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 SUMMARY

This repozt de.cribes the construction and use of methods for pre-
dicting the pitch plane aerodynamic characteristics of a class pf miseile
configuratioﬁa. The configurations include body alone, body-tail,
body-otrnka-tnil gnd body-wing-tail configurations at high angles of
attack. An assessment is also provided of the effects of a rocket exhaust
plume on the pitch plane characteristics for a range of thruster conditions.

The methods, ieu1~¢npir1cll in nature, were developed through corre-
lation of test data obtained during several independent test programs.
These data; vhen taken together, form a rather exfcnsive data bank in
'which configuration geometries and flow conditions are systematically
varied. Except for the methods pertaining to winged missile configura-
tions, which are limited to 30 degfeel sngle of attack, ali methods are
npplicnb{e to angles of attack between 0 and 180 degrees. In several
1natlncen‘1ack of test data imposed Mach number limitations; however, in
the majority of cases the methods apply to Mich numbers between 0.6 and
3.0.

Methods are provided to predicf the characteristiculof isolsted
components and interference effects produced when various components are
combined. The methods pertain to bodies of circular cross-gection. When
tails are -ddca. they are mounted in cruciform (plus attitude) with the
tail trailing edges in line with the base of the body and undeflcc:ed,
Forvard lifting surfaces (otfakeo or wings) can also be added.

The methods enable the user to estimate the normal force and center
of pressure of a variety of configurations by calculating the character-

istics of individual missile components and their mutual iﬁterlctlon‘

XXX
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produced when in combination. Where possible, pradictions have been

compared agasinst data which were not used in the development of models.

In gencral,‘theoe comparisons have demonltrnted'good agreement.

xxxi




1.0 INTRODUCTICN

A recu?ring problem in missile engineering is the laék of accurate methods
fof predicting configuration aerodynamic charaet;ristics, for all Mach numbers,
at high angles of attack. The situation is aggravated by the long term trend
toward increaéed missile maneuvefability and angle of attack. Historically,
maximum angle requirements have increased steadily. The greatest increase
has occurred relatively recently to meet advanced air-launched system
' maneuverability requirements. These now dictate angles of attack to %0 and
. even 180 degrees.

The missiles which fly at these very high angles are usually of the slewing
 type, 1.e., thei; angle of attack is generated by thrust:vector cahtrol (TVC)
(for example, AIR SLEW and AGILE). Aerodynamically they tend to be somewhat

simpler than missiles which achieve high méneuverability through use of -
aerodynamic surface deflection beéause of the llarge controll forces available
from the deflected TVC nozzle. Non-TVC missiles usually can dgpioy wings and
canards as well as tails, and their maximum angles of aftack are limited to
about 40 degrees. Air slew missiles usually deploy tails, but any forward |
1lifting surfaces are generally small (e.g., strakes). Basic nefodynamic
prediction methods are required fof both types of vehicles. |

The aerodynamic performance of TVC‘type vehicles is further compli-
cated by plume interferenceé therefore a method is required for calcu-
lating this effeci in addition to methods fdr Q;timating the basié aero-
dynamics. »

It has been well-established (References 1, 2, 3, and 4) that the best




means of constructing methods for estimating basic aerodynamic character-
istics at high angles of attack is through correlation of experimenﬁal
data generated by testing over systematically-varied ranges of the relevant
geometric and aerodynamlc parameters (Reference 1). This report describes
the generation of methods using that technique. The methods deal with

the aerodynamics of aerodynamically controlled missiles and TVC missiles

~with and without plume effects. A gummary of the duta used in the develop-

ment of the methods is presented in Reference 5.
The objective of this work was to evaluate existing methods, to
imbrove upon these existing methods if possible, and, where necessary, to

develop new methods‘to predict the pitch-plane aerodynamic characteristics

‘for aerodynamically controlled and TVC missiles. The m:thods addressed

were applicable to the configurations, angle of attack and Mach number

-ranges indicated in Table I.

Table I
Scope of Methodology Requirements
Control Mechanism
Aerodynamically Control TVC Jet
CONFIGURATION - ‘a = 0* - 30° a = 0° - 180°} Interference
. Me=0,6~- 3.0 M= 0,6 - 3.0{ Effects Included
Body Alone y / » '4
Body-Wing~Tail ' J/
(Canard)
Body-Tail = v k '/,-
Body-Strake ' - o
Body-Strake-Tail / v/
2




Prediction of the aerodynamic characteristics for the configurations indicated

in Table I requires methods for pradicting Ehe aerodynamics of individual

components and mutual interference effects. Figures la and 1b show the

extent of existing capabilities prior to this contract with respect to total
msethodology requiresents.

'Although 1t is not shown in Figures la and b, a certain level of'
capabilities existed in onch'of the areas indicated. In general, the accuracy
‘ ‘of these methods is poorvat angles ;r’ntnr than a few degrees; therefore,
»2”%j? a thcn; methods were not indicatud. Under the present work; methodology was

developed to fill in the gapo indicated in the overall requirements of
Figures la nnﬂ b. The methods developed are of an engineering type and
include cherts, graphs and formulations which facilitate ease of use by hand.

By and large the methods are enpiriéal and therefore are limited to the

‘range of testvéonaition; and geometric parlnetera‘tested. The specific
‘ coﬁditionl tested are discussed in Section 2.0 and the Mach nuﬁber range of
A .'intereot, namely 0.6 to 3.6 is adequately covered. ‘ﬂowevor. as 18 usually the
case, the flight combinations of Mach and Reynolds numbers were not schieved
in the wind tunnel test programs. Therefore the resulting methods do not
contiin all the effacts of Rnynolﬁa nramber variation that might be desired.
Until better -ntchiﬁg of flight conditions is achieved in wind tunnel tests,

the user of such methods must exercise care snd judgement with regard to
this point.
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Finally it is noted that methodology was developed to predict induced
yaw forces and moments and induced rolling nounht., and wul‘providcd as |
part of this program. Roferenc; 39 describes the development of the methods
and the computerized version of the methods.

The gene;$1 layout of the report is as follows? First, a jcneral
description of the equipment and models used in data 3enefation in given in
Section 2.0. Then a limited amount of data analysis is presented in Section
3.0. Following this, Section 4.0 describes the formulacion of ;hd aerody-

nanic prediction equctions and the terms for which methods are constructed.

_ The methods themselves are described in Section 5.0. Where applicable each

description 1n§1udea background discussions, treatment of data, approach of '
construction, use of methods, and where possible, checks of method accuracy

against data not used in the construction.
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2.0 EXPERIMENTAL DATA SOURCES AND MODELS

The majority of data available for correlation (see Figure 2) were
generated using either U.S. Air Force or Martin Marietta, Orlando Division,
supplied models. Reference 13, which 1s based on 485 hours of testing in
tunnels 4T and A at AEDC, is the primary source of data. The TVC data are
taken from a 312 héur test program in tunnels 16T and 168 at AEDC. Typicsal
missile compouents were tested separately and‘in cbmbiﬂation. A Martin
Marietta supplied reflection plane and fins were tested to provide isolated
fin data to 180 degrees angle of attack. Isolated body and non-rolled body
tail data were generated using both Air Force and Martin Marietta models.
The MartinvMarietta main body model is shown 1nlfigure 3a with the selection
of tails which can be mated to tne body shown in Figure 3b. The Air Force
and Martin Marietta models are both 10 c;libera in length with fangent ogive
nosés but the Air Fprce nose is 2.5 calibers coﬁpared to 3.0 calibers for
the Martin Marietta nose. ' The Air force and Martin Marietta model diameters
are 1.25 and 3.75.1nches. respectively, Tails af‘identical planform |
geometry, arranged in cruciform and undeflected, were tested on each body.
Tail taper rétios, aspect rafios and diameter to span ratios were varied
between 0 - 1.6. 0.5 - 2.0 and 0.3 - 0.5, r;apecuvely. Angles of
attack varied from 0 to 180 degrees. Thé maximum angle of attack attained
by the_Martiﬁ Marietta sting mounted model was limitgd‘to 60 degree#. Through
a combination oi stings and struts, the Air Fo;ce model was tested to 180
degrees, ‘The Maftin Marietta model was equipped with four 3-component tail

balances compared to a single tail balance for the Air Force model. These




balances measured Ehillnornnl force, hinge moment and rcot bending moment.
Six-component main balance data were available from each model.

Body-wing~tail configurations were tested to 30 degrces angle of attack
at a non-rolled altitude using the Martin Marietta model. Data consisted
of 6-component main balance aud‘3fcouponent fin balance outputs. This
model can accommodate sets of halflwings mounted in cruciforﬁ at several
diffétent axial stations between the shouldar and after body section containing
the tail balances. The wings are not actached co'recording balances. Wings

tested were of constant aspect ratio 2.0 and taper ratio 0.0 with diameter to

span ratio varying between 0.35 and 0.5.

A more complete description of the sources of test data, test conditions
and model configurations is contained in the Data Report (Reference 5) submitted

as part of this study contract (CDRL Item No. A005).
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Figure 3a. Martin Marietta Main Body Model in the NSRDC 7'x10’
Transonic Tunnel at Sixty Degrees Angle of Attack




Figure 3b., Martin Marietta Tall Models
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3.0 AERODYNAMIC DATA TRENDS

Before proceeding to the various methods, a qualitative analysis of

some of the test data will be presented. ' The discussions are intended to

. 11luminate the basic phenomena underlying model aerodyﬁamic behavior and

provide the user with more than simply a recipe for caiculating the
v.rious force and moment quantities. Many of the basic ideas used were
preaénted in References 2 and 3.' They will be summarized here for the

sake of convenience. The discussions here will be limited to isolated

fins and bodies and body plus tail configurations.

3.1 Fin Aerodynamics

Most of the discussions in this section are based upon those of
Reference 2. No attempt will be made to reproduce all of the previous

material. The reader i{s referred to the original document for a detailed

' t;eatment .

The discussions center on the effects of fin geoﬁetry (plgnform
taper and aspect ratios) and Mach number on the aerodynamic characteristics.
Fin flow patterns are discussed briefly along'withithe associated stall
characteristics. The implications for fin normal force coefficient and

chordwise center of pressure location are outlined. Discussions begin

with a consiaeratton of delta fins.

12




\ a 41 ANGLE OF ATTACK-DEG.

| Locus o REATTATCIMENT
, / \¢
Figure 6."Voxticea Produced by the Reattﬁchnent of
Lower Surface Boundary Layer

At high angles of attack the flow arouud delta fins is char;
acterized by the presence of large upper surface vortices fed with vor-
ticity from the boundary lnyet- which separate At.the leading edges (See
Pigufe 4), Stall on luéh wings 1is brought about by vortex "bﬁrctinj".
This is sccompanied by a breakdown of the well-ordered vortex flow and a
sudden prc;aure increase at and downstream of the “burat" point, Upstrean
the pressure in the vortex remains lov and produces a suction which in-
creases the normal force. As angle of attack is increased the "burst"
point moves upstream towards the tr;ilin; edge. When it crosses the edge,
stall begins and is characterized by "10.. of normal forxce and a forward.
movement of the center of pfooqurc. As aspect retio increases, gh- stalling
angle of attack decreases. Thesa effects ar; shown in Figures 5a and 5b

at transonic speeds. The figures also show the following:

13




Y

11)

111)

The normal force curve slopes, c“a' at a = 0° nnd,180°
are numerically equal - this result is predicted by
Slender Body Theory. | ‘

At a = 90°, the centers of prc.nufe and of area very
nearly coincide. This 1is inituitﬁvely obvious.

At a = 180°, the centers of presiure of these delta fins
11e right at the "leading” edge. This bears out the
Slender Body Theory result that all of the loading on a
fiﬁ occurs over the region where the fin span is changing
(increasing). The predicted effect of retreating side
edges (1.-..-ta‘pu.h the center of pressure upqtr-ll) is
not evident. A similar result is found for non-delta

fins also.

Still confining the discussions to delta fins, Figures 5c and d

a = 180°.

show their behavior at supersonic speeds. It will be seen that no stal-
ling 1s visible at this Mach number. During the riflcctién plane tests
from which these dnéa were obtained, it was found that near a = 90° at
supersonic Mach numbers, the fins bchnvo& 1ike forward facing steps, re-
sulting in low values of cn. Accordingly, the cN value at a = 90° vas
obtained from Reference 6 and the data faired through that point as shown.

Also worthy of note is the center of pressure behavior, particularly near -

Wahen the fin planfora is not triangulsr, the upper surface vortices

referred to earlier are modified or joined by yet other rotating flows.

14




For rectangular fins, the large suction-producing vortices now spring
vfron the side edéea, while a lam;nar separation bubble can exist at

the leading edge. ‘When stall‘occura on such a fin, it is frequently #
result ofllaminar bubble lengthening, spreading low-velocity, high
pressure flow over the upper surface. The result is a loss of normal
force and a reafwatd shift of center of pressure;‘ A clipped delta tin
‘displays behavior somewhere bétween that of a delta and a rectangular
fin. This behaviof is shown in Figures 6a and b at transonic speeds.
Note the centers of pressure for the rectangle at a = 0° ‘and 180°, They
l;e right at the "leading” edge as predicted by Slender Body Theory. At
o= 1800, all three fins show this predicted beﬁavior. As before. the
supersonic data show no visible staliiné'ahd have been faired through

C“ /2 from Reference 6, Figures 6c and d.
"

The effect of 1ncreasin§ Mach number on a delta fin is to move the
vortex "burst" point downstream. Thus a fin which 1s stalled at one
Mach number may be unétalled by simply increasiug Mach. This bihavior i8
shown in Figures 7a and b for an AR = 2,0 delta fin. The stalling
behavi&r at M » 0.8 is eqtirely‘removed at M = 1.3 and higher.

3.2 Body Aerodynamics

As in the case of fins, the aerodyuami; characteristics of
bodies at high angles of attack arevlargely influenced by viscous, sspa-
rated flows. The discussions below deal with these, especially in the
case where the body wake takes th; form of nn,aaynmetric vorcei pattern.

This phenomenon hha‘técently become of considerable interest for high

15




incidence missiles (Reference 7).

When a slender missile body is placed at angle of attack in'a uni-
form flow, the boundary layer generally separates on either side of the
body and forms a lee-side wake. Separation usually begins neaf thé rear
when the missile reaches about 6 degrees angle of attack. The wake takes
the form of a pair of.symmetrigally—disponed, counter-rotating vortices
fed by'vorticity shed from the separating Loundary'iayer. As angle of
attack increases, the axial extents, sizes and strengths of vortices
increase also.

When the bo&y angle of attack reacheelabout 25 degrees, the'nymmet—
rical nature of the wake disappears. The two vortices are joined by a

third, beginning again at the body rear, and the wake becomes asymmetric.

As

angle of attack is increased further, more vortices join the flow until the

wake contains several which have been shed from the body. A section
taken through the wake shows it to resemble the von Karman vortex street,
well known in the literature on two-dimensional flows.

A The asymmetric nature of the wake produceg an asymmetric diqtfibution

of pressure forces along the body. This results in out-of-plane forces

and moments being induced, whether the body has 1lifting surfaces deployed or.

not. These forces and moments can be significantly large, requiring special

. mnans‘to be found to counteract or remove their effects (Reference 8).
Figure 8a shows the force and moment coeffiéienta induced ca a body at
M= 0,6. The effeet of increasing Mach number to supersonic values is
‘uuually'to reduce those éffects to negligible prc¢portions. This may

be seen in Figuté 8b for M = 2,0. Later discussions will {llustrate the

16




- 1‘ additional effects of adding lifting surfaces to such a body. The steady,
asymmetric wake persists up to angles of about 50 to 60 degrees. At higher

Pt : angles the wake becomes unsteady and vortices are shed ilynn‘trically.

3.3 Body Tail Configuration Aerodynamicu
The addition of tails to a body generally increases the out-of-
plane forces and‘moncnts induced by asymmetric vortéx effegta as well as
producing rolling moments. Several examples will be given of these

1iportant effects. Figures 9a and b show out-of-plane quantities at M = 0.6

7 f" | for two typical sets of cruciform tails fixed to thé 10:1 caliber body
; | ("plus™ attitude). It 1s of interest to note the corrcuéoﬁdcncc‘betwton the
)/k;j? vl pesaks of force and moment. Tﬁu angle cf attack has generally been limited
y to 90 degrees bccuusi: ,
/ i) By 90 degrees the wake flow is unsteady and the out-of-plane

quantities fluctuate rapidly.
11) Above 90 degrees, the pren;nce of the strut support might caﬁae‘
alterstions in the wake pnftern and ite effects.
By the t#mc Haqhvnumberyhai reached 2.0, no induced eff.ct..ire visible
" (not shown here). |
_Another 1liu0tration of the asymmetric wake effect is contained in
. Figgrec 10a and b. Previous testing on a MMO model with four instrumented
tails yielded the forces and moments on the fndividual tailof Complete
configuration rolling moment was obtaiﬁcd from separate (main balance)
inuttuaentatlion. Figure 10a shows the tail forces for a "cross" configuration

L o (¢ = 45°) at anglee of attack to 60 degrees. If the moments of thess tail

17




forces about the missile axis are summed and the result ~~wpared with the main

balance reading, the comparison of Figure 10b is obtained. - Clearly, the induced

toll is generated by the unequal tail forces, which themselves are induced

by the asymmetric wake.

18
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SR : 6.0 FORMULATION OF THE AERODYNAMIC PREDICTION EQUATIONS

“ o Because of the nature of the information available, the followins‘
I ' : fomulatiox;a of body-tasil, body-ltnkc-t’ail and body-wing-tai] coﬁfigu:ation o
‘ pitch-plina* aerodynamic characteristics are necegsary. These formulations
', i,' 1 P will vary depending on wvhether the configurations are to be aerodynamically

or thruat vector controlled (IVC).

Aerodynamically Controlled

Body-Tail

. °u+z°uT“r(s>r+ B(T) )

C Sp

? Xep.

o = Oy C"n +2% M 5 or 1@ + Bm___.m @

Vct s’

|

g Body~Strake~Tail

. . 8 5

3 c“nsr c"n"‘ g + gy : B

i Xo X

| . - c“ =2 e O Zams o+ O, “ansr W

3 3
o Body-Wing-Tail
L s A &C
- Oy = Oy + 2, +2u’1mr+ B(r) + gy (5)

Ss
ey = Vg Acn Asw+2°‘ﬂ.r "r(s)r___g_@_+
' 3
Sp
X X (6)
B _Tim o+ gy Saw -
a d
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Thrust Vector Controlied

Body-Tail
c AC S. , A 1
BT ® °N3,+ + 2 CNT R‘I(B) 3_1; + cu,n, + “B(T) ¢2)
: B
Xep Xer s, Xcp '
r= 0 e, P2 e it T +
d a .~ §, T4
(8)
Acu CPrp 4 n('r) g )
—4q
!ody-Sttake-T5117
: A A A AC,, :
T R i WL WL )
. .
- CN CPp 4 ACN ACNBS CFyps +
N T . d
s Xcp A Xep
Copep ramst + 4o, P (10)
d F

Hence, the following quantities are required in order tov conduct

'aerodynamic analyses on body-tail, body-wing-tail, or bedy-stcake-tail

configurations which are either aerodynamically or thrust vector controlled.

The section of this report in which each quanticy is developed is listed

as follows.
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. Quantity . Section Page

S 5Lt 39’ b

B . L ]
xCPn 5.1.2 61
% sl oa
"cx’r 5.1.5 122

b Use in either

R () 5.2.1 143 ‘

( v Aerodynamically Controlled
IB(T) o 5.2.2 161 P or TVC modes
x ‘ .
P, (ny 5.2.3 171 |

\

A ) |
CNBS 5.3.1 190 \
"crus 5.3.2 202.
\ .
CNBST 5.3.3 220
. .
CP, per 5.3.4 232
A
c”nw 5.4.1 259
Xep 5.4.2 274

ABw * L] ‘
A ) .
cnm 5.4.3 289
X. -
CPp 5.4.6 . 306 _
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Quantity Section Page

A ] -
cum, 5.5.1 310
: ' Xep 5.5.2 323
; BP * . . .
: i : ? TVC Mode Only
AC ‘
Bp 5.5.3 334
o . Xep 5.5.4 351
' . ‘rp oS . >

As indicated above, certain of the quantities are applicable to the
equations for aeyodynamic control asg well as the equations for TVC. Others
are used only in the TVC model. Limits of appiicability for each method are

indicated in the approoriate sections.
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5.0 _AERODYNAMIC METHODS

5.1 Isolated Components:

5.1.1 Body Normal Force

s :
A method is presented for predicting body normal force coefficients,
CNB, for angles of attack between 0 and 180 degrees and Mach numbers
from 6.6 up to 3.0. Comparisons between predicted results and expéri-
mental data show good agreement. This'method represents an tmprévement
over exiatigg methods in that ;t accurately predicts CNB both transonically
. and supersonically.
 Background
The aerodynamic force directed normal to a body in its pitch élane
can be keparated into potentihi and viscous flow contributions. Using
slender body theorf, Munk fouﬁd the potential flow contribution to be
equal to sin 2a, whera 2 is thé slopé o% the normal forc? coefficient
curve at a = 0 degrees. In later work by Ward (Refcrence 9), it Qas shown
that this force 1s actually directed ;idway between the normal to the
stream and the normal to the bgdy axis. Taking this into account, poten-

tial contributions to body normal force can be expressed as:

C « sin 2a cos = | _ \ (11)
Npor 2 |

" At very low angles of attadk; this potential term dominates body rormal
force. However, for angles of attack greater than 6 degrees, viscous
effects are introduced and rapidly become the dominating factor, Existing

theories do not adequately predict viscous effects. Empirical procedures
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have been developed based on the early‘work by Allen and Perkinslo and

l(ellyLl which introduced the concept that the viscous crossflow around
inclined bodies of revolution is analogous to the flow around a circular

cylinder normal to the flow. In accor&ance with standard notation, these

empirical procedures relate the viscous normal force contribution to Cd »

: c
the crossflow drag coefficient defined by analogy with two—dimensional
flow. Thus ‘

S 2 .
Cy =C, n—Psin’a (12)
N d S
c c ref

Experimental data have shown Cd to be a functlon of both Réynolds and
¢ :
crossflow Mach numbers. Values of . have been determined empirically

from two-dimensional and finite length cylinder data.

Combining the theoretical potential and empirical viscous contri-
bution results in the following expression for body total normal force

coefficient:
S

n
4, "s

a
C“ sin 2a cos i-+ C

- sin? o (13)
re ' .

