the relative velocity for the

receiver can be determined. This relative velocity is

PP

found by the vector addition of the free stream velocity
and the tanker induced downwash velocity. The aerodynanmic
coefficients are calculated uéing bo%h the relative and
free at}eam veloéitiea. and the differences between the
coefficientas are the aerodynamié'intorferenoo effects.

In the above equations, changing the tanker gross
weight is accqmplished by varying the tanker coefficient
of 1ift. Finally, any tanker can be modeled by changing




the values of wiregsvan and wing urea.

\
(.: Compressibility Copsiderstions
The compressibility effects on downwash were taken

into account by the Goethert transformation (2). The

paraneters were transferred as follows:

CL . BCL
x x/B
y y
z
o b b 4
{
,‘Q i
| i“ where B = (1+H§)
} :

A discussion of the results obtained using Eqs (2),
(3), and (6) and comparison with other data, are presented

]| in Chapter Five.
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( IV. Vortex Lattice Method

To treat more complicated oonrigufttionl (sweepback,

tailplane effects, etc.) a numerical approsch is required.
The vortex llttico method (VLM) wvas the numerical technique
selected for study decause of its well estadblished and
proven ability to yield accurate results for interfering
lifting surfeces (15:89).

In Chapter three, a single horseshoe vortex was used

1 to represent the tanker's wing. In contrast, the VLM uses

multiple horseshoe type vorticoa to represent a wing. The

ving is overlaid by a geometric network of lattice boxes

or panels. A typical panel contains a bound vortex and

two trailing vortices. The bound vortex is located on

v o e el e

the panel's quarter chord. A panel control point is at
the center of the three quarter chord of the panel. It
is at the control point that the flow tangency boundary

condition is enforced. See Fig 7 for a typically panelled

wing.
! ? y

3 -1
| S~ Bound Vortex
112
——

/Z*

Fig. 7. Vortex Lsttice Panelled Wing

3 T
ey c, ;;

4

Control point

Traliling Vortex
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Four panels were used to represent the above wing.
More accuracy and chordwise resolution of aerodynanic
forces can be achieved by using chordwise as well as
spanvise panela. To account for tip effecta, the last
panel was slightly indented from the wing tip. The
equation used to determine this distance ia (15):

w2
Tetp SRRl (7

vwhere Ng is the number of so;iaptn panels: in the abcve
example, Ng is 4. The slight indentation allows the use
of less panels to achieve ths same accuracy (15).

Each vortex panel induces a velocity on itself and
on all the other panels. This is represented by an

influence coefficient matrix A where:

{A}fj = -G-J (7‘)

A typical element of {A}, Aij represents the downwash
velocity at the control point of pt;ol i induced by a
horseshoe vortex at panel j. Fj is the circulation at
papcl J and 35 is the flow tangency boundary condition
at panel j. PFor a planar wing with no dihedral, the flow
tangency condition is ¢ = -ua. Gamma (the circulation

vector) is then found by:

Fows - (8)




sors detailed description of the vortex lattice method.
The following assumptiona were made in the vortex

lattice approach:

1.
2,

3.
4.
5.

An

method.

Once Gamma 1s known, the aerodynamic foree distribdution ocan

} ( @ be determined (See Appendix D). Reference (1) provides

was selected for evaluation. LATEX uses the vortex lattice

plicity, ability to handle more than four lifting surfaces, ]
and direct printout of induced normal velocity. i

The coordinate system was set up such that the s
direction is perpendicular to the tanker wing at sero
angle of attack (positive up), x is in the downstrean

direction, and y makes an orthogonal system going out

Linear potential flow

‘Wings are represented by flat platea (no camber
or twist)

Fuselage effects are ignored
Wing tip vortex roll up is ignored

Receiver is on tanker centerline (yanO)

existing computer program called LATEX (Appendix C)

The significant advantages of LATEX are its sim-

in the direction of the tankers right wing. The coordinate ]
systen is independent of the angle of attack, therefore, :
to use the coefficient in the normal direction (C’) as the A
11t coefficient, the small angle sssumption is male. The
origin used 1is alvays at the tanker wing's leading edge f
centerline (See Fig 8). !

Two methods say be used to change angle of attack in |

23
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the LATEX Program. A geometric angle of attack onerated a
constant a (in degrees) for the entire system .f lifting
surfaces. A second methcd specifies angle of attack (in
radians), by means of a table. The table is part of the
input file and is used to 6hango a control point boundary
condition (See Appendix C). The advantage of using the
input or twist table is that each wing can nov be given a

different angle of attack. Comparisons using both the
geometric a and the input table were made and the results
indicated, as expected, that either method provides the
sane results for the small angles conasidered.

The wake was modeled to extend in the x (dqunatroan)
direction. In the case of the KC-10 wing, the wake extends
at 5 = 0 at a constant rate equal to U, The wlfo does not
roll up or descend as an actual wake would do.

The majority of testing was done with four lifting
surfaces. These are the KC-10 wing and tailplane, and
the B-52 wing and tailplane (See Fig 8). Ten semispan
panels were used for the KC-10 wing, twenty semispan panels
were used for the B-52 wing, and five aoniipaa panels were
used for both *ailplanes. LATEX reflects an image of each
wing for onlcul&ﬁion purposes, 30 input of only the semi-
span data is necessary.

Presently, LATEX has nc direct method to determine
off body information. It was discovered that panels with
large sspect ratio (0.5 £t width by 10 ft length) induced

an insignificant amount of downwash oa themselves regard-




leas of panel angle of attack., When these panels were used
for off body information, the induced downwvash at these
panels was due. to the induced velooity of the flow field.
Therefore, thia type of panel was used for all off body
data.

The pitching moment coefficient (cu) vas deteramined
by eatablishing the B-52 at a desired angle of attack and
iteratively selecting a tailplane angle of attack to make
cH = 0, The wing angle of attack selscted wvas a = 6.0°,
wvhich put the B-52 at a typical refuelizg gross velight.
The B-52 center of gravity was selected to be at the
quarter mean aerodynamic chord because most refueling is
accouplished with the CG near the quarter chord position.
The B-52 was then put behind the KC-10 at multiple loca-
tions. The B-52 lift was kept constant by 1£ortt1voly
changing its angle of attack at each position behind the
tanker. aCy was determined by comparing the CM for the
B~52 alone with the C) for the B-52 behind the tanker.
Tha results of the Vortex lattice gntlyaia are found in
Chapter Five, and a description on the use of LATEX is

found in Appendix C.




V. Results

‘ The results of the nnqutiotl approach and the LATEX
coaputer program are conpof.d with Douglas KC-10 data found
in (5). These dats were generated by a Weissinger Computer
Method. _
The Weissinger method replaces the wing by a plate
of sero thickness that has the planform and twist identical

to the wing. The chordwise loading distribution is aassumed ‘
to be concentrated into a lifting line located at the

. Lahlivitlinhin)

quarter-chord of the wing. Chordwise control points are

chosen to be at the thres-quarter-chord line and the flow
tangency boundary condition is applied at these points
§ ( (no flow is allowed through the plate at these points).

The lifting line and its trailing vortex sheet are treated
to be continuous. Substituting the vortex pattern for the
wing and applying the boundary conditions allows the for-

mation of a set of simultaneous equations, which can then

_ be solved. For a more detailed analysis of the Weissinger
;ﬂ method, see NACA Report No. 921 by DeYoung and Harper (3).
Tanker 1ift distribdbution, tailplane effects, fuselage

1 effects, and depression of the vortex sheet were considered

:1 by Douglas in generating the dowawash data. No wind tunnel

data or flight test data were availadble for coamparison,

" ! The analytical results will first be discusased followed by

. L the vortex lattice results.
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( g Equationa (2), (3), and (6) were progranmed into an
HP=35CV hand calculator. The calculator took approximately

6 seconds to compute a value of downwash at each point.

Recall that the analytical solutions represent the entire
tanker by a roctangulaf wing with a linear circulation
distribution. Downwash vs span-wise location on the
receiver wing is plotted on Figs 9-12.

Figurea 9-11 are for the contact position (25 ft below,
125 ft behind the tanker leading edge.) Notice on Fig 9,
the tent distribution over-predicts (in comparison with

! the Douglas data) the induced downwash by 55% at a span
position of O, The modified linear and the horseshoe

vortex models (with b' = ,865 in the latter model) agree i
on the average within 25-35% of the Douglas data. In

Fig 12 the downwash is shown for the precontact position
(35 £t below, 175 ft behind the tanker). The analytical

curves are closer to the Douglas curve at a distance
farther beind and below the tanker, indicating that a more

accurate model is needed for close proximity effects,

including fuselage, sweepback and tanker tailplane
influence.

From Figs 9-11, it can-be seen that the analytical
equations overestimate the average downwash over a 90 ft

! semi-span. The modified linear distribution’givoa a 25%

disagreement followed by the horseshoe vortex with a 35%

disagreement. It is evident from these figures that the
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shape of the tanker 1ift distributionAand sweepback have
a substantial effect on the induced downwash.

While the analytical equations give a qualitative
idea of the tanke; flowflield, better résulta can be‘
achieved ubing a more sophisticated model. .The vortex
lattice method not ohly yields better results, it can also

evaluate all of the desired interference effects.

~

VLM Results"

The vortex lattice method was used to study tye
effects of wing sﬁeep, tailplane influence, change of
bomber pitching momént, and how the presence of one
aircraft affects the 1ift of the other aircraft.

The CL vs a curves are shown for hoth the KC-10.and
the B-52 in Figs 13 and 14. Both flight test derived CL
vs o curves are greater than the curves generated by the
vortex lattice method. This is to be expected since the
aircraft wings_ﬁre represented by flat plates in LATEX
(i.e., no camber or twist) where in reality, both wings
have camber and twist.