This 1évth; sane expression used by qorgenaenlz to predict transonic and
supersonic values of C“ for'ingleq of attack between 0 and 180 degrees,

The procedure outlined by Jofgenaen in Reference 12 was found to be
inaccurate at transonic Mach numbers when predicted results were compared
wi . the data of Reference 13. These comparisons are prelentgd in
Figures 11 through 14. Accuraéy is only fair when all Mach numbers and
angles of attack are considered, but does 1npr6vu with increasing Mach
number. | '

Two avenues are available gb improve accuracy. First, develop a new

method to improve transonic capabilities. The second, and perhaps wost
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desirable approach, would be to develop a aingle procedure which would be

accurate both tradsonically and .upefsonically.

Method Development

A pover geries approach is used to develop a method which predicts

the combination of potential and viscous effects on body total CN'

Boundary conditions were sought which would adequately define the character-

istics of CN between angles of attack of 0 and 180 degrees. Values of
aC '

CN and _Sg"t a =0, nl2.and n were taken as boundary conditions.

Experimental data indicated that values of CN at a = 0 and o = 7 are
: ?
gero. Also from experimental dats, it was observed that 55 ° 0at a= rn/2
aC

and ¥. The remaining boundary conditions, i.e., Cyataw /2 and 7E?'at a=0,

were retained as free variables.

Applying these boundary conditions to the expression:

3 4 5

2
(:un - ‘o + nla + aza + 13 + aa + asa

yielded

o | 16a% - 3203 . 16a“] c
2 T T3 7% N
" " n n/2

wvhich can be rewritten as

C, = C, +A, C -
Ny g Na 2 Nw/Z‘ Sref = Spege’ (14)
wvhere ,
: 2 3 4 5
“1""""(!2 *‘}‘3'% ’3‘2% +i:’
. v " LA

A« 1607 3207 | 160
2 "2‘ ’3 "4
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Values of Al and.A2

Figures 15 and 16. Values of CN and CN
a

are plotted as functions of angle of attack in
still require definition.
‘ */2 '
Transonic values of CN presented in Figure 17 as a function of
e
Mach number, nose length and afterbody length were taken from References
14 and 15. Supersonic values of CN presented in Figure 18 were taken
a
from Reference 16 as a function of Mach number, nose length and afterbody

length. ' The data of Figures 17 and 18 represent improvements over

existing correlations. Linear iiterpolation 1s required for values’ of

N

C,, between Mach 1.2 and ].5.
a ' n

N can be calculated with Equation 13 recognizing
n/2 '
that the "potential" term goes to zero and utilizing the published data

Values of C

for values of n (Reference 17) and Cy (Reference 12). The avajilable

values of n (shown as nolin Figure 19} are derived £rom.sub36n1c test
data ana are typically assumed to apply up to crossflow Mach number (Hc)
equal 1.0. Above Mach one n is normally assumed.to be 1.0. Rather than
continue to use such a discontinuous representation,a procedure is
employed here which producés an estimate of the variation of n with Hc
through the transonic regime. The transcnic variation of n is developed
as follows:

The potential component of normal force 1§ still defined as in
Equation 11 with the change that Cﬁ Ireplacea the 2. The intent {s to

a .
make use of the test data (Reference 13) as a source for CN rather than
, ‘ , a
rely on the theoretical value of 2. Then the viscous contribution to

the normal force is defined aé ch as follows:
IS '

42




CNV = Cy - #in (Cy a) cos (a/2)
18 a

c“ and CN are both obtainad from the teat data. Then

chIS

c ,gg—— sinza
ref

The quantity n ch was calculated.utilizing this éxpression at crossflow
Mach numvers ranging from 0.2 to 2.0. Yalueq of Cdc were taken from
Reference 10 at the corresponding Mach numbers to permit solving for n.
The curve faired through the values of n which result from this exercise
. 1s shown in Figure 20. The suSuonic value is seen to apfly up to about
M, = (.8 with the upward trend ;ontinuing to about M, = 1.4. A
polynomial expression was then derived as follows to representlthé
variation of n with M.,

.an

Sﬁ; = 0.0 at Mc = 0.8 and 1.4

n=n at ¥ = 0.8
o e
. o ne= ;.O'At Mc = 1.4
Applying these boundary conditinns to the following expansion:

s 3
" “
IHc + ar A a3Mc

n= lo + a

yielded
n = ny (-9.0741 + 311111 M -30.5556 M. + 9.2593 u_3)
©# (10.0741 - 31,1111 M, + 30.5556 M_2 - 9.2593 K.>)

which can be rewritten as:

n=B n +B _ ‘ o (16)
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whrre
2 3
Bo = <9.0741 + 31.1111 Mc - 30,5556 Mc‘ + 9.2593 Hc

3

: 2 o
31 = 10.0741 - 31,1111 M, + 30.5556 M, 9.2593 “c

Equation 16 ia applicable to crossflow Mach numbers between 0.8 and 1.4
Values of n, are contained in Figure 19. Values of Bo and hl are pre-

sented in Figure 21,

Values of C, from Reference 13 modified on the basis of the
c

results of Reference 3 are presented in Figure 22. These data cover a
wide range of crossflow Mach numbers and come from a number of different
sources.

Using the above information and Equation 12, it ia‘nov possible to

calculate the value of C required for the calculation of cN between

Nn/2
a = 0 and 180 degrees.
~ Methd Evaluation

Check cases were made using the same configuration and conditions
'repreﬁenied in Figures ll'through 14. btiguren 23 through 26 show com~
parisona’between these predictions, experimental data, and predictions
using 3orgenaen'a procedure (Reference 12). These comparisons indicate
improved ncchracy at high angles of attack in the transonic Hacﬁ regime
and equally gooa accuracy at all angles of attack in the supersonic
fegime.
Use of Method ‘

The method for predicting isolated bbdy normai force is applied in

the following way.
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Depending upon the Mach number, use either Figure 17 or 18 to

o

determine CN as a function of nose and afterbody length.
a

Calculate the value of C

“n/Z

Use Figure 22 to determine C

i»

using Equation 12.

d L]
c
b Depending upon the Mach number, determine the &alue of n.

. Por M§~5 0.8, use Figure 19 to determine n as a function
of &/d.
. FPor 0.8 < Mc < 1.4, use Equation 16 apd Figure 19.

+ For “c > 1.4, n=1,0.

fw

Using Equation 14, the results of steps 1 and 2,and Figures 15

~ and 16, calculate the values of CN from 0 to 180 degrees.
‘ B ‘
Numerical Example

_ Calculate CNBbecween 0. and 180 degrees at M = 2.86 for a body with

the following characteristics:
= 3.0 (tangent ogive)

= 6.0

= 10.2

g"‘om app™  ald®

£

1 Uaing Figure 18b, 0N = 3.05/rad
2 Use the following equation to calculate CN
/2
S
c cC, ng®
N,/z dc Sref
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From Pigure 22, C; = 1.34 '
[
b For M= 2.86, n = 1.0

in

Therefore cN = 13.67
n/2
Using the following equation and Figures 15 and 16, calculate

jw

an .‘Al ONg * 4 Oy, 5 Sref ™ Syage

n/2
o

. S %

0 1.0 0.0 0.0

5 0.074 0.01 0.36
10 0.123  0.045 0.989
15 0.153  0.095 1.76
20 0.167 0.155 2.63
30 0.162 0,305 4.66
40 0.13 0.475 6.89
50 0.09 0.645 9.09°
60 0.051 0.79 = 10.95
70 0.023  0.905 12.44
80 0.005 0.975 13,34
85 0.001 0.99 - 13,54
90 0.0 1.0 13.67
95 0.001 0.99 13.54
100 0.004 0.975 13.34
110 0.015 0.905 12.42
120 - 0.026 0.79 10.88
130 0.034 0.645 8.92
140 0.037 0.475 6.61
150 0.033 0.305 4,27
160 0.022 0.155 2.19
165 0.014 0.095 1.34
170 © 0.007 0.045 0.636
175 0.002 o0.01 0.143
180 0.0 0.0 0.0

Data Comparisons
The results of the numerical example are compared with experimental

data (Reference 18) in Figure 27. Bacause these data were not involved in the

developnent of the nechod this comparison represents an 1ndependent

check of the method. Agreement is quite good throughout the angle
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of attack range tranaénically. Figure 28 represents further independent
checks of predicted results #gainst experimental data from Reference 19,
Comparisons between prediﬁted results Qnd experimental data have shown
the me;hod of this section to be more accurate than the Jorgensen method
‘1n the majority of cases, However, the Jorgensen method has proven more
accurate in the 0 to 40 degree angle of attack range transonically,
Therefore, 1t 1; recommended that the Jorgensen method be ysed in this

region and the method of this section in all others.
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".5,1.2 Body Center of Preseuee
Summary '
A method 1is presented for predicting fsolated body center of pressure,
cP.? for angies of attack between 0 and 180 degrees and Mach numbers

B ,
from 0.6 up to 3.0. Comparisons between predicted results and experimental

X

data show good agreement.
"Background

New highly maneuverable missiles will encounter extreme angles of
attack. In some casee angles of attack may approach 180 degrees in
either the tfanspnic or supersonic Mach regimes.

Effective evaluation of proposed configurations will require methods
for predicting aerodynamic cheracteristics at extreme angles of attack
over a wide range of Mach numbers. Current predictive techniques are
limited to angles of attack less than 30 degrees. New methods are required
to fill the void between existing and required cdpabilities. Th;s section
deals specifically with a @ethod for‘predicting body centet of pressﬁre,

Xop -  The method presented is applicable to Mach numbers between 0.6

B
and 3.0 and angles of attack between 0 and 180 degrees.

Method Development

The method for predicting X ., was developed using an empirical

CP
approach. The initial step involved a survey of available data (References
>13, 18, end 19). The data displayed characteristics which were unique

to sﬁecific Mach number and angle of attack ranges. For &ach numbers of
1.0 or greater, ch displayed a rapid rearward movement between angles

of attack of 0 and 20 degrees, fol}owed by a nearly linear progression

of xCP between 20 and 160 degrees and passes through the centroid of the

planform area at 90 degree. Finally, between 160 and 180 degrees, another
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rapid rearward movement of xcP

that the xcp left the body between 170 and 180 degrees. As the body

wvas observed. Experimental data showed

approachea 180 degrees, a couple 1is produced as the positive potential
normal frrce on the forvard facing portion of the body becomes equal to
the negative potential force on the trailing nose portion of the body. This
couple subjects the body to & moment and fo a4 zerc net normal force. Under
these circpnstnncea. calculated values of xCP tend to become 1nf1n1t¢1y'
lnfge.

For Mach numbers less than }.O, ch displayedvthe same characteristics
between 0 and 20 degrees and i60 and 180 degrees. However, the location
.of xcP tended to remain essentlally constant between éO and 50 deg;ées.
followed by a rearward movement which is linear between 50 and 160 degrees
and passes through the centroid of the planform area at 90 degrees.

A power series approaéh was used fo“develop the metﬁod between 0
and 20 degrees. 1In the usual ;ay boundary conditions were sought. The
center of pressufe at a = 0 degrees was taken as the first boundary
condition. Curves presenging fgg— as & functionvof :!: fﬂl and K in

o d Jo d 4 .

the transonic Mach regime are presented in Reference 3. For the sake
of'completeness these‘éte Presenteq again here in Figure 29. Similar
data in che supersonic Hacg regime (1.5 < M < 4.5) were found in

Reference 16 and arebpresented in Figure 30. For a second boundary

_-C—P——d. = 0.0.

da {0

condition it can be shown that for symmetrical bodies 3X /,

A third boundary condition was defined by the center of pressure at 20
degrees. This was defined ac the center of presaufe at gero depgrees

plus an increment. Using datas frcm References 3, 13, and 20, the




’ percentage of body length by which xCP shifted between 0 and 20 degrees was
.‘deterntnedias a function of Mach number (see Figure 31). As a final boundary
condition, ffgﬁfﬂ at 20 degrees was assumed to equal the slope of fhe |
linear Variaclgh between 20 and 90 degrees angle of attack. Experimental
‘data indicated that the renter of pressure at 90 degrees could be approximated
As the centroid of the plaﬁform areé. At 90 degrees, when the flow is .
separated along the entire length of the body, thé normal force will be
dLe‘entirely to crossflow drag (Reference 3). Assuming a constant sdc along
the body, the centers of pressure and of planform area should then coincide.

Collecting boundary conditions and applying them to the following

polynomial éipansicn

X ‘ |
_—%g- -x=a +‘a a+ a, az + a, a3

. , 3
21 _a” - 2la 23a" - 8§ a
x= [1 + 78000~ zsoo.l Xo * [2800 28000 X20

a
*+ [zaoco z

which can bé rewritten as

yielded

X = Ao X° + Al x20 + Azxﬁzl ' an”n

Where

- 7 03 2102
A 1+ = . &0
o 28,000° 2800

2
a - 2 » 3 in radians

*}




Values of Ao' A1 and A2 are plotted as a function of angle of attack in

" Figure 32.

Equation 17 was developed based on the characteristics of X _ at Mach

CP
numbers of 1.0 or greater. Applying Equation 17 for Mach numbers less than

1.0 will produce good results even though BXCP at a=20 degrees will be

in error. da

As'inAicated earlier, the variation in xCP between 20 and 160 degrees
is dependent upon Mach number. For Mach numbers less than 1.0, the
location of xcP remains co;stant between 20 and 50 degrees and then moves
linesrly toward the rear to the value of xCPat 160 degrees, passing through
the centroid of the planform area at 90 degrees. For Mach numbers of 1.0
or greater, XCP variés linearly betw;en the locations at 20 and 160
degrees, passing through the pentroid of the planform area at 90 degrees.

Using this information, the following equations were derived for determining

the siope of the linear variation and the value of x at 160 degrees.

x . X "Xy 18)
da a'~-90

< 70 23X ‘ .
X160 = 70 34 * Xx/2 | 19)

vhere a', the angle marking the bound of the low angle region, is 20 degrees

for Mach numbers of 1.0 or greater and <0 degrees for Mach numbers l:cas than

1.0‘ . v
A pover series approach wvas used to develop the aethod between !60 and

180 degrees and in the usual way boundary conditions were scught. The ceater

of pressure at 160 degrees was taken as the first bowndsry comdition.

;
R
.
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_This can be calculated using Equation 19. A second boundary, %ﬁ (written xa)

at 160 degrees was assumed to equal the slope of the linear variation between

a' and 160 degrees. This value can be calculated using Equation 18. Also,

as a third boundary condition it can be shown that at 180 degrees axcP
‘ 3

=0,

. As a final boundary condition, the center of pressure at 180 degrees was

assumed equal to the body length, rather than trying to define it as some

point off the body as indicated earlier. This assumption will intrcduce

‘no significant errors since the resulting forces and moments are small.

'

Collecting these boundary conditions and applying them to the

following polynomial expansion

X .
_%Z__ =y =agtaja+ta ol + a3 o3

yielding ‘
| -51840000 + 900000 o -5200 o?
X 4000

4864000 - 86400 a + 510 az - 03
+ L/d
4000 )

+ | 24860000 + 86400 o - 510 o2 + o] X
, %000 —] " 160

which can be rewritten as

X = Boxg +By t/d+ B2, (20)
160 :
vherq ‘ 2 3
«51840000 + 9060000 a - 5200 a” + 10 a™ -
Bo = — 4000 . |
. 2 3
B - 486.000 - 86400 a + 510 a - a
1 4000
' on 2 3
~4860000 + 86400 a - 510 a” + a
L I $000

Valuves of 3 , 8,. 2od 3, are shown as a function of angle of attack in
c

Fig=re 3.
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Use of Method

The method for predicting 1solated body center of pressure 1s applied

as follows:

1 Depending upon the Mach regime, use either Figures 29 or 30 to
dgtermine X, @8 3 function of IN/d and 2A/H. Linearly interpolate
for values of xo between Mach 1.2 and 1.5.

2 U;lng Figure 31 determine the réarward ahift in center of pressure
between 0 and 20 degrees for the appropriate £/d and M. Add this
value to the teéult'of Step 1 to deteruine X90°

3 Calculate the distance from the nose to the'éentroid ofithe planform
arga using | k

X=% oyt %, 5y
s'pﬂ + spA
and where spN and SpA are the planform areas of the nose and cylindrical

.sections respectively in the case of a tangent-ogive cylinder body

[""""-1 L
-1 °N
+ R sl ——— - -
n R 2(R~r) 1N

s . ’ 2" , '
XN Py 2 ~R + (R —2 ) R ~2 2 + ¢ R sin lfgc:] —(R~r)2N2
2

2
R = %»+ fg
d.
S
pA 2A * d
and
¥ S . -
Xy N () + fé)‘(%A * d) Note that Xps2 * X_
. 2 : -d
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4 Using Equation (17), the results of stepi 1, 2, and 3, and Figure 32,
calculate the centers of ﬁresaure between 0 and 20 degrees.
3 Calculate the aslope of x at 160 degreeé using Equation (18).
6 Calculate the value of yx at 160 degrees using Equation (19)
J Using Equation (20),the results of Steps 5 and 6, and Figure 53,
~calculate the cent?ru of pressure hetween 160 and 180 degrees.
8 Depending upon the Mach number rAn;e of interest, determine

the variation of y between 20 and i6') degrees.
a. For M > 1.0, extend a straight line from X520 to X160°
b. For M < 1,0, maintain & constant value of from 20 to

50 degrees and theﬁ extend a straight line between

the values of x at 50 degrees and 160 degrees.

Numerical Examplé

Calculate x between 0 and 180 degrces‘at M= 2,86 for a bb&y with the

following characteristics:

ty/d

= 3.0 tangeat - ogive

8, /du 6.0
L/d = 9.0

d = 1.5 inches

1 Interpolating between the values of Figure 30b and 30c, x, was
calculated to be 1.93 calibers aft of the nose.
2 Using Figure 31, AX/2/d = 0,285 at M = 2,86, Therefore, for t/d = 9,

Ax = 2.565,
Xo0 ™ Xo + AX
- 4,495
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f~a

3 For the configuration of interest
Xe/2 ® 4.96
4 Use the following equation ard Figure 32to calculate the centers

~f pressure between‘o and 20 degrees.

X ®= Ao Xo * AL x20 * A2 Xp,

A M 2o X
0 1.0 0 0.0 1.93
5 0.85 0.17 ~  -0.0125 2,343
10 0.5 0.53 ~0.036 | 3.169
23 0.15 0.88 -0.04 4.047
20 0.0 1;0, 0.0 4.495

3 Using the following equation, calculate the slope of the linear

" variation between “" and 160 degrees.

o' = Xpyp

x B e i AP

%160 a' - 50

Xy " 0.0066 *¢/deg
160

{on

Uaihg the following equation, calculate the value of x at 160 degrees.

: X, - X ‘
Y 7(\ ..g»...-.-__!_/_z. +‘x

X
160 a' - 90 n/2

Xj0 = 5+425

Using the following equetion and Figure 13,calculate the centers of

pressure between 160 and 180 degrees.

x = Byx, "~ +B %/d+Byx
%eo 1 2 X160
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a
160
165

170

175

180

O.Q 0
2.81 0.154
2.5 0.5
0.91 0.846

0.0 1.0

1.6
0.846
0.5
0.154

0.0

5.425
5.994
7.229
8.455

9.0

8 Graphically determine values of x between 20 and 160 degrees by

connecting X20 and x16o‘w1th a straight line.

Data Comparisons

The results of the numerical example are compared against experimental

data from Reference 18 in Figure 34, Because the data were not involved in

the development of the methods, this comparison represents an independent

chéck of the methods. Agreement is gobd‘throughout the Angle of attack

range. .Figures 35, 36, 37 and 38 present further comparisons with other

experimental data (References 13 and 19). Again agreement is quite good

in all cases, except for the higher angles of attack in Figure 36. -
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Figure 29b.

Transonic Tangent
Ogive-Cylinder Zero Angle of
Attack Centers of Pressure

(%N/d = 2.5)

. “

o
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' Figure 29a. Transonic Tangent

Ogive~Cylinder Zero Angle of
Attack Centers of Pressure
(lN/d - 3.5)

Figure 29c¢. Transonic Tangent
Ogive-Cylinder Zero Angle of
Attack Centers of Pressure
(lN/d - 1.5)
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5.1.3 Body Axial Force

Summar

Methods are'presented for prgdicting CA' the isolated body axial force
coefficient. Angle of attack and Mach ranges are 0 - 180 degrees and 0.6 -
.3.0, respectively: Two methods are used. In the superconic range a modifi-
cation of an existing techniéue due to'Jorgénsen (Refzrence 12) isrrecommended;
in the transonic range, a new method based on an extension of a previous
technique ﬁas been constructed. The overall performance of the methods is

1

shown to be good.
Background

An examingtion of existing methods for calculating body axial force
coefficient from O - 180 degrees disclosed the follqwing:

1 Thé method of Jorgensen (Reference 12), which applies over thé entire

angle of attack range, is applicable -nly to supersonic Mach numbers.

2 The method of Saffell, Howerd and Brooks (Reference 21), which uses
almost the same formula&iéns as Jorgensen, deals with 1ift aud drag,
rather than normal'and axial force coﬁponents.

3

The method of Fidler and Bateman (Refereqce 3), which applies over
the angle cf attack range 0 - 90‘deg;ees, is applicable to
transonic speeds.

Because pf its inconvenience, plus its strong similarity to the
Jorgensen method, the work of Reference 21 was‘not.considered further.
Instead, Referenceé 3 and 12 were‘éxamtned to detefmiza whether the former
needed to se improved for supersonic speeds and the latter could belmodified
to apply from 0 - 180 degrees for transonic sperds. The supersonic and
ttansénic ranges are discussed separately. CA is taken positive when

directed towards the base.
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Method Development (Transonic Mach Numbers)

The basic method here is that of Reference 3 which applies from 0 to
90 degrees. The basic formulation of the prediction equation is:

Cp =Gy + £

where f(M,0) = £(M,90) = 0, and
=C +C 'C, 1includes wave and friction effects
Ao A1 ' Abase ( A1 )

Charts will be presented for estimating all the quantities required.

c

.For 90 ~ 180 degrees, the following formulations were devised empirically,
i.e., by choosing functional forms which are consistent with th. patterns
observed in the test data.

- C - ‘ . no °
Ca=€C - (, C, ) sina”, ?0 <a <160
[ [] h4
| o --;— (a - 90) deg.
c, = cA' s 160° < a 1189’. "

The base drag contriﬂution is obtained from Section 4.2.3.1 of Ref. 17.

CA‘

= CA for blunt cylinders and is obtained from Reference 6, from
' .

which Figure 39 is reproduced.
Use of the basic and modified formulations of Reference 3 provides the
estimates which are compared with data in Figures 40a - £, It will be seen

that matching is quite good overall and this method is recommended for use.

Use of Method (Itansonic Mach Numbers)
Reetating the basic equations:
c,=~C

A Ao + f(ula)

c, =C, +C
Ab A1 Abase '
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c, 1s obtalhed from Figures 4la - c as follows:

A
1l From Figures 4la, b, and ¢ determine CAlb’ the basic axial
force coefficient (excluding base drag) at Reb = 15.8 x 106.
2 From Figure 42 Jetermine the scaling factor cAlchlb at the
c .
required Re’ then CA - CA Al .
. e | 1, o=
b C ‘
nAl
b
3

From Section 4.2.3.1 of Reference 17, find C

= C +C .
Ao A1 Abasé

f(M,a) 18 a power series containing a and E;. the value of CA at a =

Abaae

c

70°, as a free variable. The power’series is:

3 4

C, = -0.844a + 1.92 o® - 1.44 a> + 0.360 o’ +

A

2 4 4.913 a3 - 2.419 o’).

C, [0.147a - 1.842 a
For'bonQenienée, Figures 43 and 44 are given which are sufficient to calculate
f(M,a). Figure 44 presents f(M,a) for.various EZ. Figure,43 presents E;
values for vatioﬁs transonic Macﬁ numbers. Use of the curves is as
follows:

4 At the appropriate M, read E; from Figure 43
5 In Figure 44 eétimate f(M,a) over the angle range at
tﬁe appropriate E;. |

Numerical Example

Calculate the axial force coefficient -ariation between 0 and 180 degrees
for a missile body having a 3 caliber tangent ogive nose followed by a 7
caliber cylindrical section. Mach number is 1.15. Re = 3.8 (10-6)

1 From Figure 41 (1ntrrpnlating) CA = 0.215.

1
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2 From Figure 42, CAlicAlb - 1.88'

C, = 0.215 x 1.88 = 0.405

A

3 Prom Section 4.2.3.1 of Reference 17,AcAb‘ = 0.05.
se

Hence, C = C + C
Ao Al' Abasc

= 0.455

The variation in the axial forée coefficient with angle of attnck‘ia
determined as follows:

0 - 90°

jo

Now M = 1.15, hence C, = -0.52 (Figure 43)

[["]

g(deg)  fMM,a)(Fig. 44) Cy = Cp, + £0M.a)

0 0 . 0.455
20 -0.11 ©0.345
" 40 -0.26 0.195°
60 -0.46 © -0.005
0 -0.52  -0.065
.80 -0.42 _ 0.035
90 0 0.455 See Figure 41,
80




90 - 160°
a (deg) CA
90 0.455
100 0.156
10 - -0.326
12¢ ~0.664
140° -1.162
160 -1.34 Sea Figure 4le.
160 - 180°

C\- CA“ = ~-1.34 (Pigure 39)

Method of Development (Supersonic Mach Numbers)

In Reference 12, equations and charts are presented from which the
axial force coefficient on an isolated body may be estimated. The equations

used are .

- 2 ‘ ne °
€y CAo cos'a . M <ac<90

€, = C, cos’ (180 ~ a) 90° < a < 180°
"

The zero-angle coeffic;ent is expressed as:

C. =C. +C. +C¢C
B A Asr Mase

where Cpyy Cpgp and Cpp o are the‘contributiohc,due‘td forebody pressure,

skin friction and base drag, respectively, while the 180 degree coefficient

(flat base into flow) 1s given by:
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Charts are presented for estimating all the above quantities except

C For purposes of the pregent work, the skin friction was estimated

A L)
SF :
from Section 4.1,5.1 of Reference 17, assuming a turbulent boundary layer.

Predictions of (:A over the entire angle of attack range were made'usingA
the Jorgensen formulations. Comparisons between predictipns and data are
shown across the supersonic Mach numﬁer range in Figures 45a - 4. It should
be noted that the AEDC wind tunnel data (Referencé‘13) are uncorrecféd for
base pressure effects. It will be seen that matching is reagonably good,
but obvious discrepancies are evident. For example, from 0 - 90 degrees
the data do not approach zero as predictea. - They eitherﬁ;emaih fairly
constant or CA increases slightly. Also, tt&m 90 ~ 180 deg;ees some dis-
crepancies are observable. | |

It was decided that a simple modifiéation to tﬁe method could easily:

be accomplished. to improve 1fa performance. Baged on the formulations
which were found to work for the transonic case, the followIng empirical

equations are used.

- ° °
cA CA 0° <a <90
o .
- - - - Q0° °
CA’ CA (CA cA ) sin a 90° <.a < 160
o o " ‘
-‘--9-' -
a ] (a -~ 90)
- [ (]
Ch=C, 160°< o < 180
n .
CA is still obtained from the techniques of Reference 12,
o

The results of applying these equations are shown in Figures 45a - d. .
Clearly the overall matching 18 better than before. The modified equations

are recommended for use instead of Reference 12.
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Numerical Example

Estimate the axial force coefficient variation from 0 - 180 degrees for a

miseile body having a 3:1 caliber tangent 6give nose with a 7:1 caliber
cylindrical afterbody. Mach number is 2.0.

NowC, =C, +C +C
Ao AH ASP Abale

= 0.357 (Reference 12)

C, = -1.66 (Reference 12)’

A
"

0 - 90° CA = 0.357

90 - 160° 160° - 180° c, = -1.66
a -~ Ca
%0 0.357 See Figure 45b

100 -0.092

110 -0.518

120 -0.901

140 - -1.46

160 -1.66
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Figure 39. Variation w1éh Mach‘Number of IBO—Degfee
Axial Force Coefficient (Reference 6) o
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Figure 41. Curves for Determining CA
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5.1.4 Fin Normal Force

Summary

The normal force coafficient of an isolated tail panel CN » can be pre-
’ T

dicted by the empirical methods de  :loped in Reference 2 and extended by the
correlations presented in this section. The applicable range of the methods

is now:

Angle of attack 0 to 180 dégfeea

0.60 te 3.0

Mach number -
Aspect ratio - <2.0
Taper ratio - 0¢tol.0

Comparisons between predictions and test data show generally good agree-
meﬂt. normal force coefficient being predicted usually well within 10 percent.
Backgrourd

This method allows the normal force coefficient of low aspect ratio fins
to Bé calcuiated for angles of attack from O to 180 degrees and for Mach
mmbers ranging from 0.6 to 3.0. The method is an éxtension of the method
presented in Refereqce 2, Section 3.3.1, made possible by the acquisition of
ad&itional test dataf Typically, the method consists of two operations:

1) a procedure to eetimate CﬁT up to'30 degrees, and 2) a procedure to extend
the estimate to 90 degrees. It is shown that a mirror image of the curve so
obtained pfovides a good estimate to 180 degrees. At supersonic Mach ﬁumbers
greater than about 2.$. s single proceduré is shown to fit the test data
adequately within 10 percent.

Method Development

A full development of this method is contained in Reference 2; A portion

of that material will be included here for completeness.

$1
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The flow about low aspect ratio fins at unglea of atts - . greater than
a few degreea‘is characterized by non-linear phenomena thi’ :annot be described
by linesr theory techniques. Techniques have been dev-’ _pec for prediction
of the aerodynamic characteristics of loﬁ aspect ra.1> fina in the presence
of upper surface vortices, e.g., References 22, 23, 24, 25. However, for
the general case where vortices, both coherent and burst, and a laminar
separgtion bubble are present (Reference 26), methods are not available.

The method developed he;e i8 derived from the popular crossflow drag
based methods as typified by Reference 23 which employs the formulation:

Cy = CLa+¢Cy ol : ‘ (21)

In this expression Cj is tﬂe zero angle of attack normal force curve slope and
C2 is a constant chosen to force the expression to {it experimentél data.

This equation may be regarded as a truncated power series in a. 'Since.
it contains two consténta, it should fit two boundary'conditions on CN, the
condition. (CN) 0- 0 having already been satigfied.v One condition is
that (3 CNISa)::d must equal the normal force curve slope at a=0. This
determines Cj. The second :ondition, the one determining the value of Cp, is
usually chosen so that the experimental data are fitted at some high angle of
attack. The expression is then reasonably accurate up to that angle of attack,
provided that the curvature of the data curve always has the a;me sign. In the
general case, aﬁ expression such as Equation (21) camnot adequately describe
the shape of the normal force curvé above a few degrees angle of attack.

Since‘this form of solution leaves many boundary conditions uﬁsatisfied;
an obéious means of improving this aituatién is to retain the power series

form of expansion, but toc include as many terms as the boundary condicions

permit.
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Si. boundary conditions are identified for use in a more general oxprc-lion
for C“T along with a comment as to the basis for the chosen value.

CNT(O) = 0, theoretical and empirical

chéo) theorstical '

CNp(*) = 0, empirical

‘CNTG(") - -CNTG(O)

CNTG("/Z) -0 | '

CNr (r/2) from test data
The quantity CNT(O) is set to zero on.the basis of linear theory predic-
~tions as wvell as tQat data wha;als the values of the o:hgr five quantities are
based on a review of test data. As indicated bel&v. the resulting power series
is expressed in termalof theltvo nén-zero boundary conditions, 1;0.. CNTQ(O)
and Cyp(n/2). |

Power Series Solution

With the six boundary conditions aviilahle. a power series containing
six unknown coefficients may be used. The power series is assumed to be of
the form: 5 ‘
' CNT(G) = I A, a” ' (22)
. Y :
from which, with the aid of the boundary conditions, the six unknown constants
Ag through A5 may be determined. Substitution of boundary conditions and
rearrangement of the equation yields:

Cip (@) = Cyp_(0) o 428 2T L °"T2<"/.2) s Ctm.goz% o2

" . "
’ 8 Cnp, (0) ) 32 CNT(wIZ)g 2
12 ﬂ3
. 16 Cyp(n/2) Cyg,(0) . | .
8 3 : (23

where a is in radians.

93




Ts faéilicnto computation of the power series, Equaticn (23) has been
rearranged in the form:

Chp(a) = A(u)CN-ra(O) + B(a)Cynp(n/2) (24)
where the values of A(ac) and B(a) as a function of angle of attack are shown
in Figure 46.

The term CNTQ(O) must be obtained froﬁ linear theory or Reference 27
from which Figures 47a through 47d are taken . The CNp(7/2) term is obtained
through comparison of Cyp(a) with éxperimental data.

The quantity Cnp(7/2) is empirically derived and presented in Figure 48.
It is 1ﬁportant to note that the numerical values assigned to the boundary
condition CNp(%/2) are not actual normal force data but rather expediently
éhOlonvnunbefs wh;ch produced good agreement in the angle of attack‘range
between 0 and 30 degrees. Even so, this approach does not work uniformly .
for all geometries and Mach numbers and yet another device is required to
‘complete the portion of the model up to 30 degrees.‘ Toward this end a
‘quantity a' is defined which marks the upper bound angle of attack to which
Eﬁuatidn éa spplies. If thé value of a' found in‘Figure'49 is less than 30
degrees, then the value of Cyy for a between a' and 30 degrees is obtained
by addi&s un increment (ACy) to the value of Cyr obteined at a'._ Thit is,
gor angles of attack between a' and 30 degrees, let:

, a"a’
where: ACy = 08 ACy
ACNM M

The Qunntity ACN/ACNH is an empirically determined factor (Pigure 50) ranging
‘ irdu 0 to 1 indicating the fraction of the maximum correction (ACNH) required.

The quantity ACNH i{s an empirically determined parameter (Figure 51) representing
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the laigest diiference found between the Cy, calculated at any‘c’ and the test
values at a = 30 degrees.
Use of Method

The normal force coefficient method consists of Equation (23) or (24),
together with values of CNT(wlz) from Figure 48, supplemented with additional
information from Figures 49 through 51 where requifed. The following steps

must be adherad to.

fr

Calculate Cy, (0) using Figures 47a - 47d (or ¥AR/2 for lowes: AR's)
a

([XY

Find Cnp(n/2) from Figure 48, interpolating vhere necessary

fw

Calculate Cyp(a) up to o' as obtained from Figure 49. (If a' =
30 degrees, calculations are now complete. If a' < 30 degrees, go‘

on to Step 4).

&

For Mach numbers under consideration, obtain values of ACNIACND(nt

. various (a - a')/(30 - a') from Figure 5C.

jwn

From Figure 51 find ACQH; use this to calculate values of 4Cy and
distribute these over the a range from a' to 30 degrees.

Numerical Example

Two exampiea 1llustrate application of the method. -
Calculate the variation of normal force coefficient with angle of attack
to 30 degrees for a wing as follows:

AR = 0.52, A'= 0, M = 0.8

fras

CNTG(D) = 7AR/2 = 0.819 from Slender Body Theory

N

CNp(n/2) = 2.4 (Figure 48)

fw

Figure 49, o' = 30 degrees, hence calculate f(a) up to this value.
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Using Equation (23), the following table may be constructed:
a (deg) Cap @)

5 . 0.091 A comparison betveen these values and experi-~
10 0.216 mental data taken from Reference 24 is shown
15 0.368 in Figure 52. Also shvwn is the result of
20 0.541 applying the method of Reference 17. The
25 0.727 present method yields better matching with
30 0.927 data. ‘

Calculate the variation of normal force coefficient with angle of attack
to 30 degrees for a ving as follows:
AR = 2.0, A = 1,0, M = 0.98
Cyp (0) = 3.04 (Figure 47a)
a’
Cnr(x/2) = 3.6 (Figure 48)

From Figure 49,a' = 12 degrees, which is < 30 degrdcs; hence, CN is calculated

ouly up to o = 12 degrees:

- - o (deg)  ONp
5 0.28
10 0.568
12 0.689

Figures 50 and 51 must be used for o > 12 degrees. Therefore, from Figure 50,

.“.

a table of ACN/CN ~(a-a')/(30-a') 1s constructed:
W 4

- (@=a")/ (30.4") 8CN/ac

"
) 0
0.2 0.47
0.4 0.69
0.6 0.83
0.8 0.93
1.0 1.0
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5 Nowa' = 12 degrees, and from FigureSl, 4Cy = 0.41, hence ACy and a may be
M

calculated.

(a-a' )deg adeg Acy ' Cy
0 12 0 .689
3.6 15.6 0.193 .382
7.2. 19.2 0.283 +972
10.8 . ,22.8 0.341. 1.030
14.4 26.4 0.382 1.071

18 30 0.41 1.099

The most direct way to obtain the normal curve is to draw ?NT.“P to a'
and then add on the remaining Cy increments. This curve is compared with
experimental data in Figure 53,

Oné further check case is shown in‘Figure 54 for‘a fin of AR = (.86,
A= 0,4, and M= 1,02, Again data matching is quite good. These data were
obtained from Reference 28.

Extension of Method to 90 Degi:es

'In extending the methnd to 90 degrees angle of attack, a secoﬁd power
geries is used along with data (References 5 and 29) at angles between 30
degrees and 90 &egreas, Due to the lack of detailed high angie‘data at
low supersonic speeds, it has not been possible to check thé method at all’
Mach numbers. However, check cases using the high angle transonic data
refsrred to earlier have shown the ﬁethod to yield reasonable accuracy.

The procedure used to extend the method to 90 degrees_introdgces a
series (similar to Equation (23)) which joiné the curve for Cny at 30 degrees
to the point at 90 degrees (CNC)'\ Experimental values of CNC from transonic

tests on the fins described in Reference 2, and supersonic values from
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Reference 6 combine to produce the curve in Figure 55.
Boundary conditions used in construction of the new series are:
1l Ata-= 30 degrees, CNT(3°) may be determined from the first part of

. this method.

[T

At a = 30 degrees, CNy may be determined from the differential form

of Bquation (23).

, 16 (n/2) 5 Cyp (0)
c"‘rc'»c“'l'a(o) + 23 CNTz - Mo % a

" "

+3

8 CNp,(0) _ 32 CNp(n/2) ; 2
2 * ?

A ;16 Cnp(r/2) 4 Cyr_(0) z 3
+ 4 - L a
4 3
n L
with a = 0,523 rads (30 degrees) for M > 1.

For Steps 1 nndv 2, however, values of CNy(30) and CNTG(.‘SO)‘ have been
obtained from the experimental data and are given in Figures 56 and 57,
respectively.

3 At a = 90 degrees, Cy ¢ 1s determined from experimental data as shown

in Figure 55.
4 At a = 90 degrees, Cyx/3 a = 0 ‘ ,
Using these boundary conditions in the series of Equation (22) yields:
¢ « - 1.178111 Cy, (30) + Cy.(%/2) = Cyp(30) + C 30}
NT(G), | "’l‘q( ) + Cng(n/2) = Cynp(30) + Cnp(30)
+ 3.7501 Cpra(SO) - 4.29731[Cm(w/2) -CCNT(30)].} a
+{ - 3.342356 CNTG(3O) + 5‘671487[CNT(WIZ) - CNT(BO)] a2
. : 3
+ 0.911921 cu.ru(ao) - 1.7«°%26 CNT(W/Z) - CNT(SO) a
| B 1)
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It should be noted that Equation (25) has been rgevaluated and the"
constants are somewhat different from those in Reference 2. ,
Por §ue in calculating Cyg(a) fr?ﬂ 30-90 degrees, the form of Equaticn
(25) has been rearranged u follows: '
CNp = C(a) Cnp(30) + D(a) CNg *+ E(a) Cmu(30) (26)
with the three terms, C(a), D(a), and E(a) shovn in Figure 58 as a function
of angle of attack,

Use of Method (30° < a <90°)

Between 30 and 90 degrees angle of attack, the method 1s used as follows:

1 Find GNT(30) from Figure 56

I~

Pind Cpyp (30) from Figure 57
a
3 Determine CNC from Figure 55
4 Calculate Cyp(a) using Equation (25) or (26)
It 1§ recomnended that CNT be calculated from Equatin (25) or (26) beginning
at a = 50 degrees and that the portions of the curve from 0 - 30 degrees and

from 50 - 90 degrees be faired fogether. As an example, the variation from

-0 to 90 degrees angle of attack is calculated for a fin having aspect ratio

1.0 and taper ratio 1.0 at a Mach number of 1.10:
_ CNC = 1.42 (Figure 55) |
CNp (30) = 1.98 (Figure 57)
a
CNT(30) = 1.23 (Figure S6)
Substituting the above values in Equation (26) yields:
Cyp = 1.23 C(a) + 1.43 D(a) + 1.98 E(a)
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This equation 1s used to construct the following table:

qu.‘\ c“T

50 ' 1.589
60 1.589
70 1.532
80 1.463
90 : 1.430

The comparison between these estimates and the high angle data (Reference

S) is shown in Figure 59. While exact matching is not achieved, the curve

~does follow the data quite well.

The method as descridbed has bgen foun& to require a minor modification
for fins of taper ritio 0 and aspect ratio 1.0 when Mach number is less than
1.0. Hh;n estimating the normal force coeffipient of an isolated fin haviné
this geometry at M < 1;0 the fo;lovins modification to the method is suggested.

1) Use the first part of the method, as described, up to a = 30 d93f908

" 11) Instead of‘ucing the second power |qrie; given Sy Eqﬁntion (25) or
o " Equation (26) fﬁr fairing from 30 - 90 degrees follow the o:ep;
below: ‘ '

Estimate ACNT‘for angles between 30 and 40 degrees from
Figure 60 and add to the value st a = 30, from (1) above.
'Fair the curve from the value at 4 dsgraes to the 90

degree value, Cuc from Figure 55.
Example
Estimate values of CNT between 30 and 40 degrees fbr an 1soia:ed fin of
taper ratio 0, aspect ratio 1.0 at M = 0.9. ‘
From Pigure 60, the portion AB of the curve is used exactly as shown,
i.e., add the iﬁcrement taken from AB directly to the value calcu.ated at
a = 30 degrees. The porticn BC of rhe curve applies betveén a = 35 and 40

degrees and must be scaled by the factor 0.78 (Figure 60b). Between a = 35
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and 40 degrees the increment is equal to the product of the scale factor and

A,c-' The :clu;ting-curvn i{s shown in Figurc 61. Point "A" must now be placed
at the value of Cyp st 30 degrees from (1) above, and the curve from point "C"
must be faired tb Cnp at 90 dcgrocs.’
Extension of Method to 180 Degrees Angle of Attack

The availadility of addiiional test data on low aspect ratio tail panels
to 180 degrees angle of attack has permitted the prediction methods to be
extended to this new range. The validity of the method in the transonic and
low supersonic speed range is further demonstrated in Figure 62 and Figure 63.
In these fikureu. the prediction method employs the power series of Equation
1(26) up to 30 degrees angle of attack, and Equation (26) from 50 to 90 degrees,
with the curve faifed from 30 to 50 degrees as described earlier. Note that
teat data from 90 to 180 Jegreeé are plotted on these figures, indicating near
symoetry of the data about 90 degrees angle of attack. The prediction is
shown to closely nppfoximate ;ést Jata over the angle of attack range from
0 to 180 degregn. |

A typical applica;ion of the mgthod at subsonic speeds, M » 0.6, &nd
from 0 to 180 degrees anzle of attack is shown in Figure 64 indicating the
prediction nethod used for the various segments of the curve. ‘The data are
again seen to be nearly symmetrical abrut 90 degrees and closely approximated

by the prediction methods.

. Extension of Prediction Methods to M = 3.0

Supersonic test data\to Mach 3.0 and 18b degrees angle of attack for the
family of low aspect ratio, low teper ratio panels were examined for compati-
bility with the prediction methods used for the subsonic and transonic cases.
It should be noted here that durins supersonic tests some of the isolated

panels on the reflection plane encountered flow separation when the fins were

101




nearly normal to the flow. The fins behaved like forward facing steps, with

the result that Cy was reduced. Here the Cy value at 90 degrees was obtained
from the flat plate data of Figure 55 and the test data were faired through
the apparent leparatioh region.