Fig 15 shows the effect on induced downwash caused
by uaing a rectaﬁgu;ar wing (with the same span and wing
area) and the actual swept wing. Results are plotted for
the contact and the ﬁrecontaét'ﬁosition. Fotieo how the
swept wing induces more downwash closer to centerline and
less downwash farther awvay from the centerline than the

rectangular wing. The figure indicates there is a sig-
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nificant difference between the swept and rectangular
results; therefore, for all computer generated downwash,
the actual awept wing planforams will be used for greater
accuracy.

Sectional 1ift coefficient (C,) va span for the KC-10
ving is found on Fig 16. The wing was panelled with one
chordvwise panel and ten semispan panels. PFifty panels and
100 panels per semispan were also evaluated. It was found
that when one chordwise pln;l and ten semispar. panels
represented the tanker wing, an increased numbdber of panels
gave no significant improvement (less than 1% chanéo in
induced downwash).

The downwash field behind the KC-10 was evaluated
with and without the tanker tailplane. Figures 17-20
indicate the induced downwash vs span troi t mile to the
contact position.

Notice there is only a slight increase in induced
downwash, caused by the tanker, as the receiver moves
up toward the precontact position. At the contact and
precontact positions, the results are compared with the
Douglas data. Figures 19 and 20 indicate that the
induced downwash is slightly in error with or without
the tailplane.when the KC-10 angle of attack ias 6.8
degrees. However, Fig 21 indicates that the KC-10 with
the * ilplane matches the Douglas data for an angle of

aliack of 2.3 degrees. Therefors, inclusion of the

tanker tailplane results in more accurate values of
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induced downwash, especially at a low KC-10 angle of attack.

Also, tailplane effects are far less critical at points
farther behind and below the KC-10.

The tailplane must be.included if tanker pitching
moments are required. TFigure 22 indicates that the B-52
induces a signifiéantly larger upwach on the KC-10 tail-
plane than on the wing. This causes a nose-down pitching
moment on the tanker supporting the reed for the tanker

to trim nose up when the bomber moves from precontact

! to contact position.
When the B-52 flies behind the KC-10, the change

§ in upwash in the tanker flowfield also causes a change in

the KC-10 1ift coefficient. This change is shown in
Fig 23 at various distances behind and below the tanker. ;
There is a definite increase in 1ift coefficient at all

vertical distances when the B-52 is 125 ft behind the
KC-10's wing leading edge. However, the maximum change
of tanker C; is onmly 2.92% of the C, value without the

M s e, P

B-52, indicating that the bomber wing has a minimal

effect on the tanker's wing. j

Considering the lift increase on the tanker wing by
itself, the pilot's reaction is to slightly decrease the
anglo of attack to maintain level flight. However,
coupled with the reaction of the tanker tailplane due to
the receiver, the overall effect 1s.a need for noseup

trim to maintain level flight. The final tanker angle

(—, of attack is slightly less than the original (due to the 5
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Fig. 23. Chanze of KC~-10 Lift Coefficient vs B-52 Position %
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1ift increase) and the need for noseup trim is due to the
downward pitching caused by the receiver.

| The LATEX Program was run for numerous positions
behind and below the tanker. Figure 2} indicates the
points checked ;nd the dark black line is the B-52's
desired flight path. The object was to determine the
B-52's change in angle of attack when approaching the
KC-10 and, directly related to the angle of attack, tﬁe
change in the B-52 pitching moment. The results are
shown on Figs 25 and 26,

Both pitching moment and angle of attack are sub-
stantially effected by the distance below thc tanker
(approximately 50% decrease for a 50 ft dedérease in
receiver altitude). This result was also expected and is

justified by both the Douglas data and flight experience.
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VI. Conclusjons and Recogmendations

The idea that a tanker can be represented by a linear
circulation distribution and a vortex sheet or a single
horseshoe vortex proved fo be reasonadble. Equations (2),
(3), and (6) provide qualitatively accurate results for
induced downwash velocity at the rooiiver and can be
easily programmed into a hand held programmable calculator.
This method is sufficient for only a few data points and
is a good place to start to get au approximate idea of the
flow field. It also shows that the changes in the tanker's
1ift distribution significantly influences the induced
downwash. . The analytical solution generall& over-estimates
the induced downwash by 25-35%, because the analytic solu-
tion uses a rectangular wing, and the downrwash fields of
rectangular and swept wings differ (8).

The Vortex Lattice approach provides a more accurate
method that is capable of predicting not only the induced
downwash, but also the change in receiver angle of attack,
change of the receiver pitching moment, and change in the
tanker 1ift coefficient.