Exanination of the developed ﬁcthod- indicate that as the curve fit
parameter C"T(wIZ) of Figure 48 approximates the actual value of normal force
at 90 degrees, c"c' of Figure 55, ané single power series method of Equation
(24) should adequately predict the variation °£'CNT with alpha. Typical
examples will be presented at Mach 2.0, 2.5, and 3.0 to 111uatra§e the capa-
bilitiec of the two pover series apprbacﬁ. and to show that the single power
-e;ie- of Equation (24) is a reasonsble prediction method as the Mach number
approaches the 2.5 to 3.0 range. The mirror image characteristic of the
supersonic data about 90 gcgvcel is also evident from the test data, permitting
the prediction to be applied to 180 degrees at these Mach numb;rs. '

A typical configuration example willlbe examined at Mach 2.0 where the
v;lue of CNT(r/Z) 1§ somevhat larger than C“c‘ In this case, :yn two power

series approach yields a very good match with test data as seen in Figure 65,

. Had the method of Equation (24) been extended above 30 degrees the equation would

have predicted a value of CNT(wIZ) vhich at this Mach number would be scmewhat
high. This and other test cases indicate that at Mach 2.0 the bredictian
should include both power series, Equation (24) and Equation (26), in order
to obtain the bdest data fit.

At Mach 2.5 the requirement for using the two ccgmcntvprediction method
begins to disappear as tha values of CNT(wIZ) '“d.cﬂc start to converge. A
typical cxanpli of a single curve fit from Equation (24) 1s ahown in Figure 66,

sad 1is seen to reasonably match the test data. The dashed line of Figure 66
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shows that the chrve f£it can be improved bligﬁtly by the application of the

second power series, Equation (26), from 50-90 degrees angle of attack., In

general, the single curve fit, Equation (24), should bdegin to be ncceptubie
at this H;ch number and above.

The lpplicntion\of the ni&ale éower series, EquationAZA. prediction
sethod at Hachl3.0 ie shown in Figure 67 and Figure 68 for two typical tail

pahel configurations, indicating good agreement with test dats.
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5.1.5 PFin Chordwise Center of Pressure

Summary
A method 1s presented to predict xcP » the chordwise center of

pre.uure for low aspect ratio fins. The method is valid for angles of
attack up to 180 degrees, and for Mach numberl in the range of 0.60 to 3.0.
The method is an extension of the method preaented in Reference 2 Section
3.3.2,'and was made possible by the additional test data of Reference 13.
The eorrelation method is shown to pfedict satisfactorily center of pressure
location en typical missile fins. The results of this study apply to
isolated iifting surfaces as well as to undeflected wings or tails fixed

to missile bodies. The latter assertion is Saaed on comparisons presented
in Reference 2. The method is divided into twolmain divisions: 1) A
procedure for estimating chordwise center of pressure at angles of attack
to 90 degrees, and 2) A procedure for extendins the estimates for angles

" between 90 and 180 degrees.

Background
The development of the first part (a = 0 to 90 degrees) of the method

is contained in Reference 2. A portion of that material will be included
ﬁere for compleﬁeness.

Three basic theories: 1) Slender body theory, 2) strip eheory, and.
3) Linear (fin alone) theory, are currently used in predicting chordwise
centef of pressure. These theories have been found to provide fair resﬁlts
at low angles of attack However, as angle of attack is increased beyond
the linear lift curve slope region the re3u1ts become erroneous. Slender
body and strip theory have been combined in developing a method for

predicting chordwise cei.ier of pressure of a fin that is attached to a
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cylindrical body. For a triangular fin, Reference 30 shows that all three
| methods give essentially the same results for the chordwise center of
presaure of a fin in the presence of the body. This might have been ex-
pectéd, since the presence of a body'induces an upwash that changes fin
loading in the spcnwisg directipn. thus having little effect on the chord-
wise load distribution. Reference 30 also showed that the fin alone linear
theory 1is Ees: for representing the chordwise center of pressure of low
agpect ratio fins. However, due to the inability Qf'this theory to predict
accurately fin center of pressure beyond the region of linear 1ift, additional
prediction methodology in this area obviously is neeaed;
Method Development

To generate the methods, center of pressure chordwise location for a
tail alone was calculated from normal force and hinge moment test data
(References 13 and 31). These tests featured isolated tail panels mounted
on reflection planes that were deflected (rotated) througﬁout a range of |
a = 0 to 180 degrees. The Mach numher range of these test data is from
Mach 0.60 to 3.0. Tail panel geometric parameters include three aspect
ratioal (AR = 0.5, 1.0 and 2.0) an@lthtee taper ratios (A = 0.0, 0.5 and
1.0). The chorawiae center of pressure location is referenced to the juncture »
of the tail panel leading edge and reflection plane, and the resulting center
of pressure is non-dimensionalized on the basis of §ane1 root chord.
The data were analyzed for gimilarities and significant para-

meters, knowing that the expreasion for the location of the center of

pressure is, in general,

X X

. |
2 =22 @, o, A, AR). < (27)

R R
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Examination of the data showed that AR was the least significant of the
above parameters. This implies that the dependency of hinge moment on AR
is due to the dependency of normal force on this quantity. Keeping in mind

that AR is not a strong parameter, the expression for ;gg il defieed as a
function of a and A at selected values of AR and Mach 0?98.

The description of the method proceeds as follows. Presented first is
the technique used to correlate ghe va;iatién in center of pfessﬁtebposifion
'with’angle of attack at a fixed Mach number (basic Mach 0.98) for various
combinations of aspect ratio and taper fatio. It 1s note& th@t the variation

with a is subdivided into four subsets consisting of; a = 90°, 0 sacx< 90°,

1 90°< a < 160°and 160°< a. < 180°.

Following the correlation at M = 0.98, a technique is presented which

permits calculation of the fgg for Mach numbers between 0.6 and 3.0.
. ' LR
Region I (a = 90 degrees)

The chordwise center of pressure of a tail panel at 90 degrees can be .
thought of cs the focal point or basis for the correlaticn method. The
aerodynamiclloading of & tali panel pogitioned normal to the flow (a = 90

‘ X
degrees) 18 cousideced to be uniform. To the extent that this is true, g

of the tail will coincide with the cen:toid of the panel area. In .
addition, this relationship should be independent of Mach number. References
13 and 31 show this assessment té be vulid. The test data for a A = 0.5

tail panel can be seen in Figure 69. As shown, the area centroid of the
panel and center of pressure nearly coincide né‘a = 90 degrees. Thereforsz,

at a = 90 degrees the chordwise center of pressure (XCP/CR) will be

determined by the area centroid. For a nonswept tailing edge planform,
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area centroid is only a function taper ratio as shown in Figuie 70.
It should be noted here that boundary layer separation occurred on

the reflection plane in front of the tails during some of the supersonic

tests when the fins were nearly normal to the flow. The fins behaved like
forward facing steps, with the resﬁlt.that the CNT data is rendered meaning-
"less and so was discarded. To fill the gap,the data from the subsonic
tests, where separation d;d not occuf, weré supplemented with sﬁpersonic
data from Reference 6 on flat plates normal to the stream in place of the
supersonic test'data where separation occurreﬁ. The latter data proved to

be compatible with the datg generated during Martin Marietta test programs.

Region II (a < 90 degrees)
Examination of the a = 0 to 180 degree data, as shown in Figure 69,

shows a. smooth variation in center of pressure in the vicinity of a = 90

degrees. The method used for predicting XCP/CR at anglgs of attack below
90 degrees was presented in Reference 2. This procedure has been extended
in Mach number and wiil be restated fcr completeness.

The relationship between XCP/CR and o is plotted in Figﬁrg 71
for the thrée test aspect ratios (AR = 0.5, 1.0 and 2.0) at the basic Mach

CP' R
manner that will allow its influence to vanish at a = 90 degrees. Thus, for

number 0.$8. Mach number effects on X../C. must be included in such a

the region a < 90 degrees, the chordwise center of pressure is given by:

X b 4 X..\ : o

_Ccr _C -{a ..C-li) [1 + F(Mach)] © (28)

CR CR CR

a=90 <90
X X X ‘
CP CP 3

where (A 393) o - 2?"! E

R2<0 ~ Raego R a<90 H
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Therefore, at any angle of attack less than 90 degrees, the difference
in xCP/cR between the particular a in question and that at 90 dégree-, ;a
subtracted from the 90 degree (centroid of area) value. For Mach 0.98,
F(Mach) is equal to zero. Center of pressure variations for Mach numbers
other than 0.98 will Se discussed following the complete raﬁge (a =0 to
180 degrees) of angle of attack effects. It should be noted that Equation
28 has been revised nlight;y from its presentation in Reference 2 due to
evaluation of additioﬁal test data in Reference 13.

Region III (a > 90 to 160 degrees)

Uponvclose examination of the test data (Reference 13 and 31) it wes
found that a linear variation coulq be adopted between a = 90 and 160 de-
grees. Thué, the nagnitude of xCP/cR for each end gondition (a = 90 and 160
degrees) will be required. The value of XCP/(;R at a = 90 degrees, as pre-
viously stated, coincides with the pahel centroid of area. The.value of
xcplcR at a -v160 degrees for the basic Hach‘number‘0198 can be obtained
directly from Figure 71. Althqugh the value of xCP/cR at a = 90 dégrees is
independent of Mach number, the value at a = 160 degrees is not. This Mach

‘nuqber‘variacioh. while differing from that associafed with region II (a < 90
degtées), algso will be forthcoming. | ‘

Region IV (a > 160 to 180 degrees)

For the region between 160 and 180 degtées angle of attack a power
series approach was used in lieu of the graphical type solution of region
II (a < 90 degrees). Test datg indicate that tail normal force aqd hiqge
moments are linear from a = 175 to 180 degrees; thus center of pressure is
constant. Chordwise center of pressure data for a = 175 to 180 Qegrees are

presented in Figure 72 and are the basis for the second half (a > 90 degrees)
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of the correlatton method. A power geries solution was used in establishing
the center of pressure variation between the two angles of attack (a ~ 160
to 175 degrees), Upon examination of the available test data in this regioﬁ
‘& third order geries equaction was considered satisfactory and in the usual
vay boundary conditions were sought. Magnitudes of x /C at a = 160 and

175 degrees were used to fix both ends of the curve. The alopes of /C

at these end conditions, viz,,

Xep Xep
CP ———— - ————
3<c ) Cx C
R a=160 =9

e 75 at o = 160°, and
C
X /C ",
-—~7§;~——-- 0 at a = 175°, were used as the third and fourth

boundary conditions,

Applying thege boundary conditions to the following power gerles:

2 3
XCP/CR = Ao + A1 a + A2 a + A3 a . (29)
ylelded the equation: .
Xep e
. ‘ C C
X X : X R R
CcP cP CP ~__a=160 a=90

N - 'é';’" + Ba) é CR) + Cla) | — (70718677

a=175 a>90 . (30)

vhere B(a) = 112.75928 - 81.4741(a) + 14.58789(a?)
C(a) = =32,57471 + 22.32492(a) - 3.81911(a?)

(..cz) .fg:l -.".cz’
oY Cx Cr

a>90 a=175 a=160
Xcp Xcp + [ cp
L W, ———— A .
CR .CR 1 CR
a=160 a=160
M=0,98
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. The Al(xxr/cn) term accounts for Mach number effects at Mach numbers other
that Mach 0.98. It should be noted that Mach number corrections are
limited to the term xCP/cR n;4160 degrees in equation 30 because xCP/cR

at 175 degrees (Figure 72) is already Mach number dependent. Values of
B(a) and C(a) versus angle of attack are given in Figure 73. Thus equation
30 ﬁermits calculation of‘XcP/CR as a fgnction of a,;n the range from a =
160 to a = 175 degrees. | |

Effect of Mach Number Variation on XCp/CR

The influence of Mach number on the center of pressure has been accounted
for by two methods. These methods are dependent upon the angle of attack
region, i.e., a < 90 degrees or a > 90 degrees. This results from the fact
éhat the center of pressure is independent of Mach number at a = 90 degrees.

Effect of Mach Number Variation at a < 90°

For angles of attack below 90 degteés‘the effect of Mach number is

presented as a percent change in the basic (4 X /c.) 9°-va1ue of equation

X CP’ "R'a<
(28). It is recalled that the basic {4 EEB value, which represents the
R <90

increment in XCP/CR existing between a = 90 degrees to any a < 90 degrees,
corfésponds to the.basic Mach 0.98. The Mach number variation parameter
F(Mach) of equation (28), which 1; dgtermined by'thevmeasured difference in |
xcplck between Mach 0.98 ahd the other Mach numbers, is shown in'Figure 74
as a function of aspect ratio. Thus, for angles of attack lésé than 90
degrges, the basic XCP/CR value can be modified to reflect the effects.of
Mach number from Mach 0.6 to 3.0.

Effect of Mach Number Variation at a > 90°

Mach number variations of XCP/CR for angles of attack greater than 90

degrees are accounted for in a slightly different manner. As previously
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mentioned, the value of XCP/CRIG in equation (30) is not Mach number

=160
dependent and must be modified to include the effect of Mach number. This

is accomplished by adjusting the basic XCP/CR value at a = 160 degrees as

follows:
xCP - xcp xCP
—— . + A —
Y Cr 1\
a=160 a=160

M=0.98

The Al(XCP/CR) term, which is merely an increment applied to the bagic
value of center of pressure at a = 160 degrees, was determined b} fairing
a curve through the measured difference between belcR at M -‘9.98/and
M > 0.98 for a = 160 degrees.v The magnitude of Al(XCP/CR)for Mach > 1.0 is
shown in Figure 75. For Mach < 0.98 no correction is required.

The effect of Mach number at o = 175 degrees 1s‘accounted'for as
shown in Figure 72. Thus, the correction for Mach number at a = 160 degrées
éompletes Mach’numbar variation for angles of attack greater than 90'degfees.
Use of Method

This gection will demonstrate the use of the method in predicting
XCP/CR for angles of attack from 0 to 180 degreea at M = 1.15 where the
physical characteristics of the fin are:

AR = 1.0 |
| A = 0.5

First a general description of the method will be preéented. This will Be :
followed bi a ﬂnmerical example; The results vill be cbmpated against

expérimental data.
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1 Calculate xcP/cR at g v 0 to 90 degrees:

& Using Figure 70 find xCPlcR at o = 90 degrees;
b Using Figure 71 find XCPICR at desired angle of attack;
& Calculate (a xCP,CR) at the desired angle of attack by
<90
using the following expression
(A ) el e l
CR /ac90 R Ja=90 SR lacs0
4 Using Figure 74 find the function F(Mach) at the desired
Mach nﬁmber; l
e Using equation (28) calculate XCP/CR;
X X X :
E.C.?...é.@iv - (A ?:Q") (1 + F(Mach)).
R R R
a=90 a<9%0
2 Calculate XCP,CR at o > 90 to 180 degrees:
a ‘Use value from 1(a) above for xC?/cR at a = 90 degrees;
b Using Figure 71 find xCP/cR at o = 160 degrees;
¢ Using Figure 72 find xCP/cR at g = 175 degrees,
4 Using Figure 75 find Al (XCP',CR) for desired ¥ach number;
e Calculate X.,/C, at a = 160 for desired Mach number
as follows
xCP. - -x-gg- + A f—g—P- .
€ Co | . N\E; f
a=160 a=l60
3,098
£ Calculate (ag) | as follows
R a>90
Xcp Xee| Xeel -
@ - -
S PRy
a>90 a=175 =160
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& Calculate initial slope at a = 160 degrees;

Yeof e
C C
R R
Initial Slope = c;;gglso)" a-9OJ
h Using Pigure 73 find B(a) and C(a) at desired a;
4 Calculate XCP/CR using equation 30

a=160 a=30
(70/180)«

X X X ‘ X X
B S i + B(a) (A__(_Z_l_’__) + C(a) EQ% - C-CZ{
b Cr. Cr R R

: a=175 a>90

3 Using thé‘results'of steps 1 and 2 combined with xCP)Ck
for a = 90 degrees, the chordwise center of pressure for a given
fin can be determined throughout an angle of attack range
of a = O‘to 180 degrees. |

Numerical Example

Following are the results obtained when the prevlqus procedures are
applied: ’
1 Calculate XCPICR variation with a (a = 0 to 90 degrees) for

the following fin geometry at M = 1.15.

AR = 1.0

A =0.5

a Using Figure 70, X_ /C = 0.611
S S S

b Using Figure 71, X, at various a's up to 90 degrees:

»/Cr

131

"I




PPy oy

O P T R TR WO o WP

.o« X,/ )
(v dag) (xcr ck M=0,98

o5 0.407
-t 0.455
20 0.505
30 - 0,542,

40 ~ 0.550 \

60 0.583

90 o.6210'

£ Calculating (A x(:P/C ) from the results of (a) and (b)

. Ra<90

a : X.. /C
O I R Y

— e a<90
0-5 0.204

10 0.156

20 0.0

30 0.069 ‘

40 " 0.061

60 0,028

90 0.0

d  Using Figure 74,F(Mach) = ~0.160

&  Using egnatién (28), xCP/CR ‘183

Xep ' xcr)
A (AE; X /C
(ndeg.) a=90 a<90 1 + F(Mach) CP' 'R
-5  0.611 204 0.84 0.4396
10 0.610 0.156 0.84 0.4800
20 0.611 0.106 - 0.84 0.5220
30 0.611  0.069 0.84 0.5530
40  0.612  0.061 . 0.84 0.5598
60  0.611  g.028 0.84 0.5875
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2 Calculate the remaining variation with elpha (90 < a < 180

degtges) 8t M = 1.'15

2 Trom step L, (xc,/ck) - 0.611
‘ a=90

b  Using Figure 71, (xcplcg) o ° 008
o]
Me0.98

Using Pigure 72, (xczlck) " = 0.907
- =175

Using Figure 75, Al(xCPIcR) = ~C.010

e

1%

Calculate Xop/Cy at a = 160° for M= 1.15

Xl X
CP. CP X
¢ “C + AI(EGE)- 0.748 -~ 0.010 = 0.738
R a=160 R a=160 R
M~0.98

—

c
Fa>90

£ Calculate (h xcp) for M = 1.15

X X.of X '
4 ﬂ) -z - = 0.907 -0.738 = 0.169
CR . CR CR .
a»9 =175 a=160 : - ‘

& Calculate initial glope at a = 160 degrees

Y|  Xep|
c ¢

R R '
- a=160 a9 - 0.738-0.611 - .
Initial Slopg (70/180)1! [ (70/180)1:1 0.10395

‘ h Using Figure73, B(a) and Cla) are;

 _a (deg) B(a) Cla)

90 v . - -

160 -1.0° 0
165 -0.885 0.058
170 -0.550 0.058

175~180 0 0
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.3_ Using equation (30) to calculate xCP/CR

X X
X X X : CcP CcP
cr _ _CP + 8@ (a2 +c@f = _E'—l
c C. c CR =160 R 'a=90
R R R L0 2
a=175 a : ~ (70/180)n J

Xcp
£ = 0.907 + B(a) (0.169) + C(a) (0.10395)

R
a (deg) xCP/CR
90 0.611
160 ©0.738
165 0.768
- 170 0.820
175-180 0.907

Data Comparisons

The results of the numerical example are compared with éxperimentnl

data in Figure 76. Clearly,it would be desirable to show comparisons between

" the results determined by the method and completely independent test data.

Unfortunately, due to the lack of such data, comparisons are restricted

to the exéerinentnl data sources that were used in developing the correlation

method. However, the specific test data used for comparisons were not

directly used in the construction of the method. Additional comparisons

are shown for a triangular fin of O.S‘aspect ratio at subsonic and traasonic

Mach numbers. A comparison at Mach 0.80 is shown .in Figure 77 and Figure 78

" shows a comparison at Mach 1.30.

Agreement is quite good throughout the angle

of attack range for all comparisons. Some data scatter is noticed near the

extreme ends (a = 0 and 180.degraes) of thelangle of attack range. As may
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be expected, scatter of this type usually results from the order of

magnitude effects associated with very small forces and moments used in

determining the center of pressure location. In general, the correlation

method agrees within 2,5 percent of the experimental data with the possible
exception of a few Isolated aress. These areas usually involve only a very
small segment of the a range such ag shown in Figure 77 near a = 40 degrees.

A deviation of approximately 3 percent was noticed from o ~ 130 to 150
degrees for the fin in Figure 76.
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5.2 Body-Tail Configurations
5.2.1 Tail-On-Body Normal Force

Sumnary
A method 1s presented to predict CNT(g). the normal force coefficient on

the horizontal, undeflected tails of body~tail configurations. The method

is applicable to "plus" configutﬁtions at Mach numbers between 0.6 and 3.0
and angles of attack from 0 to 180 degrees. The method consists of a pro-
cedure for calcﬁlgting an interference factor, Ry(p), which can be applied

to isolated fin d;ta‘or the results of Section 5.1.4 to determine tail-
on—body normal force coefficients, CNT(B)‘ Agreement between predicted and

experimental results were found to be quite good.
Background

The normal force on a tail fixed to a body differs from that on an
isolated tail at the same angle ot attack. This diffefence is attributable
to the interference of body~induced upwash and lee-side vortex downwash oa
the tail flow field. To predict tail-on~body normal force; it 18 necessary
to correct 1sblated fin data for fhese interference effects. Methods a;e
available which predict each interference ferm separately (Reference 17) or

combine the two iato a single interference factor (Reference 3). However, these

. methods are not applicable over the entire angle of attack (0° - 180°) and Mach

number (0.6 to 3.0) ranges. Thé method of Reference 17 is iimited to angles of
attack below that at which the body lee-side vortex pattern becoﬁes asymmetric
(@ < 30°). 1In its'preéent form, the method of Reference 3 is limited to

Qngles of'attack less than 60 degrees and to transonic Mach numbers.

Method Development

Due to the complicated nature of the flow field an analytic approach to

method development was not considered. An empirical approach was selected.
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Tﬁe data of Referance 13 were insufficient to distinguish the contribution
of each type of interference to.the total; therefore, an extension of thé
method of Reference 17 was not practical. The nature of the instrumentation
used to collect the data of Reference 13 did provide sufficient info#mation
to calculate the total interference as the ratio Rr(p) = (tail-on-body
normal force CNT(B)/tail alone normal force CNy). These data could be
correlated and presented in a form like that of Reference 3. ﬁowever, the
resultant method would be anward and time cornsuming to use. In order to
deQelop a simple, easy to use preliminary design tool, a power series approach.
to method development was selected. In the usual way boundafy conditions
were sought. As indicated in Reference 3 the value of RT(B)‘at a f 0 degrees
can be set equal to the value of KT(B) prgdicted by potential‘flow the: ry.
Valués of KT(B) are presented in Reference 30 but for the sake of complete-
ness are pregented again herg in Figure 79. As a second boundary condition,
‘the value of RT(B) at a = 180 degrees can be assumed equal to 1.0 in the
.absence of any forebody effects. A survey of RT(B) data (Reference 13)
versus angle of attack ylelded further boundary conditions. At a = 30

degrees, the value of RT(B) was observed consistently to be 1.0 with

2 () .
: Rgan equal to zero. It was also noted that at a = 130 degrees, the value

of KT(B) in Figu;e.79 with aRTng again equal to zero. The Yalué of RT(B) e

da
at a = 90 degrees was tsken as a final boundary condition. The ddta showed

that the value of RT(B) at 90 degrees was not constant;’therefore; it was
left as a free variable, .
. : R?(B)w/z

Applying these boundary coniitions to the following power series ex-

pansion
- 2 3 4 5 6
RT(B) a, + ala + aza + a3a + ‘6“ + asa + ‘6“
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ylelded

Rpcgy = (3-98080a - 3.67990a2 - 1.95429a + 3.37838a" -
1.3299%a° + 0.16987a%) + (1-7.343220 + 20.557532 -
27.3174703 + 17.64447a" - 5.288484° + 0.588560%) Keeay *
(3.36248a - 16.87764a> + 29.27176a° - 21.02285a% +

s 6.
6.61842a" ~ 0.75842a )
RT(B)w/Z

which can be rewritten as :

RICEECR T IOREC I TN ‘ (1)
where' ’
A, = 3.98080a - 3.67990a% - 1.95429a° + 3.37838a% - 1.32994a° +
0.169874°

Ay =1 - 7.34322 + 20.55753a° - 27.31747a> + 17.644470" -
5.288484° + 0.588560°

Ay = 3.36248a - 16.87764a% + 29.27176a° - 21.022850° + 6.61842a° -

0.75843a%"

Values of AO' Al and A2 are plotted as a function of angle of
" '
attack in Figures 80, 81 and 82.

Correliaticn of the calculated values of RT(E) /2 showed that this
. n

quantity varjed with both Mach number and tail taper r#tio. Values of

RT(B)”2 ave presented in Figure 83 as a function of Mach number an§ taper
ratio as obtained by fairing curves through the test data of Reference 13.
In tne course of checking results predicted by Equation 31 ag#inst
experime;.tal data, a problem was encountered both subsonically gnd trans- 3
onically for angles of attack between 0 and 30 degrees. The .variation in
RT(B) with anéle of atta‘k as predicted by Equation 31 was much more rapid _ ﬁ

than thp expérimental data tended to indicate. To account for this, a !

i I LAS
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second power series was used to develop a method applicable to subsonic
and transonic Mach numbers over this range of angles of attack. As before,
the values of RT(B) at a = 0 and 30 degreea were taken to be KT(B) and 1.0,

respectively. As a third boundary condition, it can be shown that RT B
3u

zero at a = 0 degrees.

Applying these boundary conditions to the following power series
expansion
RT(B) = ao + ala + azaz
yielded |
2 2
RT(B) 3.64756a" + (1 - 3.64756a) KT.(B)

which can be rewritten as
Rrmy R * AL Krep) | 6D
where |

A = 3.647560>
A =1- 3.64756a%

D e TR T AT

Values of AO and A, are also included in Figures 80 and 81.

1
Use >f Method

A general description of how to apply this method will be presented
in this section. This will be followed by a numerical example in which

RT(B) will be calculated and zpplied to 1solated fin data to determine CNT(B)

1 Usi"g Figure 79 determine the value of KT(B) at tne

appropriate value o d/s.

i

Using Figure 83 determine the value of RT(B) at the appropriate
/2

Mach number and taper ratio.
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(w

Using the results of steps 1 and 2 and Figures 80, 81 and 82
apply Equation 31 (for subsonic and transonic Mach numbers
use Fquation 32 for angles up to 30 degreee) to calculate

values of RT(B) for angles of attack between 0 and 180 degrees.

&

To determine the normal force coefficients for a tail fixed
to a body, multiply isolated fin data or the results of
Section 5.1.4 (p. 91 £f) by the values of Ry (p)*

Numeric#l Example ‘

Calculate CNT(B) for the following body tail configuration at M = 0.6.

Body:

L
2 N ‘
q 10.0 i 3.0 d= 1.25 in.

Tail:{

A= Q.§ AR = 2.0 .d/s = 0.3 'AT.E. = 0
Using Figure 79 or d/s = 0.3

e

KT(B) =1.25

Using Figure 83 for M = 0.6 and A = 0.5

= 1,21
RT(B)W/Z

IGE

I

For M = 0.6 apply Equation 32 for 0° < a < 30° and Equation
31 for 30° < a < 180°. Use Figures 80, 81 and 82 to determine

general coefficients Ao, Al and Az.

a5 A ! B
0 0.0 1.0 0.0 1.25
10 0.111 0.8889 - 1.222
Equation 32
20 0.4444 0.5556 - 1.139 , \
30 1.0 0.0 - 1.0
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z} (Continued)

a (de

40
50
60
70
80
90
100
110
120
130
140
150
160
170
180

4 Using isolated fin dat

A
o

—

0.925

0.735.

0.500
0.275
0.105
0.0

©.0.04

- 10

20

30

.40

50

&0

30

~0.035

~Q.011L.

Q.0
-0.011
-0.035

0.015

0.280

1.0

M
-0.02
-0.09
-0.18

© -0.228
-0.175
0.0

0.285

1 0.615
0.888
1.0
0.865
0.475

-0.055

-0.415
0.0

1.0

1,015

1.052
1.104

1.146

Ay

w——

0.095
0.355
0.685
0.955
1.07
1.0
0.755
0.425
0.115
0.0
0.140
0.553
1.045
1.145
0.0

a obtained from Reference 13, calculate C
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1015 )

1.052
1.104
1.146
1.181
1.210
1.230
1,248
1.238
1.250
1.240
1.230
1.211
1.147 -

10 J

Equation 31

T(B)

CNT(B)

0.0
0.550
0.866
0.760
0.914
1.041
1.148

1.192




{
s
- :
4 (Continued) 1
a(deg)  1T(B) e Sy | 3
80 1.181 . 1.07 1.264 s
90 1.21 1.08 1307 1
100 1.230 1.08 1.328
110 1.248 1.08 1.348 3
. : B
120 1.238 1.03 1.275 ]
130 1.250 0.96 1.2
140 1.240 0.83 1.029
150 1.230 ©0.68 0.836 g
160 1.211 0.58 0.702 '
170 1.147 0.40 0.459
180 1.0 : -0.05 -0.05

Data Comparisons

The results of the numerical example are compared against experimental

data in Figure 84. Further comparisons for a variety of Mach numbers and

tail geometries are presented in Figures 85-89. Agreement is quite good

iﬁ all cases.
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Figure 79. Krd) Ratio At Zero Angle of Attack
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5.2.2 Tail-to-Body Carryover Normal Force
Summary
A method 18 described to predict IB(T)’ the tail-to-body carryover

normal force coefficient. The method applies over the Mach range 0.6 - 3.0

‘at angles of attack from 0 - 180 degrees.

Background
When load-carrying 1ifting surfaces are fixed to a body, loadir3 also
appears on the body due to carryover effects. The normal force thus

gehérated is denoted here by I ) (see Section 4.0). In potential flow near

B{

zero angle of attack, I reduces to XB(T)’ which is determinable by

B(T)
linearized theory /{Reference 30). Use is made of KB(T)in the present method.

Héthod Development

Separate me;hods are presented for the transonic (0,6 <M < 1.3} and
aupefsonic (2.0 <M < 3.0)iregimes, respectively. Interpolation should be
used for Mach numbers between 1.3 and 2.0.

Transonic Mach No.:

The general form of the I curves, as derived from experimental data,

B(T)
is shown schematically ‘n Figure 90. Three major values are used in power

series development, Ia; Iy, and I.. Note that at zero and 180 degrees angle

of attack I 18 zero. The basi~ power series for portions A and B of the

B(T)
curve is:

2 3
= + s
IB(T) a + aa + an + P

The division of the angle of attack range and the points ised as boundary

corditicns are chosen by obser:ation of the trend in the test dara.




. Boundary conditions are:

é =0, I 0

B(T)
50°, 1

dr
A (0o 3ty " larda " 0

Q-
[}

° =
130 T4y = 1y

=" i -
a 130°, IB(T) Ib

° -
160°, IB(T) Ic

0

) |

a

- ] -
a 180°, IB(T)

Substitution of these conditions into the power series yields:

Portion A'(a in radians)

Ti(ny [0.172 1y, + 2.562 I) o

[0.394 T, +1.930 1,] o (33)

+

[0.353 I, + 0.226 Iy ] o

Portion B (Using only first 3 terms in series) (a in radians)
IB(T) = ;9,592 Ip - 39.869 IQ .
+ [30.271 1, - 13.286 Iy ] « (34)

+ [2.206 1 - 5.596 Ic] ol

Correlation of data can then proceed with attentioh concentrated on
Ia, Ib’ and Icu

In general, I,, I, and I, are functions of configuration geometry and

flow conditions, {f.e.,

-1 (A, AR, d/s, M)

Ia,"b’c a’b'c
The aersumption is made that the variables are separabls, so that the

equation may be written

Iy * Ty pagic F1(0) Fy(AR) Fy(d/s) Fy 00
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and the form of each separate function is obtained b& cxamination.of tﬁe
experimental data. Sometigel correlation does not'requite use, or complete
separation, of all the variables. For example, the following representations
of Ig, Iy, and I. were found to be sufficient:

Ta = 1y Bastc F (AR) F 00

I T, R W | |
I.«1 Basic rc(AR) ’

Examination of the test data of Reference 13 showed that correlations ,

of :hg qunnticieo‘l.. Ib' and Ic made it possible to generate boundary

conditions for the I function which leads tv good agreement between the

B(T)
model and the test data.
The correlations ¢i I‘, ib’ and Ic are presented in Figure 9la, b,

and c.

Use of Method CTranaonic)'

Suppose {t is required to estimate the tail-to-body carryover normal
force for a configuration as follows:
Tail: AR = 0.5 A =00  d/s=~0.5
M = 0.8
‘From Figure 91:
L - Iu Basic ra(AR) ,h(H)
= 1.0 x 2.6 x (1.65 - 0.5)

2.99

1, = 0

Ic -.Ic Basic
0.3 x 2.5

r AR)

0.75
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Hence, the Equations (33) and (34) become:

Tyery = 7+660 = 5.77a2 + 1,050 @ 10 radienn .
Iyery = ~29-902 + 22.703a - 4.197a% (34A)
' Iam)
0 o |
10 1167
20 2.016
40 2.894
50 2,992
70 267 | ©OW
%0 1.886
1o 0.908 |
130 o |
145 0.673
160 0.768
170 0.511 | (340
180 0]

The results are compared with experimental data in Figure 92. It will
be seen that matching is quite good.

Supersonic Mach No.

For supersonic Mach numbers the procedures for calculating IB(T) are
generally limplét than for the fransénic case, However the‘IB(T) curve is
" divided into three, rather than two, parts and is aﬁown lchematiéally'in'
‘rigure 93. This is the form that the test data takes and the curve.
reprasents a fairing of the daia.
" The three major portions, A, B, and C ;rc‘lhown. along with the
important correlation inputs, IL.Iz, and I3. The following repregentations

are used.
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A: IB(T) = I, sina ' o (35)

a. in
. . . _ - degrees
B: Ipqy = Ip- (1 - 1) azgo (36)
c: IB(T) - -19,325 13 + 11.926 1,
+ [15.813 I, - 8.382 12] a o
2 "a in
+ [1.46 I, - 3.076 13 ] a (31 degrees

The last equation was obtained from the usual powef series representation
with boundary conditions:

a = 115° 1

I 2

- L4 -
a 149 IB(T) 13
a = 180 Iy = O

Again, daing separation of variables,

1 - Il Basic F1 (d/s)

2 ™ 13 pastc F2O0 Fp(d/8)
3 " I3 pagse F3AR)

These {uantitiee are presented in Figure 94a, b, and c, respectively.

Use of Method (Supersonic)

- Suppose it is required to estimate the tail-to-body carryover normal
force for s configuration as follows:
Tail: AR = 2,0, A =0,5% d/s=0.3
M = 2.5
From Figures 94a, b, and c:-

1 " 1) pagtc H@/®)
. 0.75 x 1.0 -0.75

I2 - I2 Basic rZ(M) FZ(d/.)
= -2x1.0x1.0=~-2,0

3 " I3 pagtc F3(AR)
0.5 x1.0= 0.8
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,  TIIETLP - " I oreeea. e e i A S
Portion A,
) IB(T) - 0. 75 ‘in a
a(deg) IBg'Q
0 0.0
20 ~ 0.257°
40 ' 0,482
60  0.650
80 0.739
90 0.750 o
P
ortion B, , . 0.75 - (0.75 + 2.0) %00
B(T) 55
a(deg) Inm
. 90 " 0.75
100 -0.988
110 =1.71
115 -2.0
Portion C; - - : - 2
IB(T) 33.515 + 24.672a ~4.457%4a
a(deg) : IB'S )
115 S =-2,0
130 ~0.481
Wy 0.5
165 : 0.56
180 0.0
Data_Comparisons

A comparison hetween prediction and experiment is shown in Figure 95.

Ir will be seen that matching is quite good.

Figure 90. Transonic 1 .
‘ 1 () g B(T}* Schematic
st/ v LUV ERN
- V Too 180
| S S, ANGLF OF ATTACK A DPCREES
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Figure 9la. Curves for Estimation of Transonic l. (ALl )

2.0

1.0
:b
0
- -1.0 |
Figure 91h. Crrves for Eetimation of Transonic Ib (A1l X and d/e)
JT‘“‘V T‘ 1
2 —
R F_ (AR)
©  Basic
14— 4
-~
0 (c)
0.1 0.4 0.5 0 .5 1.0 2.0
BODY DIA/OVERAL!. SPAN TAIL ASPECT RATIO

Figure 91c. Curves fcr Estimation of Transonic !c (All 2 and Mach Numbers)
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A=0, . AR = 0.5,d/s = 0.5
M=0.8

O Experiment (Ref. 13)
- Prediction

JSUSSS WUUURUNS WSS SPRIUSINY SN U w-{

. ) NN SRS GER SR S — R R

-3 4. Lol

"ANGLE OF ATTACK-DEG.

Figure 92, Comparison Between Predicted And Experimental I“.

Iyer)

ANGLFE. OF ATTACK “DEGREES

Figure 93. Supersonic IB("‘)‘ Schematic
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Figure 94b. Curves for Estimation of Supersonic I
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T A

$.2.31 Tail-To~Body Carryover Normel Force Center of Fresgsure

Sunmari
A method is described to predict’xtp , the center of pressure of
I(T)
normal force carried over to a body from horizontsl tails. The

method i3 an exteansiun of an existing technique. It is valid for angles
of attack from 0 - 18D degrees in the Mach range 0.6 - 2.0 |

It should be noted that xCpI(TS is‘the axial distance from the missile
nose to the point of application of the carryover force. Thg'same point
located relative to the -urface leading edge is definedbaa Xcrg 1y,
Background '

An exilfing néthod. Reference 4, which applies to the angle range

.0 - 90 degrees at Mach numbers from 0.8 - 1.2 was available as a starting

point. The formulations of this method were such that the procedure was

easily extendable to the angle range 0 - 180 degrees and the Mach number

. range 0.6 - 2.0.

The original method was based part)y on the theoretical fesults of
Reference 30 from which’vaiueé of xCé#(T) near zero angle were obtained.
These results were used originally for the condition of a tail with no
afterbody. Hcwever, when angle of sttack has reached 180 degrees, the
1ifting sui{ace does have an “afterbcdy" and the Refeténce 4 method was
modified to reflect this.

" Since the boundary conditicns on the curve of (nyBCT)/CR) versus

‘ nnglé of attack are eaniiy determined, a power series approach to correlation

was uned,

YA




Boundary conditions are:

a e 0, (ch;(T)ICR)o given by Reference 30 (see below)

a_ /Cx) = 0 (linesr theory)
Ja XCPBCT) R’o

a= 90°, (XCPB(T)/CR)I_' 0.5 (mid-chord point)
2

o

2 R, =
% Yena/ e

a = 180°, (Xcp /CR)"‘ given by Reference 30 (see below)

B(T)

%; (xCPB(T)/CR)“- 0 (lincit theory)

It is lhOU? in Reference 30 that curves of (XCPa(Tj/CR)o; the load
location near zero angle of’attack. can be constructed for various radius/
demi—span\ratios on the basia of BAR for configurations with afterbodies.

It 1s roted that the ratio a/p used in Refsrence 30 is equivalent to (d/2)/
(s/2) or d/s in the terminolog} of this répott. These curves are presented
in Pigures %96a, b, and c. The major reason for this représéntatidn’is.to
use the slendef body theory results for BAR = 0. Reference 30 indicates
that the same te#resentation can be employed for ¢dnfig§rations with no
afterbodies at supersonic speeds, but does not present'the actual curves.

It does, however, present infarmatioﬁ (Chart 14b of Ref#rerce 30) which can
be used to construct partially the curves of (XCPB(I)/CR)O away from the v
BAR = 0 point. Chart 14b presents data on load location as a function of
Bd/CR which may be written in terms of.B. aspect ratio and body radius/semi-

span ratio if tail taper ratio is known. For example, for triangular planform

tails with no trailing edge sweep, the equality d/CR = AR/2(p/a-1) holds.
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From relations like thils, Chart 14b vas converted to Figure 97a, b, and ¢ of
this report in which values of (xCPn(T)/CR)o are presented. Ia Figures 96
and 97 the values of loadvlocation at S8AR = 0 were taken from slender body
theory under the assumption that no iail force was developed aft of the
maximum span. Values for a/p = 0 (tail with no bédy) were taken from
supersonic wing theory.

For subsonic speeds, Figuras 98 and 99, taken directly from Reference
30, may be used. | ‘

Rather than attempting to fit a single equation to the entire angle of

attack range, 1t was divided into two sections, (-90 Jegrees and 90-180 degrees.

0 - 90°
The fun~tional form chosen ermpirically to represent xCP /CR is:
Xce | | P
———Eizl =a + a‘a + a az + a 03
CR o 1 2 3

When the first four of the boundary conditions defined above are used, the

se:rles takes the following fora.
| | | |

) 222 - 32 ) ¥Ryl - Koy ‘ (38)

13 12 Cn Cr
o 2 2 ‘ o

The value of XCPB(T)/CR reprasents, in non-dimensional form, the

*cPyer) _ XePa(r)
Cr Cr

P)

{(x in rads)

distance freo the. fin root chord leading edge to the center of pressure of

the load generated on the body due to the pfcsénce of a tail. The second coef-
2 n ' :

ficient 2u3/("/2)3 -~ 3¢°/(n/2)* has been evaluated between 0 and 90 degrees

and 1s shown in Figure 100.
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90° - 180°

By now measuring the force location from the trailing edge (iéPB(T))
and defining the quantity @ =w-a, it is possible to‘derive an expression
directly analogous to Equation (38) by utilizing the last four boundary

conditions.

Xrpery | X L )2
Cr

3 _2
20 3o
Cr : CRr N\ '
() G
¥ x
» o2

f

xCPB(T) - -’ECPB (1) (39A)
Cr
T

vhere X is measured from the tail trailing edge and

Xcpp Xcp ‘ o

Use of‘Hethod

Use of the method for ptedicéing xch(T) will be demonstrated 1h
conjunction with the other methods required to predict the center of‘preséure
of a complete body-tail configuration. Initially, the mefhod for predicting
xCPB(T) will be described generally. Then a numerical example will be given
of xCPB(T) célnulﬁ;iona, plus the ‘other calculations necessary to predic;
centers of pressure on a com#lete configuration.
1 Calculate icps(T) for 0° < o < 90° using Equation 38.

a Depending upon Mach number, determine

xCPB (1)

I using either Figures 97 or 98.
CR ]

Using Figure 100, determine values of

{o

at selected angles of attack.
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SN

b

and Xcpy py With 398

& Depending upon Mach number, determine XCPB;T)

either Figures 96 or 99.

o

vhere 3 = 180 - a

Numerical Example

g it o

Usine Figure 100. determine values nf

Calculate EhPB(T) for 90“i a < 180° using Equation 39A

using
Cr L
=3 -2
2a - 3

Calculate the centers of preasure at M = (.9 fo: a body-tail

configuration having the following characteristics:

Body:

d 2'5

- 7.5

o™ ol

d = 1.25 inches
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Tail:

0.5
1.0
0.5
1.667 inches

8.666




_1_ Calculit. Cnn

& At transonic Mach numbers, use the method of Reference 12

for 0° < a < 40°

a (deg)

O————

0
10 -
20
30
40

o (deg)

50
60
70
80
90
100
110
120
130
140
150
160
170
180

c
Ny

0
0.633
1.767
.42
5.587

b For 50° < a < 180°, use the method of Section 5.1.1 (p. 39 ff)

¥

8.754
10.574
12.025
12.906
13.224
12,903
12.005
10.512

8.614

6.374

4.116

2.105

0.613

0.0
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2 Calculate Xcp, using the method of Section 5.1.2 (p. 61 £f)

a (deg) : xa’nld
0 2.70
10 3.17
20 3.80
30 ' 3,80
40 3.80
50 . 3.80
60 4.20
70 4.60
80 5.00
90 5.39
100 _ 5.80
110 6.19
120 6.60
130 ‘ © 6.98
140 . 7.37
150 ‘ 7.78
160 8.18
170 9.10
180 10.00
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3 Using the methods of Section 5.1.4 (p. 91 ££f) and 5.2.1 (p. 143 ff)

calculate c“T(B)

a(deg) CNy
0 0
10 0.369
20 0.873
30 1.085
40 1.09
50 1.08
60 1.094
70 1.100
80 1.106
90 1.1
100 1.106
110 1.1
120 1.094
130 1.080
140 1.090
150 1.085
- 160 0.873
170 0.369
180 0.0
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CNT(B) Sref T
0
0.517
1,081
1.085
1.111
1,143
1.233
1.299
1.364
1.430
1,502
1.557
1.581
1.577
1.562
1.496
1.136
0.427
0.0

A et e e




4 Using the method of Section 5.1.5 (p. 122 ££) calchlate‘féfzigl
d
sy Zn@) X

0 0.391 . 9.188
10 0,439 9.252
20 0.498 9,330
30 . 0.535 9.380
40 . 0.546 ©'9.394
50 0.557 . 9.409
60 0.578 9.437
70 0.589 9.452
80 0.599 9.465
90 0.615 9.486
100 0.635 9,513
110 0.650 : 9.533
120 0.670 < 9.560
130 0.690 9.586
140 10.710 9.613
150 0.725 ‘ 2.633
160 0.745 9,600
170 0.863 9.817