Other areas of interest were also studied., The com-
parison of rectangular v awppﬁ_winga'indicated that the
actuel swept wing model provides a closer estimation of
induced downwash and should be used in air refueling

evaluation., The overall effect of the tanker tailplane
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on the bomber was found to be relatively small (less than

10f change in induced downwash), espescially with the

receiver well below the tanker.

Comparison of the results of LATEX and Douglas data
was found to be very good (See Figs 19, 20, 21), o:pocitliy
at lower tanker angles of attack. The trends and magni-
tudes of the change in the receiver's angle of attack and

pitching moment, and change in tanker lift, were in the

proper direction and reasonable based on flight experience.

LATEXY i9 capuble of matching Douglas predictions of

; i dankigel

induced downwash within 5-10%, by representing the tanker

and receiver aircruft by flat plate planforms. Results
indicate that the VLM may provide the majority of infor-

mation necessary for evaluating air refueling aerodynamics.

st sl e -

However, the total error caused by using VLM or any éomputer
prediction will not be realized without wind tunnel and/or
flight test data.

A number of assumptions were made in this study.
These include neglecting effects of the fuselages, wing
camber, and wake roll up. Effects of out of aymmetry
plane appro#ches on the rsceiver rolling moment wers aiso
not treated.

Fuselage effects may have a signifiéint‘influence %
on the pitching moments of both the roceiver and the !
tanker. The fuéelago may also vary the downwash flowfleld :

by iaterrupting the downwash caused by the(wiﬁga. The

results of a computer analysis with and without the tanker




PR S,

T e e e T TR e - e -y

fuselage should be compared with the reasults obtained here
to determine the importance of modeling the fuselage.

Wind tunnel tests would also prove beneficial. They would
glve more credibility to both the contractor data and the
LATEX results and also give a better idea of what actually
happens to the flow behihd the tanker.

Another area of investigation 1s to study the effects
of camber. The LATEX program needs to be modified to
pernit treatment of cambered winga. This would determine
if a flat plate wing is a good aaaumption.

A more accurate representation of the tanker's wake
could also be modeled. Wind tunnel tests are necessary
to determine the location of the wake, then a computer
model could be developed to simulate the wake.

A final area to investigate is the receiver rolling
moment changes when approaching the tanker. This area is
critical for a realistic simulation, because it is a probd-
lem area for many student pilots. It may be possible to
modify LATEX to provide the information that is needed.

By accomplishing these studies, the total potential
of using a vortex lattice method tolmodel air refueling

between a tanker and heavy roceivor'would be realized.

51

S .
SIS ST,
S e e e e

h - S el
Ly - . ‘f‘.ﬂ‘%“fﬁr
3 -'f.r.;-‘.:e“‘fi;.i:;f;‘.wfh.ﬂ{ S




= P

"~ Appendix A

Velocity Field Induced by a Linear Lifting Line
and & Semi-Infinite Sheet at Any Point in Space

y - vortex sheet

pd ~

bound
vortex

e

« P(x,y,2)

Fig. 27. Sketch of Assumed Tanker

The velocity induced at point P is caused by the
bound vortex (lifting line) located on the y axis and
a planar vortex sheet issuing from the bound vortex.
The sheet is located in the x-y plane and all vortex
legs are parallel to the x axis. The effect due -to the
bound vortex will be considered first.

The induc;d veloeity (V) at P due to a vortex fila-
ment segment dl from (1) is:

av,, - rzz$y1)§§§i?l
Anr (9)
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wvhere r is a vector from dl to P. The &% subscript refers

to the 1lifting line.

In this case:

-dr = dyJ r= er + (y-y! )T ¢+ =X

therefore;

47 x dF = -Yxay' + Izay!

3.

r’ = {x2+(y-y1)2+32}3/2

b x1,y1.z1 indicates the coordinate on the vortex

;§ Substituting in to (9):

-
| o 1 1 1 1
( Ve, - firzz(y.)zdy ) grzz(Y )xdy (98
’ 4u{x +(y-y1)§+zzz}§;2 dr{x +(y-y1)2+zz}3;ﬁ
!
] To find the total contribution of the lifting line,
| Eq (9a) must be integrated over the wing span, therefore:
b/2 oL b/2 i
av,, = T Plz(y )zdy’ . _ ¢ Pzz(y )xdy
5 {x!+(y-y1)2+zz}312 i (x“+(y-y!)%+2%) (10)
-b/2 -b/2

Before proceeding, the contribution of the vortex
sheet will be derived in integral form.

The vortex sheet consists of an infinite number of
filaments eminating from the lifting line and extending to
infinity. The strength of each filament is dr,,(y1)

1
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in accordance with Helmholtz' Vortex theorem (6:148).

For one filament issuing from y1 on the lifting line,
the induced velocity at P due to this filament is

1 1

aLsE (11)
dyl 4nr

dl is now a spall segnent on the filament and again T is

a vector from AT to P.