180 2.995 9.993

vhere Pp X . xC:rgsz « SR
R

) d
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3

Using the method of Secrion 35.2.2 (p. 161 £f),

a (deg)

0
10
20
30

40 .
50
60
70
80
90
100
110
120
130
140
- 150
160
170
180

B
0
0.375
0.657
0.851
0.964
1.000
0.965
0.865
0.704
0.489
0.226
~0.082

~0.427

~0.800
"o- 215
0.156

0.315

0.263
0.0

180

Calrulate

Lim




X
6  Using the procedure outlined above, calculate cl’I (T)
- : : , d

a (deg) Xery(m) xC::gr)
o 0.28 9.040
10 . 0.289 . 9.052
20 0.306 9.074
30 “ 0.333 9.110
40 0.368 9.157
50 0.405 9.206
60 0.440 9.253
70 0.471 9.294
80 0.491 "9.321
90 0.5 9.338
100 0.517 . 9.356
110 ' 0.556 9.408
120 ~ 0.618 9.490
130 " 0.685 9,580
140 ‘ 0,758 9.677
150 0.827 9.769
160 0.878 9.837
170 0.913 9.884
180 0.93 9.907

Xep, s Xx + XcP '« SR fora < 90°
vhere dIQ,. __:._B :Q)‘ . d_ | 2

and ic_’flﬂ)_' .X_L_B. *(1‘0,-.’(_‘3.3_@.) __Sl_l_ for a > 90°
T d d Cr d -
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] To calculate xCPBI the center of pressure of the body~t111
conbinntiou. apply the ralultl of Scepa 1-6 to the following equation:
‘ cNB EEE! +2 CN Sy xCPr‘n) + IB(T) . ff;l‘!l
xCPn - d T(B) S . d
—a € 2 ¢ 3
Y ey = T
ref
Xcp XcPy.s
deg) M x—?—: 2 Yuea x_c?m bm 5= Yy '—dni'
0 :;—- 2.7 0 © 9.188 0 9.040 0 -
10 .633 3.170 577 9.252 375 9.052 1.839 - 6.896
20 1.767 3.800 1.081 | 9.330 .657 9.074 3.800 6.715
30 3.42 3.800 1.08% 9.380 .851 9.110 5:652 5.963
40 5.587 3.800 1.1i1 . 9.334 .96& 9.157 7.966 S5.442
'S0 8.754 3.80 1.143 9.409 1.000 9.206 " 11,209 5.011
60 10.574 4.20 1.233 9.437 .965 9.253 13.109 5.199 '
70, 12.025  4.60 1.299 9.452 .865 9.294 14.544 5.431
80 12.906 5.00  1.364 9.465 ‘ .704 9.321 15.347 5.703
90 13.224 5.392 1.430 9.486 .489 9.330 15.534 5.99@'.
100 12.903 5.80 1.502 9.513 .226 9.356 15.041 6.326
110 12.005 . 6.19 1,557 9.533 -.082 9.408 13.905 6.648
120 10.512 6.60 1.581 9.560, -.427 9.490 12.098 6.991
130 8.614  6.98  1.577 9.586.  -.800 9.580 9.823 7.301
140 6.374 7.37 1.562 9.613 -.218 9.677 8.148  7.857
150 4.116 7.78 1.496 9.633 ‘ .156 9.769 6.177 8.402
160 2,105 8.178 1.13% 9.660 ,315 9.837 3.866 I 8.868
170 .613 9.189 ;627 ' 9.817 .263 9.884 1.420 9.558
180 0.0  10.0 0.0 9.993 0.0 . 9.907 0.0

Data Comparisons

The ‘results of this test case (C and xCPBT) are compared against experimental

N
. BT d
data in Figures 101 and 102. Good agreement is obtained between the predictions

and experimental data.
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5.3 Body-Strake-Tail Configurations

3.3.1 incrementul Normal Force Due to Strakes
Summary

A method is presented for estimating the total incrsmental normal force
coefiiclent , ACNBS. due to low aspect-ratio strakes on a slender tangent-
qg;ve—cylindeg body at a roll angle of zero (+ orientation). This method

covers angles of attack up to 180 degrees and a Mach number range of 0.50

to 2.2 and represents an extension of an existing low-angle technique.
Background

The add{tion of strakes to a body ptoduce- an increased normal force
vhich i{s a function of strake size relative to the body and strake aspect
ratio. The fucremental normal force may be estimated at low angles of
attack from Section 4.3.1.2 of Reference 17. At higher aﬁgles no methods
exist for calculating the increase. This section describes the construction
" of such a ﬁethod. The data forming the basis for correlation were obtained
from Eests on a particular USAF miseile design. Since the strakes used
were not instrumented to record nétnal‘force, the follewing formulation was

uged:

ACNBS vas determined directly from test data at Mach 0.6, 0.85, and

1.2. Due to a lack of body‘plua strake data at zero roll angle, values of

ACNBS at Mach 1.8 and 2.2 were derived using available total configuration

and body alone data at those Mach numbers in conjunﬁtion‘vith a factor from

Mach 1.2 data defining relative tail and strake contributions. A curve-

fie procedure was used for data correlation.
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Method Development

Exgmination of data available at five Mach numbers (0.60, 0.95, 1.20,
1.85, and 2.2) revealed several features useful in curve fitting (see
Figure 103). A curve of ACNBS versus alpha lt.each Haéh number exhibits
peaks of approximately equal magnitude at a = 57° and a = 135°. The value

of‘AcN at these peaks is Mach number 3apendent. Between o = 80° and
BS . ;

a = 120*, the value of AC“ oscillates about a mean value which is independ-
BS ‘

et of Mach number. The slopes (acy ) at a = 0° and a = 180° appear to
BS

. a
be about equal in magnitude but with opposite signs. A power series formu-

lation using the aforementioned curve qualities as boundary conditions was
the approach selacted to fit a general curve to the data.
- A third-order power series of the form

2.3
ACNBs .o + ala + azu + .30

was used with the following boundary conditions:

AC“ = 0 at a = 0° and 180°
BS

AC =J ata=0°
NBSa 1

AC = -J, at g = 180°
NBS°  § .

- - [ ] [ ]
ACNBS K.at a = 57.3° and 135

AC e Lata= 80° and 120°

Nps

where

J, = AC, ata = 0°
1 NBSn

S
- .8y
. (KB(W) + KW(B)) (stef) (2 ARs) (Reference 17, Section 4.3.1.2)
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iy

K = AC peak value at ¢ = 57.3° and 135°
a an

K S,
? S+B
- et
[<ss+3 srcfé]sref
The bracketed term is an 9mpiric§1 correlation presented in Figure 104

L = mean value of AC, ‘.‘80' < a < 120°
BS

s
- 0.461 (=2B)

sraf
s' = Strake single span exposed area

S = Reference area for ACNgs (equal to body cross sectional area)

ref

s = Area of two strakes + planform area of Body between

S+B

‘ strakes
Note that the boundary conditiom J1 has been generalized by the presence of
aspect ratio, KB(H) and KH(B)’ the latter to be a function of 4/8. Planform
area was found to be an effective correlating paraﬁeter‘for the quantities
taand L. ’ o

o To simplify the power series solution and improve the accurhcy of the
estimate, the power series'was formulated for three intervals: 0 < a < 80°,
80° < a ¢ 120°, and.120° <a 5_180’. Solution of the third-ofder power
series ylelded ‘o’ ‘1’ ‘2’ and a3 as functions of Jl’ K‘, and L for the

three angle of attack ranges. Upon separating terms, an equation of the

form

Ac"ns - A1 Jl + AZK. + A3L‘

was derived. Equations for Al' Az. and A3 are as folloﬁs:

192




0<a<80°

A = a-1.7162 a? + 0.7162a3

A, = 3.5238%

- -1.2945a% + 1.29454°
Ay

- 2.5238a°

(a~ radians)

120° < a< 180°
Ay = 18.8191 - 22.9603a+ 9.2150a% - 1.2138a’

2 + h.183(m3
3

A, = -127.8802 + 142.4405a - 51,8098a

2
'A; = 80.9455 - 85.8667a + 30.0601a” -3.478%

(a~ radians)

Values of Al’ A2 and A3 have been plotted versué angle of attack (Figure 105)

to facilitate use of this method. Peak values §—~—%§———have been
: ’ S+B" "REF

determined empirically and are plotteu versus Mach number in Figure 104.

Use of Method

The method 18 used as follows:
Given a tangent-ogive-cylinder body‘with low aspect ratio strakes of the
following characteristics:

boay diameter = d

2
fere - ML 6
body reference area % sref

strake single span exposed area = S8

strake rcot chord = ¢
’Rs
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strake aspect ratio = AR.

strake exposed semi-span = b/2

Proceed thus:

S ’ .
s x
1l compute J1 (KB(U) + I&J(B)) (sr‘f)(2 AR.)[Ref. 17, Sect. 4.3.1.2]
2 Find ( / ) from Figure 104 for the desired Mach number.
. : S ) )
S+B ref
K S
: a S+B
Compute K = * —— where S = (2%S )+(C, * d)
a (s S+B/sref Sref S+8 s "Rg
3 Compute L = 0.461 (2B s+n)
ref
4 Look up Al' Az, and A3 for the desired angle of attack in
Figure 105,
2.. Substitute in the relationship.

ACNBS - AIJI + A2K0+.A3L

Numerical Example

Calculate ACNBS at Mach 0.85 for a body - strake combination having

the following properties:

d = 3.667 in. AR = 0.040
Seef ” 10.56 aqffn. b/2 = 0.40 1in.
S. = 8,06 §q.1n. CRs « 14,33 in.

1 from Ref, 17 ‘n(u) = 1.43, Koy = 17

= (1.43 + 1.76) (10 56) (

K

—
»
Ss+n/Sret

()

from Figure 104 = 0,66.

(0.040) = 0.151/radian

1t Mach 0.85

S, = (2%8.06) + (14.3343.667) = 68.67 sq.in.

S+B

,68.67 sqjin.) - 4.30

K, = 0.661 (r5"se #q.1n.
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;_ 3 L=0.461 Grigg
o 4 Prom Figure 104
LR _"_3_ “131 AXa Al _A_cf'ja,
6 o 0 0 o o o 0
20 0.17 0.32° -.10 0.03 1..38 -.30 111
'N % 40 0.1 0.87 -.19 0.02 3.75 -.57  3.20
< 60 -.02 0.95 0.07 0.00 4.09 0.21 4.30
,ﬂ 80 0.00 0.00 1,00 0.00 0.00 3.00  3.00
100 0.00 0.00 1.00 0,00 0,00 3.00  13.00
" 126 0.00 0.00 1.00 0.00 0.00 3.00  3.00
T 140 0.03 1.05 =14 0.00 4.53 -.42  4.11
160 0.12 0.52 - -.19 002 2.24 -.57  1.67
180 . 0.00 0.00 0.00 0.00 0.00 0,00

et ey T e

68.67

Data Comparisons

0.00

) = 3.00

e e s et S S s

In Figure 106 the reaﬁltl of this method are plotted aloﬁg with those
Qata used in formulating the method. It can be seen that the power series
solution yields good correlation' with test data across the Mach rangé
tes.ted. A lack of independent data in the desired high angle of attack

range prevents further comparisons.
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Figure 105. Coefficients for Calculating ACy
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ACNBS - A1J1+ AZK‘ + A3,

1.20

0.80 } ‘h l
A3 C.40
0 \ /
-.40
o 40 80 120 . 160 200

ANGLE OF ATTACK-DEG.

Figure 105 (Cont.). Coefficients for Calculating ACy .
BS
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5.3.2 Center of Pressure for Incremental Normal Force Due to Strakes

Summary
‘A method is presented to predict xcp » the effective center of
ABS
pressure of the 1ncremental normal force (AC“ ) due to z low aspect-ratio

BS
strake on' a slender tangent ogive-cylinder body at a roll angle of zero

(+ orientation). This method covers angles of attack up to 180 degrees and

2 Mach number range of 0.60 to 2.20 and represents an extension of an
existing low-angle teéhnique.
Background |

fhe addition of strakes to a body produces a change in the center of

pressure location which is related to the strake effective ceﬁtez of pressure
location; xCPABs. the strake normal force coefficient including carryover,
AcN , and the body alone normal force coefficient, CN » and center of
presaure, xCPB' The strake center of pressute location may be estimated for
low angles of attack by the methods of Section 4.1.4.2 of Reference 17. The
present work describes the formulation of a methoﬁ for predicting strake
center of pressure location at angles of attack up to 180 degrees. The dﬁta‘
forﬁing the basis for correlation vgfe obtained from tests on a patticular
USAF missile design.

Since the strakes tested were not inattumented for center of pressure

determination, the following equation was used for thc summation of moments:

C. oX - C.eX. +4AC. o X
Nps CPps Ny cpn Nos  CPups

XCPABS represents the center’of pressure of the entire strake n;rmal forée
contribution, including interference effects, and was determined directly

from test data at Mach 0.60, 0.85, and 1.2. Due to a lack of body plus strake
data for zero roll angle at Mach 1.8 and 2.2, values of X were derived

CcP
ABS
using available tota! configuration and body alone data at those Mach numbers
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in coanjunction with a factor from Mach 1.2 data defining relative tail and
strake contributions. A curve-fit procedure was used for data correlation.

Method Development

Figure 107 shows the general form of a curve of xCPABs versus angle of
attack as derived from test data. This general curve ahows that xCPABS
moves from its a = 0° location to a point near the strake centroid at
a ~ 30°, then moves forward as a460°. At a n 120°, xcpABS attai#s its
farthest aft position, from which it moves forward to a point near the
centroid at o ~ 180°. Center of pressure locations at 0, 60, and 120 degreés
exﬁibited a dependence on Mach number. A power series formulation using |
these curve qualities as boundary conditions was the approach selected to
fit a genéral curve to tae data.

XCpypg Vas conaidéred to be a function of Mach number and strake
geometry. Since the strake tested had two distinct segments, the area
centroids of the fory#rd portion (i;) and of the aft portion (iS) were
incorporated along with the area centroid locatién of the entire strake (is)
and the strake root chord length (CRS). Figure 108 illustrates the strake
parameters uéed'in this analysis.

The equation forvthe apparent location of the incremental force due

to the addition of a strake is:

Xep Xy Xep

ABS

where xcp /4 1s 8 function of anslc of attack and Mach number, and xLE is
the axial diutance from the body nose to the leading edge of the strake.
Note that Xcp /d represents the center of pressure of the strake total normai

S

force (ACN ) and 1s measured froh the leading edge of the strake root ,
BS
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vhereas xCPABS 1is measured from the body nose. A second-order power series

of the form
xcrs )
T3 Tttt te

was used with the following boundary conditions:

Xcp Xcp

s )

- o - { ]
4 Qa=0

d

X
CPS

xs
e - °.
] 3 at a 30

——= = R at a = 60

X
— 5.8 - 90°
3 atoa 90
—3 a1 atq=120°
X
—2 = 2 at o =15

X
S ' °
1 at a = 180

where xCP = center of pressure at a = 0° [Ref. 17, Section 4.1.2.2]
)
d 0.25¢

R for M < 1.0

ES
= —g for ¥> 1.0

A review of the test data suggested the following formulatiovs.
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CP location at a = 60°

=
L}

Xs Xs fﬁ)
4

-
]

CP location at g=120°

— c —
X R x)
_B S5__B
d+Kb(d d

Qhere J2 and Kb'are functions of Mach number.

Note that the equations for R and T have been generalized by the presence of

the terms XA, XB, and Xs

strake,

A B S

To simplify the power series solution and improve the accuracy of the

estimates, the serles was formulated for three intervals: 0 < a < 60°;

60° < @ < 120°; and 120° < a < 18C°.

‘series coefficients yielded a,, 8, and a, as functions of

and‘fg. Upon‘aeparating terms; a function of the form

a
Xcp Xcp X
B 1 73

)+A'(§S~)+A (R) + A, (T) 4 A. (=)
HA, (Pt A, A, s 54

and that, for the limiting case of a rectangular

X, = 0, X; = X, and X, = 0.5, .

S

Solution for the second order power

Xer
Sor

d

X

was derived. Equations for Al, Az, A3, AA and As are as follows:
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B<a<60° |
A, = 1. - 2.864a +1.8238a >
Ay = 3.8197a - 3.6476a 2
Ay = -.9549 + 1.8238a°
A =0
Ay =0
(a ~ radians)
60°<a<120°
Ay =0
Ay = 8.0 + 11.45973 ~ 3.6476a
“Ay = 6.0 - 6.6846a + 1.8238a>
Ay = 3.0 - 477470+ 1.8238°
A= 0
(a ~ radians)
120°<a<180°
A =0
A, = 8.2877 - 7.2318a + 1.5636a°
Ay=0 | |
Ay = 17.4063 - 12,4193 + 2.1896a°
Ag = =26.6940 + 19.6512a ~ 3.75320°

(a - radians)
Values of An have beer. plotted as l,fﬁncgion-of angle of attack in Figure 109
to facilitate use of this method. Peak value factors JZ and Kb have been deter-

mined empirically and are plotted versus Mach number in Figure 110.
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Use of Method
—=ltthod

The .c'thod is used ag follows:

Given o tangent-ogive cylindar vith low Aspect-ratio strakes

chcncterlst ics:
body diameter = d
strake t-oot"chor‘d - cRs
strake leading edge gtation = Xw
distance fron LE to segment A centroid = fA
distance from LE to segment B centroid = Xy

distance fron LE to net strake centroid = i-s

Procaed thus:

1  determine Xcpg, (=C. 250k for M < 1.0; [Section 4.1.4.2 of Ref.:7)
- fs for M > 1 0)
2 determine J and Kb for the appropriate Mach number (Figurg 110).
3 compute R -Z& “ g (E§ ._A_)
. d 2\ d d
T = Xg + Kb (-Bé f‘i )
— d d
d ’
4 look up Al' A, A3. A‘. and AS for the desired angles of attack (Figure 109).
_.f Ccompute
Xeps _ a (*Pso), o (%6 *A R +A () +a [Ty
= w T—— 2| 3 4 b
d d d d
6) éompute

XcPams « Xg 4 ¥erg
d 3 3
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Numerical Example

Giver the following parameters, compute xCPABs for a body-strake combination
d .

at Mach 1.2:
d = 3.667 Xa/d = 2.000 Sg = 7.978 1n2
Cps/q » 7.772 - Xp/d = 5.850 ARg = .040.
XLE/d = 5.181 ' Xg/4 = 4.721 | b/2 = 0.4 in.
1 .

chsold ®Xs =4.721 since M > 1.0
d

N

from Figurell0:J_ = 0.0

2
K= .64
3 R=Xs7y X - X -4
- d " ‘a d
T=Xn 4 66 CRs - Kp) « 5.85 + .64 (7.72 - 5.85) = 7.120
R a :
4 from Figure)o9
> A A, A, A, Ag
0  1.00 o. 0.  o. 0.
30 o 1.00 0 0. 0.
60 0. o 1.00 0 0.
% o. 1.00 o. 0.00 0.
120 o. 0. 0. 1.00 0.
150 0. .07 0. -.10 1.03
180 0. 1.0 0. 0. 0.
5-6 Substituting in XCPs « AI'(XCPSM +8,%s) + A (R) + A, (D) + As(g)
d d | d
and XcPpps « Xip + KCPg
T4 d d
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| a _"_C;s_ Xcpags
e 0 4.72 9.90
' 30 4.72 9.90
i 60 6.?2 . 9.90
90 4.72 9.90
129 7.12 . 12,30

, 150 5.64 10.82
. ) 180 4.72 9.90

; ‘ Dat# Comparisons

1n Figure 111 method results are plotted along with those data used in formulating

" the method. The power series yields a good approximation of XCPABS/d across the

Mach tanse; A lack of independent data at high angles of attack makes further
comparisons impossible at this time.

It is now appropriate to compare the centar of pressure location of the body

plus strakélconfiguration as indicated by test data with that determined using

previously derived methods. The following equation will ‘be used:
Xcp x ' X
c Bs)=cC CPB) + AC CPaBS
N 2 Ng | —= N ——
s ( d ) > ( d B\

or

; Xcpps - 1 Cyp (fﬁl_’_g) + ACyge (XCPABS)
, d Cnp+ACNgg d d

The methods used in determining the various components of the basic equation are

as follows;

Component Source

CNB Section 5.1.1 (p. 39 £f)
ACNgs  Section 5.3.1  (p. 190 ff)
Xcpg Section 5.1.2  (p. 61 ££)
xCPABS Preceding ;nalysis
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Rslavant body paramsters are:

maeas L= 165

a d

) =120 S, ¢ > 10.56 1n?
d ' re

gtrake parameters are as contained ih the numerical éxnmple preceding.
Use of the four methods and application of the basic equation yields the

following reeults at Mach 1.2:

3 O Xcpy  8Cnps  Xerpps  Xupgs

d d d
5 .70 3.56 0 9 .90 3.06
20 4.70 '5.52 82 9.9 5.03
40 1330 614 2,35  9.90 6.69
60  22.0 6.76  3.62  9.90 7.19
80  26.8 '7.38  3.000  9.63 7.61
100 - 26.7 - 8.00  3.00  10.43 8.25
120 21.9 8.62°  3.00 12,30 9.06
140 13.0 9.26 313 11.25 9.65
160 4.3 9.8  1.20 1045  9.96
175 .50 13.81 15 10.02 12.71

Data Comparisons

Figure 112 compares the results of these empirical methods with actual
test data for the body/strake configuration. Very good correlation is shown

‘actoss the angle of attaék range at Mach 1.2.
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5.3.3 Incremental Normal Force Due to Tails

Summary
A method is presented for predicting ACN » the total increment caused
BST '
by the addition of tails to a body-strake configuration. Note that ACN

BST
includes the torces on the tails as well as the carryover to the body-strakes.

The angle of attack range is 0 to 180 degrees and the Mach number range 1is ,
0.6 to 2.2. Comﬁarisons between predicted and experimental results show
good agreement. This method is an extension of existing methodé which are
accurate at anéles of attack approaching 0 and 180 degrees.