In this case:

T o= (x-xD)T + (y-y")T + ¥

aT = ax'T

Therefore:

dfxr = de1(y-y1)-Tzdx1

23 = ((xex))24(y-y!)2452)3/2

Substituting into Eq (11) gives:

1y 1
av, = ey Vv Fpax! Fax!(y-y!
a7 ir 11'1——'1"1*'12)‘572 (12)

{(x-x") +t(y-y ' )<+2°})

The contribution of the entire filament is found by in-
tegrating Eq (12) over x! giving
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1
af. = f 3T (v ) 4, +I3-X(y-y) 1
. da
: r— I {(x=x)+(y=y ) +32) * (13)

Integrating Eq (13) over the ipan gives the equation

induced velocity due to the vortex sheet. Therefore,
b/2

1 1
T =1 /df‘zz(y ) . +Tz"x(y‘y ) d 1d 1
s 7‘_-[ dy1 {(x-p?'r(y-yi')!ﬂz}};! RRRAATY
-b/2 o

The total velocity contribution is found by adding the 1
results of the sheet and the lifting together (Eq (10)
plus Eq (14)) giving:
b/2 i
v =T_f r(y')zdy’ ]
-b/2
b/2 »

+ drézzz dax'dy!
i?//dy{( e

x=x ) +(y-y ) +2°}

-b/2 o
v/2
-X /‘ ar‘f)gx-x’) R
H{[ dy {(x-x" ) +(y-y ) +2°} *
-b/2 o
+ ry') 1
/{xz+(y_y1)§+zz}312 i 08
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Integrating over x1 yields equations of the following

g form:
t dx 9; .
{(x-xl)ﬂ+(y y|)=+:! 372 ./f ((x1)2-2xx +x +(y-y ) +s%}

Integrating and 'evaluating at the limits gives:

‘ (y- yl):!+zz 2 +(y-y ):! 2 Q{(y yir)z !

; Substituting back into Eq (14) yields:
¥ b/2

v - 1 1
(x2ys3) = iz __:__LLle§1_5_572
Xo¥s 32 iz ./f{

x“+(y-y ) +3%}
-b/2

b/2
- 2 1,2, 2, 8%
+ jz dP$¥12 x+!x *S!'§ 2 +2°}
i-'?/ dy {((y=y )+3™H{x“+(y-y ) +2%})

-b/2

b/2 |
- ! - 12 S 1}
%{./l dydr [( l 242 T

y-y' )<+s° (x +(y y )<+

-
/‘h
\

v

2, !ﬁ{(y -y ) 4z

-b/2

v/2

: 1
+ r{y ) 1
- d
'xf(x +(y-¥1) +3%)3/2 vl
-b/2
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Before integrating, it is necessary to choose a value
for T« A common choice is to assume an elliptical circu-

latior distribution whers:

P(y1) =r,{1 - (yjfg)z}&

: 1,b

iyl O - (/B

Unfortunately, if an elliptical distribution is used,
Eq (16) is not analytically integrable. Therefore, to

keep the problem analytical, linear circulation distri-

butions were chosen,

The first to be considered is a tent circulation

distribution (Fig 28). |

| wr i
i

-b/2
Fig. 28 Tanker Represented by Tent Circulation Distribution

In equation form,

T 1=y /3, o*ey'<d
Pt= o
T (147" /3), Byl <o
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When these values are subgtituted into Eq (16), sll

integrals can be put in standard form and be integrated.

Substituting the linear form of Gamma into Eq (16)

the induced velocity in the x directior (u) becomes

} . b/2
a = roz : (1+Y1/§)dy1 Y . (-1‘31-/§)-dy1~ : (17)
X (Rt(y)2-2yy) 072 f (R+(y") 22971172
-b/2 : ) 0

Integrating Eq 17 yields:

zr
u = 0 (D/2-2y+2R/b +D/2+2y+2R/D - 4R ﬁ
2y (R-yb+bo/4)% (Reyb+bos)E  b(R)Y . (18) ;

4n(x2+z

: Again, substituting the linear form of Gamma into
% Eq (16) the induced velocity in the y direction (Vy)

e e s A o . e

; becomes: ,

; 0- ] b/2 . ] j

; v =z 2Po dy - ZFO dy :

i fb{(y-y)2+z2}. fb{(y-y‘)zm?-} ;

-b/2 o* §

4 0~ b/2 ?

1 +/ 2r, x dv . ) 2r x dy1
b{x* r(y—y')iw‘zz};((y-y )<+2°} b{xﬁ(y-)ﬂ)i+zz}é{(y-y1)z+z§}

1 ] f
"l Integrating Eq (19) yields: |




g

v =g [ =2 tan~ (y/2) - tan~" b/2-y + tan™] b/2+4
m z z

-1 -1 PN
- 2 tan % - tan $x+bZ2E
(x“+y“+z )é {(y+b/2)“+x“+3“}
+ tan™! gf-bé2) ] (20
{(y-b/2)<+x~+3<}

Finally, to find the induced velocity in the z
direction (downwash) substituting Gamma into Eq (16) gives:

0~ b/2
27 1.1 2r 1
=1 0 (y-y )dy - o Lx;le%x_§
/;TI'[ b (y_y‘l)%:z% T/ (y_y ) +z
-b/2 ot
0-
2I‘°xf vy | 7
5 (%2t (y-y ) 2+22) B (y-y ) 2422}
-b/2
b/2 0- .
_ 2T x f (y-yDay' .3 f (1+y" /3 ay’ |
b J (y-y)24z° (x2+(y-y 1) 2452} 312 |
0 -b/2 - :
b/2

1,by. 1 %
2 T 2, 2.3/2 :
{x“+(y-y )<+2%} j




Integrating Eq (21):

i

§ By S22, 2. | 242412 1y

| w=_o0r-1 2% y© ¥ 1 . 2R+y2 R/ 4-b

f X L b 1n|——y 7| ) 1n| l

z°+y“+by+b</4 z< + y

%  fmreran 28
- % 1n] R -xl» + ‘15 In| (Rtyb+b Z&} =X|
( (R+yb+b</4) % +x

R)* +x

+1 (R-yb+b2/4)% -x + x(b/2+2y+2R/b
1 -izl-g
B (R-yb+b5§4)* tx  (x“+z°)(R+b /4+yb)f

+ x{b 2-21+2Réb2 - __x(4R/b) (22)
?:zfx ) (R+1°/4~yD) (x“+z<)(R) ]

Equation (22) gives the induced velocity in the z direction §

at any point in space (except x=y=z=0) due to a linear tent

e ikl skl

circulation distribtution and its vortex sheet.

To determine the effect of tanker lift distribution
on induced velocity, a modified linear circulation dis-

tribution was also evaluated.

e oo e L me o R
N

M X otk ot at on o e e

x |
-b/2
« P(x,y,8) :
(wy Fig. 29 Tanker Represented vy Modifisd Linear §
' Circulation Distribution |
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The only difference between the modified linear
circulation distribution and the tent distribution is the
value for Gamnma.

In this case:

o
2T, (148s) ab < y' < -b
w1457z 727 T
r(y") = 1y o hegted
1 ]
ZPM(1-E¥I) % <y < %
and
2Ty b <y < -b
b72 2 A
Qlélll =0 b < Y1 <Dh |
Y N 4 %
2Ty b <y <b
572 7 z

Substituting these values for Gamma into Eq (16)

and integrating yields:

w= 3y . [.;' + __ bHR/b
(xz+z2)4u 2{x“+(y+b/4)“+2°} {x°+(y+b/2)<+2°)}

¥ - ~b/2+y+4R/D + _  biR/D ] (23)
2{x“+(y-b/4) +2°} {(x“+(y-b/2)%+3“}
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= Tu tan -1
-ﬁ .

. -1
b/ 22 ‘= tan -b=2 - tan

2%51

-1 -1 g
+ tan™ b/2-2y - 1 tan v+b/4
[ Z 2

(x°+(y+b/4) %432} ¢

- 1 tan™! x-b[é + 1 tan ' +b
2 {x%+(y-b/4)+2%} 2

{x +(y+b/2) +2°}

-1

+ 1 tan J-ij

(x4 (y-b/2) 2422} ¢ 1 2

-4x -2xy - ARx '
W ='_r_h1[ é_ fy 'I"F - + _bx + 4xy + 4Rx/b 5
| 4m ;
= P PR R B E Pt
i
|
2 o '%i - A%E +‘2xy N bx - 4xy + 4 %5
o ) L] 12 3
% ; (x +zz)( %b * R) (x2+22)(%— - yb +R) i
| 2 2 2, 2,.2
§ -'% znlx +b (16+!b(2|+ % gn| +z<+b |
{ Yy +z°+b°/4+yDb y<+z<+b /16 b/2
i !
] - ( ) (R+yb/2+}j16)i -x + 2 (Rub+b2/1.)i ;
1 B (R+yb/2+67/16)F " (Reybiv2/2)E

i Al aiaa s Akt e+ e e it

1] + 2. (Reyb#v?/3)d ox - 2 . (Royb/2iv2/16)d x |
1 b Y (Roybtb/)E sx P X (Reyb/2+02/16) +x] (25)
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For u (Eq 17):

1 1

___dy ='fd =
f{x +(y-y )+2%} #‘

L 1d 1

-1——1,,—5—5—577‘1 R
f{ 1Y

x“t(y-y ) +z%}

For v (Eq 19):

dy’ =fgyl=ltan'1
Y 2

{(y-y )°+2“}

1

S
1)5 2%

{(y-y ) +2°} {(x“+(y-y ) +2

Substituting

-f dn = 1

Integrals used in the derivation:

TR 2y

1.

.