Background '

The normal force on a body-strake-tail configuration can bévexpressed

as the sum of the forces on the ;solated.compénents plus interference-
produced effects and carryover between the various components. This
section deals with the developmeﬁt of an empirical method which extends

the present DATCOM method for predicting the 1ncrement in normal force

due to the tails of a budy-strake-tail configuration. The extended method
covers the entire 0 to 180 degree angle of attack range. Inputs to the
method were obtained from DATCOM (Reference 17) at tha lower angles‘and
experimental data correlations at the higher angles. | |

At low to moderaté angles of attack, say up to Zb,degrees,.the DATCOM

method extends the btasic theore;ical procedures to account for the effects
of séparatea flow in the form of symmetric steady vortices; Since the flow
pattern in thé 0-180 degtees range usually contains ééymmetric and/or unsteady
vortices, a modification of the DATCOM éxtension is inappropriate. In-
stead, a new extension‘of thé basic theoretical procedures is desired. The

, which includes the combined effects of
BST

new method will predict ACN
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interference and carryover. The nature of the instrumentation and con-
figurations tested dictated the following formulation of the tail contri-
bution to normal force:

AC = C -C »
Npsr Npst Ngs

where CN is determined by the method of Section 5.3.2,
BS ) "

Method Development

A power series appfoach.was used qnd in the usual way boundary conditions:
were sought. First, values of ACNBST were extracted from wind.tunnel déta
on an Alr Force body-strake-tail configuration tested at angles of attack
betweep 0 and|180 degrees and Mach numbers between 0.6 and 2.2 Using these
at 0 and 180 degrees and aACNBST

BST
da
at 90 degrees were taken ss zero. The derivgtive aACNBST at 0 and 180 degrees

data as a guide, the values of ACN

Ja
at 90 degrees were left as free variables; viz.,
CT(B)
CNﬂo' CNa" and Cnnlz.frespectively.

and the vglue of CN

Applying these boundary conditions to the power series expghsion

2 3 4 5
- lo + lla + azu + n3o + ‘6° + a5u

AC
Npst
yielded
2 3 4 5
6a 13a 12a 4.a
ACNBST - [q -3 +-'-7 -3 + a] ACynq
2 3 4
16a 32a 16a ACy
+ [;z -3 *: ] "2
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vhich can be rewritten as

(40).

KNggr * A Acho + A, AC"'/Z + Ay Acuc' ’

vhere

2 3 4 5
ba 13a 12¢ | Aa
Ay ma-7 +F -3 tw
’ 2 3 4 ‘ o in radians
16a 32a 16a
A2 " ¥ - *J + *‘
2 3 80‘ 605

la S0 a
Ay m-3 Y2 T T

Values of Al’ Az aﬁd A3 are plotted as a function of angle of attack
in Figures 113, 114 and 115.

Values of ACNa° and AcNu" can fe determined usfng the methods of
References 12 aqd‘30. The generalized expression suggested in Reference 30

used to predict the magnitude of ACN and AC is as follows:
) Nu,

S

AC = (F. + ] (¢, )
O P 16 S Yo My 'y Sres

(41)

wvhere CNTQ; the n rmal force curve slope at either a = 0 or a = », can be
determined using the method of DATCOM or the RAS Data Sheets (Reference 27).
In the case of AcNao’ the values of RT(B) and RB(T) taken from Reference 30
can be determined from Figure 116. In the case of ACy_ , KB can be deter-
: Oy (m

mined from Figure 116. However, at o = 180° KT(B) is set equallto 1.0 since
there will be no upvash due to a forebody at the "leiding" edge of the tail.
Note that the slope at. a = n will be negative.

From the experimentally derived data, the value of ACN"/2 was found
to approximste 3.65 at all Mach numbera. This value applies only to the

configuration tested. Assuming that the value at 90 degrees varies as tne
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ratio of planform areas, the following equation can be applied to determine

values cf ACN for general configuraticns.
x/2 '

S
ACN = 1.156"‘1—8 (42)
n/2 ref ‘

Use of Method

The method for predicting ACNT(BS) is applied in the following way:
1 Determine CNGT using either the method of DATCOM (Reference 17) or the

RAS Data Sheets (Reference 27).

2 cCalculate ACNQ and 4CN, using Equation 41 and Figure 116.
o n
. 3 Calculate lsCN"/2 using BEquation 42.
‘ 4 Uaiﬂg the results of steps 2 and 3, Equation 40, and Figures

1]3 114 and 1i5 calculate ACNT(BS) between O and 180 degrees
angle of attack,

Numetical Example

Calculate ACNBST between 0 and 180 degrees angle of attack at M =
0.6 for a configuration with the following charactétistics.
d = 3.667 1in.

bT single panel = 1.867 1irn.
exposed

ST single panel = 8.883 8q. in.
ART = 0,785 double panel

AT = 0,687

[ad

Using the RAS Data Sheets for ) = 0.687 and AR = 0.785, the
slope of the tail‘normal force curve was determined to be

1.173/rad.
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‘113. 114 and 115, calculate AC

Calculate Ac"a using Equation 41 and the results of step 1.
)

At a = 0 degrees, using Figure 116 for d/s = 0.495, KT(B) = 0.8

' 8.883
ACNu [1.45 + 0.8] 1.173 * [2 * 10.56]‘

o

4aC

Na = 4.44/rad; src

£ " sbace
o .

Calculate AC using Equation 41 and the results of step 1.

N
a
L

At a = 180 degreeé, there will be no upwash at the fin "leading

edge" due to a forebody; therefore, ‘ = 1.0; from Figure 116
, (B)

H(T) - 008.
* 8,883

acy == [1.0+0.8] 1.173 » (2-1.8:583,

N
a
"

ACN = ~3,55 1/rad; S“f - sbnae

On

using the following equation.

Calculate AC
‘ n/2

S

"/2 sref

-AC = 1.156 2 * 8.883 + 3.667 * 4,243

Nz 10.56

- ac = 3.65

Nw/Z

Using Equation 40 the results of steps 2, 3 and 4 and Figures

N

between 0 and 180 degrees
BST . o .

angle of attack.
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5 (Continued)

100
1i9
120
130
140
150
160
170
180

0.123
0.166
0.161
0.13

0.092
0.052
0.022

0.005

0.0

0.005
0.014
0.026
0.034
0.037
0.032
0.021
0.007
0.0

0.045
0.15
0.305
0.48
0.645
0.79
0.905
0.98
1.0
0.98
0.905
0.79
0.645
0.48
0.305
0.15
0.045
0.0

A

0.0
-.007
-.020
<.032

-.038

-.034
-.026
~.015
-.005
0.0

-.005

) 002
=052

. =.089

225

-.131
-.162
-.167
-.123
0.0

&Cnpsr
— BST

0.0
0.735
1.356
1.942
2.464
2.883
3.207
3.454
3.617
3.65y
3.617
3.313
3.18¢
2,821
2.381
1.830
1.234
0.632
IO.O




Data Comparison

The results of the numerical example along with the results of other

test cases are compared againsgt experimental data in Figure 117, Considering

the scatter ip the data, agreement 18 good. Due to a lack of data on body-

atrake~tail configurations throughout the angle of attack range, independent

checks of the method 8re not possible at this time,
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‘Kn(r)

(Reference 30)
2,0

e

o .

0.8 | / B L7

0.4
0 L/ J

0 0.2 0.4 0.6 0.3 1.0
BODY DYAMETER < d
SPAN s
~ Figure 116.

KT(B) Andv"}(B(T)_Rattbs (3lender Body Theory)
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S.3.4 Effective Center of Pressure for Incremental Normal Force Due to Tails

Summary

A method is presented to predict XCPABST’ the effective certer of
pressure of the incremental normal force produceil by adding tails to a body-
strake configuration. The method is applicable to "plus" configuration at
Hacﬁ numbers between 0.6 and 3.0‘and angles of attack from 0 to 180 degreés.
This method has been applied to the center of pressure calculations for a
complete body-strake~tail configuration, Agreemen;‘between predicte& and
experimentél results were found to be quitg good. In some cases, it was
found that predictions could.be improved by using the Jorgensen technique
for predicting CNB up to 40 degrees angle of attack. Until,en;ugh comparisons
are available to determine which method provides better results consistently,
it is rgcommended that both the Cyg prediction method of Section 5.1.1 and
that of Jorgensen (Referenqe 12) be used in XCPBST calculations up to 40
degrees angle of attack.

Background

Current methods for prediét;ng'the effective center of pressure, xcyABsf;
of the increment in normal force due to the additions of tails to a body-
strake configuration are not accurate over the entire 0 to 180 degree angle
of attack range. In general, they are limited to angles of attack lese than
30 degrees. These methods require separate procedures to calculate centers
of .rzssure for the tail 1n‘the presence of the body, carryover from the
tail to the body and strake~tail iInterference. Using this approach over the
entire angle of attack range would reauire much more information‘than was
available and Qould result in awkward and time consumming methods. In order

to develop simple, easy to u-ce methods for preliminary design purposes, a
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method 1is presentedlfor calculating a composite center of pressure for the
" total increment in normal force due to tne addition of tails.

Method Dévelopment

An analytic approaéh to method development was ruled out due to the
complicated nature qf the flow field. A power series approach to method
development was selected and, in the usual way, boundarzléonditions were
sought. Available experimental data were of little use in determining boundary
conditions, The only data available were ;otal configuration pitching moment
and normal force.cbefficients for tody-strake-tail aﬁd body-strake configura-
tions. Applying these data to the following equation ylelded highly questionable

results.

X C c
P \BsT . st~ s

! “ast - Mas

At anglesg of attack greater than 90 degrees, calculated centers of pressure
were off the body. This can be attributed to the effectlof tail downwash on
the strakes. A Tail downwash will lower the normal force on the strakes and
tend to move the strake xCP aft. This téaults in a much larger ch&nge in
moment due to the . 4'‘rion of tails than the change in normal forcé would
tend to indicate. Keeping this in mind, other sources of boundary conditions
were sought. |

i At a = O degrees, the éffective center of pressure of the incremental

force due to the addition of tails can be approximated by summing the moments

about the tail leading édge at the root.

xCPT(El Yepy p
XeP g [y ) T, Tfm T:Ru’
. , (43)
g (Krepy * ¥p(n)?
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The fmportant incremental forces are taken to be the force on the taji]

in the Presence of the body and the force on body in the Presence of the tail,

cluded, since &t a ~ 0 degrees strake vortices will be weak or non-existent,

X X

Values of KT(B)’ KB(T)’ _EngBZ, and CPB;T} can be found {n References 4

c C .

R R
and 30, However, for the gake of completeness, they are Presented again
here in Figures 118 through 122, ¢ a = 180 degrees, Equation 43
can again be yged. KT(B)'should be equal to 1.0 since there will be no
upwash at the tai) trailing edge due to the Presence of g forebody, Valuéa

X ‘ X
of CPTSBZ can be taken from Figures 119 ang 120. values for Cpngl are
¢ -, C
R : R

‘Presented in Reference 39, Again for the sake of completenessg these values

small, Seqcion 5.252 dealing with IB(T) hasg éhown that the carryover igp

expansion
X
cP
___é§§1 *a,+taq+ g, 02
C 0 1 2" .
R
. Yielded
b ¢ X X, X
Cp 2 “cr 2 Ccp
TR e B g
R T R " R " L™
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which can be rewritten as:

X X X X
CP CP CP CP
° ‘CR 1 CR 2 CR
‘whete:
2
- o3, 2
A 1 + 0]
n
2 2
A = ba_ _ ba_ ‘ ( a in radians )
1 n 2 ‘
n.
A -2&2-_9_
2 '2 n

Values of A , Al; and A, are plotted in Figures 125, 126 and 127.

2

Use of Method

A general description presenting the de;ails of ﬁow~to apply thia method
will be presented in this section. Thia will be followed by a numerical
example in which this method 1is applied in conjunct!on with the other methods

needed to calculate the X P of a‘complete‘body-strake-tail configuration.

c

Calculate xCPO

Cr

=

& Use Figure 118 tc 7-termine values of KT(B) and KB(T) at
' thevappropriate wal.: of d/@.
b Depending upon the Mach numbgr, use either Figure 119 or 120

X
to determine CPT )’
. -—E;L—l

io

Depending upon the Mach number, use either Figure 121 or 122

' X
to determine CPB(T}'

Cr
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d Apply the feaulgs of steps a, b and ¢ to Equation 43. The
calculated center of pressure is measured from the Jeading

edge to the fin root chord.

1Y)

Calculate xCP"

%

Use Figure 118 to determine KB(T) and assume KT(B) = 1.0,

for

Depending upon the Mach number, use either Figure 119 or 120

X
to determine CPT{B]'

Cr

Depending’ upon the Mach number use either Figure 123 or 124 to

In

: . ¢
. determine CPB{T}'

Cr

Apply the results of Stepe a, b and ¢ to Equation 43. The

[{-¥

calculated center of pressure 1s measured from the trailing
edge of the fia root chord.

- e Using the results of step d determine the center of pres;dre
as measured from the leading edge of the fin root chord.

Calculate the centroid of the fin planform area as measured from

fw

the leading edge of the fin root chord.

Apply the results of steps 1, 2 and 3 to Equation 44 to determine

e

x f
the CPABST of ACN for angleq of attack between 0 and 180 degrees.
<, BST |

R

Numerical Example

Calculate the center of pressure for the following body-strake-tail

configurétion at M = 0.6.

Body:
. i
d = 3.667 in. L s . (tangent,
d d ogive
236




Strakes:

C, = 14.33 in. S. = 8,06 8q.in.

Rg

o
2 = 0.40 in.

Tails:
cRT = 5.96 in. Sp = 8.883 sq.in.
bT =» 1.86? in. ATE = 0
A = 0,687 d_ 0.495
s
X
1 Calculate CPABST
d
X
a8 Calculate CP,
CR

i. Using Figure 118 for g-- 0.495,

KT(B) = 1.45

KB(T) = 0.8

ii. From Figure 119 for AT

E.

X

-EISEL = 0.309
R

d

111, From Figure 121 for X = 0.687,

afterbody:

Xe

P

—2E - 0,226
R

iv.

Equation 43 yields:

237

—

LE

A fre

LE

0.495 and no

Applying the results of ateps 1 tﬁrough 111 to

0.040

0.785

45°

13.22

= 0° and A = 0.687;




Xep

0
—20 2 0.279
Cx

Xep
ihat |
Cr

b Calculate

1. As 1n the pPrevious step RB(T) = 0,8; howevér,

KT(B) ® 1.0 in the absence of a forebody.

1. From Figure 119 for A = 0.687 and Ag = 0°

(1.e., Fin T.E. facing forward)

%cp
B o175,
R
t1L. From Figure 123 for & = 0,495, 1 = 0,687 ang g0

({.e., Fin trailing edge forward):

X

Ccy
—BT | 5 101-

Cx
iv. Apply the geéults of steps 1 through 111 to Equation

43 ylelds:

Xop

-E—l-- 0.142 (measdred from T.R.)
R ' . ,

Xep

= = 0.858 (asssured from L.E.)

%

¢ Calculate X

- c’w(Z
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4

a
(deg)

0
10
20
30
40
50
60
70
80 -
%0

100
110
120
130
140
150
160
170

180

Where

Apply the results of stEps 8, b and c to Equation 44

for angles of attack between 0 and ;80 degrees.

A

1.0

0.8395
l0.6914
0.5556
0.4321
0.3210
0.2222
0.1358
0.0617

0.0

-0.0494

-0.0864
-0.1110

-0.1235

-0.1235

-0.1111
-0.0864
-0.0494

0.0

A A
0.0 0.0
0.2099 -0.0494
0.3951 -0.0864
10.5556 -0.1111
0.6914 -0.1235
0.8025 -0.1235
0.8889 -0.1111
0.9506 -0.0864
0.9877 -0.0498
1.0 0.0
0.9877 0.617
0.9506  0.1358
0.8889  0.2222
0.8025 0.3210
0.6916° 0.4321
0.5556  0.5556
73951  0.6914
0.2099  0.8395
0.0 1.0
xCPAnsr - Cr_
¢, ~ d
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Xep

ABST

Cr

0.279

0.308

. 0.338

0.368
0.398
0.429
0.460
0.491
0.523
0.555
0.587
0.620

0.653

0.686

0.720
0.754
0.788
0.823

0.858

Xep
4
13.67
13.72
13.77
13.82
13.87

13.92

13.97

14.02
14,07
14.12
14.17
14.23
14,28
14.35
14.39
14.;5
14.50
14.56

14,61




o,

2 Calculate AC using the method of Section 5.3.3 (p. 220 £f)
- Npst

o A gsr
0 0
10 0.711
20  1.178
0 1.909
40 2.438
50 2.865
60 3.186
70 3.450
80 . 13.616
90 3.65
100 . 2,616
110 3.461

120 3.178

130 2.816
180 2,374

150 1.824

160 1.229

170 2.631

180 0.0
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;! Calculate ACN and xcP using the methods of Sections 5.3.i

BS ABS

and 5.3.2, respectively. (p. 190 £f)

¢ | Ac"ns xcp/d
0 0 : 7.124
. 10 0.45 8.560
| | 20 | 1.5 9.486
30 2.9 - 9,902
& 4,2 . 9.807
50 5,15 9.202
60 5.5 8.087
70 4,95 . 8,554
80 ’ 3.0 9.159
90 3.0 9.901
100 | 3.0 10.781
110 3.0 11,798
120 | 3.0 12.952
130 5.2 4 12.074
‘ 140 s.35. 1.3
h 150 . 4as © 10.759
160 2.3 : 10.325
170 0.7 10.040
180 0.0 9,904
—~
’ ‘ 241
/ .




S—
o ‘
! ‘ v 4 Calculate CN and xCPB using the methods of Sections 5.1.1
N / - ' B d
o (p. 39 £f) aud 5,1.2 (p. 61 £f), respectively
Ix ’ a cu xc
g : d
S
| 0 0 3.6
10 1.09 4.75
20 3.10 6.15
30 5.74 6.15
40 8.50 6.15
o 0 12,09 6,15
R - 60 13.79 . 6.5
70 15.69 : 6.88
80 16.76 : 7.25
90 17.18 1.6
100 16.76 - 8.0
110 15.67 8.35
120 13.73 '8.72
130 11.94 9.1
140 8.26 9.48
150 5.41 ©9.85
160 2,72 10.2
170 0.79 12.5
180 0.0 | 14.5
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Calculate the centers of pressure beiween 0 and 180 degrees for the

complete body-strake-tail configuration using the following eqdation

X X /X
X C‘NB( cps) + M“ns( CPABS)+ACNBST( CPABST)
Xol . 1 g d
d Vasr Cy. » Oy 4 8Cy

"B BS anT

except at a = 0 and 180 degrees

when [xC: ] - ;Eg
Bst O
(;:g) C"B CmAns cmansr Ny fcngs  “Mggr Fep/dgsy
0 0 0 0 0 0 0
10 5.18 3.85 9.75 1.09 0.45 0.71 8.32
20 19.07 14.23 26,43 3.10 1.50 1.18  10.00
30 35.30 2.7 26.38 5.74 2.90 1.91 8.57
40  52.28 41.19 33.82 8.50 4.20 2.44 8.41
50  74.35 47.39 39.88 12.09 5.15 2.87 8.04
60  89.64 44.48 46,51 13.79 5.5 3.19 7.95
70 107.95 42.34 48.37 15.69 4.95 3.45 8.25
80 121.51 27.48 50.88 16.76 3.0 3.62 8.55
90  130.58 29.70 51,54 17.18 3.0 3.65 . 8.89
100 134.08 32.34 51.24 16.7:. 3.0 3.62 9.31
110 130.86 35.39 48.97 15.67 3.0 3.44 9.73
203
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va

T AT Y

+ s - g

o)
120
130

140
150
160
170

180

- Data Comparisons

/,..

‘\,

,fv | ”/. ; :t‘i ' ‘}f“¢‘ ‘ :

C“B C“Ans C'ABST C“s Ac“as ACNT(BS) Kep/Dper
11973 38.86 - 45.38 13.73 3.0 318 10.24
108.65  62.79 40.32 11.96 5.2 2.81  10.61

78.30  60.68 3.16 8.26 5.35 2.37  '10.83
53.29  44.65 26.36 5,61 4.15 1.82 ° 10.92
27.74 23,75 17.82 2,72 2.3 1.23 11,09

9.88 7.03 9.19 .79 .7 3 123

0 0. 0 0 ) 0

at Mach 0.8 in Figure 128. As can be seen, agreement is quite good. The

results obtained using Jorgensen's CNB predictions up to 40 degrees are

tlso'ptéeenCed. The results of further check cases at other Mach numbers

are shown in Figures 129, 130, and 131. As noted in Section 5.1.1,

Jorgensen's method 1s recommended for predicting CNB up to angles of

attack of 40 degrees.
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The results of the numerical example are compared with exﬁerimental data




Reference 30'

2.0

e |/
W //

Ka (1)
. +8 /
/ KB(T)
A - -

L
i

0 . 0.2 0.4 0.6 0.8 1.0
| BODY DIAMETER  d
SPAN s
Figure 118, "r(n) and KB(T) Ratios Ty)

245




() No Leading-Edge Sveep

Figure 119.

EFFECTIVE ASPECT RATIC
(b) No Mtdchord Sweep

P ST P P ——
0.6
~+~- Extrapolation
0.4 ‘
A=1
_ = 0.5
> zZ.
0.2 //‘,—- hand 0
0
0.6
0.4 I A=0
CPT L — =+ " 0.5
. -~ d 1
R // -J e
0.
2 7 '
b
OK( )
Reference 30
0.6
-~ b _J-* A=Q
0.5
. JR
0.4 = l
L 1
e
ld
0.2 2
0 1 6 7 8

BAR
(c) No Trailing-Edge Sweep

Tail Alone Center of Pressure at Subsonic Speeds




— C e
0.6 - l
— — — Extrapolation
A=1 |
0.4 v e — ]
v P .
Y RS QLIS £ gl SRR IS I -
/ //
0.2 A
/| s
/q
17
4
SrY A 1
6 : -
X.
=
‘R ‘ﬁ”
0.4 ~ - ’>/’
v
’,t 0.5 ///r
4
A
/17
/7 \/
0.2 R
0. ;7
/
+
b
o (b)
Reference 30
A=0
0.6 —
- -1~
, —
/"r L____
0.5/ -
0.4 7 /);r‘
7 / o
7/
/
0.2
4
1/
v
7
/
0l£~SC) A —
0 1 2 5 6 7 ]

(a) No Leadtng-Fdge Sweep

3 4
EFFECTIVE ASPECT RATIO, BAR

(B) No Mtdchord Sweep

(¢) No Tratling-Fdge

Figure 120. Tail Alone Center of Pressure at Supersonic Speeds
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EFFECTIVE ASPECT RATIO BAR

Figure 122, Curves for Determining xCP

C B(T)

at Supersonic Speeds
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5.4 Body-Wing-Tail Configurations

5.4.1 Incremental Normal Force Due to Wings

Sum@arx

A method is presented to predict ACNBW, the total increment in nortmal
force due to the addition of wings to a body. The method is applicable
to Mach numbers between 0.6 and 3,0 and angles of attack from O_to‘30
degrees. Comparisons between predicted results and experimental data show
good ;greement for all cases except Mach numbers less than 1.0. The maximum
difference between predicted and experimental values for thesz subsonic
cases occurs at an anglevof attack of 30 degrees &ud can amount to an
underprediction of betweén 30 and 40 percent. A dJdiscussion of some posaiblé

sources of the discrepancy is presented in connection with the comparisons

between test and predicted values.