(x“+sz )f(¥1) -2y1y+R}t

1

= x* =R
(x“+2°){(y ' )“-2yy +R}

1
(=X

let n=y-y1 b2=z2

dn=-dy1 a2=x2+z

-1 2
tan nga -b!
{nﬁ+b!}{n2+a2}; b(a!!-b:!)i b(n“-a“)

For w (eq 21):

1)441 _
T e R s FUICE

-y ) %435 n“+sz

f.{_.._ (_1g.d.1_. S

(y-y )<+25}{x“+(y-y ) +2%}

let pt(y-y1)2 a=s?

2, .2




Substituting

C 1 . ) S b oyt
- dp =1 _1 M LL*.P.).H.MJT
4 2 (b-a); ! (ptb)* + (b-d)

29 pva) (pro) ¥

s e

h e el < i -

9

k ;
3 :
3
1

i
1
3
:
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Appendix B

Comparison of Elliptic Circulation Distribution and
Linear Circulation Diastributions

In order to compare the results of the various tanker
circulation distributions the area under the circulation
vs span curves was made equal. This in effect, caused
the total 1ift to remain constanf, even though the dis-
tribution was allowed to vary. In the equation for

elliptical circulation:

riy') = r, [1-(S¥;)2] 3 p < y < 3 (26)
ry = ;ﬁ%g (27)

where Pe is constant for each flight condition.
For the tent distribution

I‘t(1+§7:) -‘12)_ <y < 0
) 1
ry(Er) : 0 <yl < 3 (28)

By integrating th 26 and 28 over the wing span and
equating the reaults; a value for‘I‘t can be determined.

Equation (26) will be integrated first.




~ n,

b/2 b/2
Srohert = fropi-on2) b gy
-b/2 -b/2
b/2
*'E%g (62/4-(y"?)? ay’
vhere -b/2
b/2 v/2

2,, (Y2 8 14,2/, (012 & + b2 sin”! )
b“/4-( dy = 1 (v°/4-(
ﬁ/L(y)} v= 1y APV o w3

-b/2 a - =b/2

- 2 ' 2
= % ((0+Zf) - (0- IF-N)

= nb2
8
Therefore
b/2
1 1 I wb
r(ylday = _e
f T (29)
-b/2
for an elliptical distribution.
Now integrate Eq (26) for the tent diastribution
b/2 0 b/2
riyDay' = fry (1+§;5)a T+ [r 1
y t (1- Erpay
-b/2 -b/2 0
=y (b/2) (30)

Sl ek i cionia o b b ke b+ o e+ n




Equating Eqs (29) and (30) ensures the toal cir-
culaticn and 1ift is constant

Tgbm _ Tyb

3

Solving for T,

=T
Ty = 3 (31)

Substituting Eq (27) for T', in Eq (31) results in a
functional form for T,.

Thus, for the tent distribution:

ry = 2L (32)

pUb
The same approach was used for both the modified
circulation distribution and the horse vortex where.

Ty = _4L (33)
30Tb

Tg= 1 (34)
pUb

Using Eqs (32), (33), and (34) for functional forms
of circulation, caused the total 1ift to be constant.
This allows direct éomparison of the results of the
equations in Chapter III.
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Appendix C

Operation of the LATEX Program

Background
The LATEX program originated at Rockwell International

and was called Unified Vortex Lattice. It was modified
repeatedly by ASD/XRHI at Wrigﬁt-Patteraon AEB for their
particular needs. ‘One of these modifications, .called
LATEX IV, was used for evaluation in this report. LATEX
was run on a VAX/UNIX computer system at the Air Force
Institute of Technology. The average turn around time
(from Input to Output) was about 2 minutes. The re-
mainder of this appendix consists of a brief user guide
that describes how to build an input file and also how to
interpret the output file.

Data Input
Input data for LATEX is accomplished by a properly

formatted file. Formatting information is found on Figs
30-32 and a sample input file is found onvFié 33. The
following is a brief discussion on how to set up an input
file. _ _

The first entry contains alphanumeric title infor-
mation. Data input starts with line number 1 in the 12th
column. Line numBera are left justified and go in solumns

10, 11, and 12. All other data is right justified -and

68
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starts in columns 14, 25, 37, 49, and 61. For example in

{ Fig 33, line 1; starting in column 1, is the mach number
0.6, starting in column 25 is 0.C meaning symmetric
geometry, 0.0 starting in cclumn 37 means a new A matrix

18 ealculated, 2.Q starting in column 49 prints out the
iﬁformation needed for the air refueling problem, Qnd
column 61 is not.used. Line 15, columns 37-40 have-a
201, indicating the twist table starts at line 201. The
twist table can be used to change the angle of attack of

] one or all of the lifting surfaces and will be discussed

later. In line 20, the 4 indicates there are 4 lifting

surfaces. The 50, 100, 150, 175 are the relative location
of the data for each lifting surface. In this case the
KC-10 wing starts at 50, the B-52 wing starts at 100, the
B-52 tailplane starts at 150, and the KC-10 taiiplane
starts at 175. Lines 50-70 are information about the
KC-10 wing. In line 50 the 1 in column 14 means the KC-10
wing is lifting surface. The 0.0 in columns 25-27 means

a symmetrical imege is calculated. The 1.0 in columns

K et il 3

37-39 means there is one chordwise panel and the 10. in

columns 49-51 means there are 10 span wise panels. The

3.0 in columns 61-63 means the KC-10 wing is broken up

t into 3 sections or elements (Fig 34). é
é The twist table starts at 201 and goes to 236 (or :
7 higher if requirsd). The twist table can change any span
wise panei angle of attack by changing its boundary condi-

Lo tion. Inputs must be in radians and a minus input corre-
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sponds to a positive angle of attack. In Fig 33 lines 201
z (uj and 206 are all zeros, indicating that the twist table was
not used for the KC-10 wing, thersefore, it's angle of
attack is 6.0°, Lines 211-231 are -.0285 radians (163°)
indicate the B-52 wing angle of attack is 7.63° (1.63° +
6.0°). The B-52's tailplane AOA is 3.9° (60 - (.0367)(180)
and the KC-10's tailplane AOA is 3.0° (6.0 - (.0524)(180).

The advantage of using the twist table is that all four
lifting surfaces can be placed at different angles of
attack.

The last line of data must contain a minus sign in

column 1 to indicate the end of input information. 1In 3
Fig 33 this occurs on line 236, The line following the
last data line is another alphanumeric title card. The

next line must have a minus sign in column 1 and répeat
some information found in the data. In Fig 33 line 1, :
Mach=0.6 is repeated. The final line must have a 1 in

o T Y e

columns 5 and 10.

The file can now be copied onto the IN file and LATEX 5

| can be run for the desired input data.

Data Output _
The output for the sample input file is found on

Figs 35-38. When the LATEX is run, OUTPUT is the file ;
name for the desired output data. On Fig 35 the imput ?

information is printed. The values of XQ, YQ, and ZQ are
the x,y;z location of each panel control point XQV ies the

75
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x value of the bound vortex. Delta Cp is the change of
center of pressure for the back panel. Delta CDIIC is
the change in the panel's induced drag.

The induced normal wash at the vortex is w_. This
value is negative for downwash., Under the soczzon "spanwise
loads," Y and Z are the y,z, coordinates of the loads,
c¢x, cy, and cz are s action coefficients in x,y,z direction.
When the small angle approximation is made, Cy =Cye Under
the section "panel parameters" in Figure 38, Panels
1, 2, and 3, represent the 3 elements in the KC-10 wving,
likewise panels 4, 5 and 6 represent the 3 elements of the
B-52 wing, panel 7 is the bomber tailplane and panel 8 is
the tanker tailplane. To find CL for the bomber wing, the
values of czp listed by panel's 4, 5 and 6 are added to-
gether then multiplied by 2 (due to symmetry). The total
parameters are for the entire system. For examplg, the
value for c¢z is found by adding all the values in the esp
column and then multiply by a factor of 2,

The previous diqcussion. along with the sample run,

should provide the information necessary to use LATEX,

i A ol
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Appendix D

Relationship of Aerodynamic Coefficients
and Circulation (VLM)

As previously mentioned, the VLM used a number of
disrrete spanwise and chordwise panels to simulate a
wing. For each panel, a circulation (I') was determined.
Once I' was known, the aerodynamic coefficients (Cz.CL,

CM) were found as shown below.

Section Lift Coefficient
From (1:113), it was shown that the section 1lift was

found by:
C, = 2
g = (35)
50U ¢
c
where . % = J pUy(s)ds (36)
, o

c
For the VLM, S y(s)ds = I', where I' was the sum of all
o
['s in the chordwise strip of interest. For example, if
there were 2 chordwise panels, T = P1 +T5. The section

1ift could then bs reduced to:

L = pUT (37)

Substituting Bq (37) for & in Eq (35), the section
1ift coefficient could now be determined with known infor-

81




mation.

O * Bl (38)

ref

LAft Coeffidgent

Total 1ift for the wind wvas foumd by (1:202).

L= 2au§:1 &Y, (39)
ns=

where n was the number of spanwise panels aad Dy. was

the panel width.
The 1lift coefficient was determined by

Cp = L (40)

Substituting Eq (39) for L in Eq (40) yielded the

+11ft ccefficient lor the wing.

n
Cp = ?§1 Ty Dy, (i1)

Moment Ccufficient
The moment caused by ae:ddynamic forces acting on a

lifting surface was dependent on the reference axis.

Spscifiec x,y,z coordinates of the reference axia were

entered into the input file. Once the reference axis

was selected, the moment coefficient couid then be deter-

mined by:




Cy = _M
§Sc (42)

The moment (M) was found by multiplying the aerody-

namlic force by the distance avay from the reference point.
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