Background

.Addition of wings to a body will produce an increase in normal force.
This increase differs from the normal force produced on the isolated wing
under identical free stream conditions. The difference is attributable
to mutual interferences between configuration components. At low angles
of attack (a<6°), the interference effects are due largely to body upwash
on the wings, normal force catry—ov;r from fhe winge to the body and down-
wash imposed on the body aft of the wings due to trailing wing vortices.

As angle of attack ia increased beyond 6 degrees, tﬁe body crossflow boundary
layer begins to separate and roll up into aymmgtrically disposed vortices

on either Qide 6f the body. Downwash from these vortices has an additional
effect on wing loading. Body vortices grow in size and strength with

increases in angle of attack; therefore, their influence varies with angle
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of attack. At angles of uttack greater than 30 degrees, the vortex wake
will become asymmgtrlc due to the alternate shedding and growth of
add(c;onal vortices. An asymmetric body vortex Qake Qill alter the downwash
which each wing experiences. This in turn will alter the loading on each
wing Inducing a configuratlon rolliné moment. This problem is more accute
in the subsonic and transonic Mach regimes. |
~ Method Developrent

A method is required to predict the increment in normal force due to
the addition of wings to a body, ACpnpy- The mgchod is to be applicable t2
Mach numbers between 0.6 and 3.0 and angles of attack to 30 or 40 degrees.
The qethod must account for wing non-linear normal force characte istics and
mutual éomponent interferences. |

The exis.!rg method of DATCOM (Reference 17) predicts isolated wing
norqu force us a fynction of angle of attack, including non-linear effects,
Wing normal .orce predirtions are corrected fof interference effects using
;he slender'body interference factors of Reference 30. Body vortéx effects
on the wings are predicted separately and added to these results. The
procedure for predicting body vortex effects‘réqﬁires the prediction of vortex
location and strength {n order to determine vortex interference factors.
Body vortex interference factors are applied to wing linear normal force
characteristics only. 1Ir Figure 152 the method of DATCOM has been applied
to a body wing configuration and the results compared with expertmental‘
data of Reference 30. The comparison between predicted and experimental
results is quite good up to 20 degrees angle of attack. However, to
extend the predictions past 20 degrees fequires extrnpolaéion. For the

comparison of Figure 132 the predictions were extended to 25 degrees. The
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comparison shows that past 20 degrees, predictions and experimental data

diverge. Due Lo this angle of attack limitation and difficulties encountered

with the body vortex interference prediction methods, a new ACNBw method
was developed.

The method of this section predicts isolated wing normsl force co-

efficients as a funciion of angle of attack and then corrects for interference

effects. Utilizing the concept of the interference factors according to
References 17 and 30, the incremental normal force due to the addition of

a wing to a body Is:

- N Sw
ACNW [RW(B) + Kn(w)] v ch (45)

'where ™ ) represents the isclated surface coeffici .
Nw( p ents RW(B) and KB(W)

are interfercnce factors. Methods for predicting CNw(ﬂ) and R are

W(B)
presented in Séctlons 5.1.4 and 5.2.1, respectively. Empirical inputs to
these methods were doeveloped uaing the data of Rezerence 13. RN(B) is an
interference factor which when applied to isolated panel data predicts the
ﬁormnl force on the wing in tﬁe presence of thg body. RW(B) empirically
accounts for body upwash and body vortex downwash on the wing and can be

predicted as a function of M, d/s, ) and a. replaces the KW(B‘ and
. z

Ry (8)

body vortex term in the method of Reference 17. The normal force on the
wing in the presence of the body is believed to be the dominating factor

in the AC term. Therefore for the purposes of this method, the normal

Npw

carry~over from the wing to the body can be predicted with sufficient accuracy

using the carry-over factor KB(W)

ness, values of K are presented again in Figure 133.

B(W)
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Use of Method
A general dercription of how to apply the method will be presented

fn this section. This will be followed by a numerical example demonitrnting’

the use of the method.

Calculate {solated wing normal furce coefficieuts as a

1
function of angle o* attack using the mvthud‘of Section 5.1.4.
2 Calculate the {nterference factor RW(B) using the method
of Section 5.2.1. (p. 43 ff).
3 Uéo Figure !33 to determine KB(W) a§ the appropriate value of
d/s.
4 Apply the results of Steps 13 to Equation 45,

Numerical Example
" The method for predicting ACNaw(q) will be applied to a configuration
with the following characteristics at M=1.1, |
Body:
t/d = 10.0
lN/d = 3.0 taégpnt—ogive

d = 3.75 in.

Wing:
A=0.0 - AR = 2.0  d/s = 0.4
AL g, = 63.43° X, g, = 16.75 tn. SW/S ot * 1.432

The steps are as follows:

1 Calculation of CN" using the method of Section 5.1.4 (p. 91 ff),

262




b g YA IO O Wb v v L oL

Cy, (0) = 2.93/rad from R.A.S. Data Sheets (Reference 27)
w

[\

CN.("/2) - 3.1

W

2

I

a (deg) CNT
0. 0
0.281

10 0.520
)S 0.787
20 1.028
25 1.281
30 1.511

-Calculation of Rw(B) using‘the method of Section 5.2.1 (p.
Ry(p)y = Ky(g) = 1.36 @ a=0°

a (deg) Ry(p)*

0 1.36
1.351
10 1.319
15 1.26
20 1.191
25 1.108
30 1.0

* Using Transonic method

Using Figure 133:

Kew) = 0.61 d/s = 0.4

263

143 ££)




4 Apply tlie results of Steps 1-3 to Equation 45.

a (deg) ACNpy

0 0

5 ‘ 0.789
10 1.437
15 2..08
20 2.651
25 3.152
30 3.484

Data Comparisons

The results of the numerical example are compared ;ith exp;rimental
data in Figure 134. See Figﬁre 135 for a sketch of the configuration.
Furthev comparisons between predicted resﬁlts and experimental data are‘
presented in Figures‘136 through 139. These comparisons cover a range of
Mach rumbers and configurationa; The configurations of Interest vary body
length, relative wing size and wing planform. ‘In ail cases agreement begweén
predicted and expefimental data is quite good except at subsoﬁic Mach
numbers. See Figure 139, For the configurations of Figufe 139, the pre-
dicted and experiﬁental results begin to diverge rapidly between 22 and
30 degrees angle of attack. The maximum differences occur at 30 degrees
#here the bredicted results are between 30 and 40 percent under‘the
experimental values. At this time, the source of the difference cannot
be determined. ﬁowevet. one aspect of the proposed method must be considered

as suspect, namely the use of K from Reference 30 which strictly speaking

B{(W)
applies at angles of attack near zero only. Since the wings were not
instrumented in the tests which provided fhe basis for the current study,

ghe variation in KB(W) with o cannoF be evaluated. Therefore, RW(B)’ which
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is the same as RT(B) (Section 5.2.1), accounts for the effects of a, but KB(V)
does not. In ordef to explore the gsensitivity of the result to KB(H)'
values of KB(U) were chosen such that agreement with the test data was
achieved. The required valune is twvice the magnitude as expected for the
particular bocy diameter to span ratio. For example, RW(B) for configuration
1 was set equal to 1.46 (the maximum.value indicated by the data of Reference

13 for a fin with d/s = 0.5) and the value of KB(W) which would force

-matching was calculated. The value calculated was approximately 1.6 or

twice the value of 0.8 predicted in Figure 133. As a result, a question

can be raised concerning the accuracy of the test data, Further gystematic

. data is necessary to determine if the differences observed in Figure

139 are due to fnaccuracies in the experimental data or in the predictién

method.
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) e s

4.1d 1.86d

J 0.0Jq

2.508 \

10.6d _
A= 0.0
AR = 2.0
dfs = 0.35
Sw
= 2.19
M-l ref
8
O Experimental (Ref; 34)
——— DATCOM (Ref. 17}
5 . .

AC,

BW

ry

20 30

ANGLE UF ATTACK-DEG. ' .

Figure 132. Comparison Of Existiag Method Predictions With Experimental Data, ACN
' BW
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1.5d 4,0d
‘[% . 1.5d «
d i)
g I -
10 sv :
M= 3,08 = 13,369
8 /l.) ref
/ d/s = 0.25
aCy 6 19 A= 0.4
BW . AR = 0,857
¥ /{f
2 A
0 /
0 10 20
ANGLE OF ATTACK-DEG.
O  Experimental (Ref. 20)
1o 5.0d: :
w— Predicted
/_— |0.9d
E
1.5d \_ .]
16.5d
10 : s
"M = 3.08 ¥ = 8.02i
S
8 ref
‘ d/s = 0.357
R 6 ' A= 0.4
AC
“Bu /b AR = 0.514
4 p— s e
2
0 Mg/ /
o ' 10 ' 20
ANGLE OF ATTACK-DEG.
Figure 137. Comparison Between Experiméntal And Predicted Results, ACN , M=3,08
BW




et v

4.333d

: 1.3 A=0
AR = 1.231

< e
S

| ¥ o 7.35
Scet
2.5d re

10.333d

U )
1
|
-

QO Experimental (Ref. 35)
e Predicted

M=1.9

AC
BW

0 ’ 0 20
ANGLE OF. ATTACK-DEG.

Figure 138. Compar{son Between Experimental And Predicted Results, ACN s M=1.9
BW
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5.4.2 Effective Center of Pressure for Increment2l Mormal Force Due to Wings

Summary
A method to‘ptedict the effective center of precsure, xCP s of the
. ABW
incremental normal force, ACN » 18 presented. ACN includes normal force

BW BW
_on the wing in the presence of the body plus any carry-ove~ from the wing

to the body. The method 1s applicable‘to Mach numbers from 0.6 to 3.0
and angles of attack from O to 30 degrees for body-wing configurations.

Comparisons between predictions and experimental data have shown good

agreement.

Background

The additionkof wings to a body produces an incremental normal force,
ACNpw. This incremenfal normal force includes the normal force on ﬁhe wing
in the pfesence of the body plus any carry-over from the wing to the»ﬁody.

- See Section 5.4.1. When attempting to predict wing-body.configuration aero-
dynamic stability characteristics, 1t is ne%essaty‘to determine the effective
center of pressure, XCPABW of'ACNBw F&r prelimiﬁary design purposes, 1;

is desired that the method for predicting this center of pressure be easy

to use. The current met'iod of Reference 17 is awkward to eﬁploy. There=

fore a more elementary, easy to use method‘will‘be presented in this

section.

Method Development

Development of the method began with an anaiysis of experimental data

of References 20 and 34, consiéting of normal force and pitching moment

coefficients for isolated bodies and body-wing configurations. Expérimental'
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- values of the xCPAnw wvare determined using the following equation:

X X
Xcp CNBW CPu _ Cy CPy
ABW _ d B_d 6)
d AC,
BW

where center of pressure is measured in diameters from the nose. The

results showed that XCP /d remained essentially constant for angles of
ABW

attack between 0 and 30 degrees. Therefore, the method will rely on
predicting xCP at a = 0 degrees und ietting it remain constant between 0
and 30 degrzes.

To make the method 1ndependent‘of'forebody length, the pr&cedure
defines the center of pressureylocation as a percentage of the wing root

chord measured from the root chord leading edge. Based on the discussions

/c
CP yBw

of Reference 30, X at a== 0° can be expressed as:

R

CcP

| Xcp - Xep
o (e 28 * 'e;m))
R

ABW _ " ] 47)
Cr Ky * X!
ax /c
where CNuw terms cancel and KW(B)' KB(W)' x.cl,w(n)lcR an CPB(W) R terms,
as derived from slender body theory, are presented in Figures 140 through
144,
Use of Method . ‘ : xCP

' ABW
To illustrate fully the use of the method for predicting. Cp , a

general description of the procedure is presented, followed by a

step by step numerical exanple.
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} -

Using Figure 140, determine the values of KW(B) and kB(W) for

the d/s of Interest.

2 Depending upon the Mach number, use either Figure 141, 142
to determine xCP"(B).
Cr
3 Depending ﬁpon the Mach number, use either Figuré 143 or 144
X ‘ :
to determine CPB[W] for wings with afterbodies.
CR .
‘ Xep Xcp
4 Using Equation 47, calculate ABW at a = 0 degrees. _ _ ABW
- ‘ C . C
R R
remains fixed for angles of attack between 0 and 30 degrees.
xCP : ,
5 To express __ ABW in terms of diameters from the nose use the
ol C ‘

R
following equation.

X c

, X
ABW _ XL.E. . C® ppw R
- d Cq d

cP
d

- Numerical Example

Calculate xCPA at M = 0.85 for a body~wing configuration with the

d :
following characteristics.

BW

L0 d = 3.7546. XLE = 16.75 in.

A =0 AR = 2,0 d/s = 0.5 Cp = 3.75 in.
E. From Figure 140, for d/s = 0.5

Kaay = 1-46 '

Kyy = 0-8
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X

2 Since M = 0;85, use Figure 141 to determine _CPW for A = 0.
, cR
xCPw '
—?r-- 0.57
R
xCP
3 Since M = 0.85, use Figure 143 to determine B(W) for A = 0 and
- ‘ C
d/s = 0.5. R
X
_C_Pﬂﬂz.n 0.5
C L]
R
4‘ Apply the results of Steps 1 - 3 to Equation 47,
" Xep ‘
‘ ABW _ (1.46)(0.57) + (0.8)(0.5) _ 0.55
CR 1.46 + 0.8 *
Xcp |
5 .Express ABW in terms of diameteru from tha nose.
CR
xC

° , ,
ABY _ 16.75 (3.75) _
a 3.75 ¥ 033 3,75y = -2

Data Comparisons

A sketch of the configuration used in the numerical example is presented

in Fignere 145. The values of xCPABw/CR calculated in the numerical example

plus results for the other configurations of Figure 145 are compared with
experimental data (Peference 34) In Figure 146. Further comparisons are
presénted ;n Figure 147 for the same EOnfigurAtions at M = 1.1, Figures
148 and 149 compare predictions with ekpe;imental (ﬁeferénce 35)

centers of pressure. The predicted values of center of pressure for the
body~wing com&inafidn requires: the method of Section 5.1.1 for the body

normal force coefficient (Cyy), the method of Section 5.1.2 for the
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center of pressure XCPB of c“n » the method of Section 5.4.1 for the

incremental normal force coefficient due to thé addition of a wing to a
body (ACNBQ)' and finally the method described in this section for the
effective center of przssure xCPABW of ACNBW' lThe components are com-

bined as follows to obtain the total configuration center of pressure.

X X
. Sy ( ffg)_}ACN ( CPABW)
X, _B) d LA

d C. ¥ acC
L T
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Reference .30

2.0
. , /’//’1;;3’

= /
&uyy//
. | 2 10)
K8 W) os ’ // 5
'0.6 | ' 1/////

é

0
0 . 0.2 0.4 0.6 0.8 1.0
‘ BODY DIAMETER _ d
CPAN L

Figure 140. KW(B) And KB(W) Ratios (Slender Body Theory)
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Figure 141. Wing AloneiCenter‘Of'Preauure At Subsonic Speeds
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Figure 142, Wing Alone‘Center Of Pressure At Supersonic Specds
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Figure 142, Curves for Determining Xep /CR at Subsonic Speeds
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Figure l44. Curves for Determining xcp
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/CR with Afterbody at Supersonic Speeds
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CP

Me=1.9

t/d = 10.33 A=0 QO Experimental (Ref. 35)
C, = 4.333d AR=1,231
R Predicted
lN/d = 2.5 d/s = 0.273 ‘

12

10 -

8 +-
0 09 0 60l6—e600

ABW 6

4
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" 5.4.3 Tail Incremental Normal Force Due to Wing-Vortex Interference

Summary

A wmethod is presented for prediéting ACNva. the incremental normal
force produced on a tail due to Qing-vortex interference. The method
predicts a vortex induced angle of attack at the tail, €, which can be used
ln conjunction with isolated tail normal force data to define Oy The
method aécounts for variations in wing~taill spacing for angles of attack to
30 degrees in thevtransonic regime, Supersonic capabilities, however, are
limited to 24 degrees angle of attack.  Insufficient data were available for
correlation at angles greater than 24 degrees.‘ Data availqble for correla-
tion in both Mach number regimes represented limited var}ation§ of wing and
tail geometries. However, comparisons sgtweén predicted and experimental
fesﬁlts for geometries not use& in the correlation have deﬁonstrétéd
applicability over a wide range of wing and tall geometries. Reasonable
results have beéen obtained in all check cases.

Background

Tail loads for body-wing-tail configurations differ from those of
body-tail configurations. The difierence is due to wing-tail interference
caused by vorticéé trei’ing aft in the free stream direction from a lifting
wing. According to the Kutta-Joukowski relationship, the strength of these
trafling vortices is related to wing lift. ‘As the vortices stream aft they
are displaced laterally and vertically by body crossflow and mutual vortex
interactions. These trailing vortices aiter the flowfield encountered by a
tail surface and therefore change the tail lcading. Assuming potential
vortices (Vy « &/y), vortex influence on the tail diminishes with increased

separation distance betwecen the vortex core and the tail surface. To

289




develop a method for predicting the incremental normal force (ACNTHV)On a
tail due to wing vortices it ﬁill be necessary o account for vortex
strengths and variations in vortex-tail sebaration distances.

Method Development

‘Values of ACNpy Were extracted from experimental data using the

following expression:

Tail in presence of " Tail in presence of
body and wing + body + . (48)
carryover ; carryover : -

™~

) - N - 4 -—
SONmw = (Onggp = gy CNgr = Cnp)

The quantities CNBWT’ CNBW’ and CNB repfeéent main balance data from

CNpr
configuration build-up tests. The assumption was made that the total
incremeﬂt in normal force, obtained using Equation 48, is applied to the
tail panels only. According to Reference 30, the portion of the incremental
nofm#l furée carried over to the boqy will generally be a, small fraction of
the totaliincremen:.
Data which could be appiied to Equation 48 were limited. Most of the
data were from a transonic body-wing-tail build4up test (Reference 34)
for angles of attack to 30 degrees. Wings and‘tails tested were lim;Ced
to aspect ratio 2.0 and taper ratio 0; however, wing d/s and wing-tail
axial apaclng were systematically varied as 111ustrated in. Figure 150.
Supersonic data were not available for the same configuration tested
transonicaliv. See Reference 20 for.a description of the supersopic test
coﬁfiguratibns. Supersonic data were limitec "o 22 degrees angle of attack.
To analyze the results obtained by applying ranconic test data to
Equation 48,'ACNvaywas equated to the normal force produced by an isolated
ﬁail at an angle attack, a. Tﬂerefore, a 1; analogdus to the effective

tail angle of attack, e, induced by the presence of a trailing wing vortex.
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' Urinza the val;es of ACNTW gxtracted from the transonic test data and
i;olatcd fin data, values of ¢ were datermined.

The method presented in this section was designed to predict e¢. This
angle can be ugsed in conjunctioh wiﬁh isolated fin data to determine ACNTHV'
Important parameters which must be considered when agtemptlng to predict €
are vortex-tail separation distance and vortex strength.

Vortex~tail geparation distance is a function of configuration angle of
attack and wiﬁg—tail axjial separation distance (See Figure 151). A wing
vortex gsheds at a lateral position approximated by‘7; - %B, ehe position
predicted by slender body theory for low aspect ratio fins. According to
. Reference 30 the vortices trail aft from the wing grailing edge at an angle
of attack equal to the free stream angle of qttack. The vertical distance
h, separating the vortex center and tail is defined at the point where the .
vortex breaks the plane of the tail lgading‘edge at a lateral position ?;.
In the case where ?; is greater than the tail semispan, this position 1is
defined as the point at which the vortex core intersects a plane perpendicular
to the body center line and passing through the intersection of the tail
leading edge and the tip chord. The vertical distance separating the vortex
;ore and tail is expresséd non-dimensionally as;

hety tana (49)
d d . '

where L4 is'dafinad‘as the axial distance between the‘wing trgiling edge
and the tail leading edge. '

According to the Kutta-Joukowski relationship, vortex strength is related
to 1ift. Therefore, normal force on the wing in the presence of the body,
CNW(B)' was utilized as the measure of vortex strength. Variaciogs in

vortex strength due to Mach number, planform and angle of attack can be
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reflected by CNH(B)'

1/2
CNW(B)’ (Figure

The measured values of ¢ correlated well with ( % )
152a). This term incorpcrates the major parameters relating vortex
strength and.vortex-tail separation d}stance to vortex influence on the tail.
For angles of attack up to 16 degrees, ¢ was‘found to vary 1jnearly with the

parameter ( % ) 1/2

CNH(B)' At angles of attack of 16 to 24 degrees, valqes

of 5/516 were found to correlate as a function of angle of attack and to‘Be ‘

indebendent of Mach number. However, for angles of qtta:k gteafer ‘than 24

degrees, 5/516 became a sgrong function of Mach number in the transonic range.

See Figure 152b. Note that e3¢ in Figure 152b correcponds to the vortex .

induced angle of attack ;t a = 16 degrees.

‘ 'There were insufficient data available to determine what caused thé

change in induced angle of attack characteristics past « = 16 degrees.

According to Referehce 2, the vortex shed from an aspect ratio 2.0 delta wing

will begin to burst at the leading edge of the tail in the 14 to 16 degree

angle of attack range for the various wing-tail separation distances tested.

Vortex bursting can best be described as the rapid breakdown of a vortex

into random turbulence. Reference 2 indicates that-a#pect ratio and Mach

number have a strong influence on vorte¥ bursting. Decres#es‘in aspect

ratio and supersonic Haqh numbers tend to delay the bursting of vortices

shed from delta wings,  The data 'available were not systematic enough to

~show whether or not vortex bursting could be related to the changes in €.
Insufficient supersonic data were available to dénduct an analysis like

that for the transonic data. Data from geference 20 were available to produce

values of ¢ which compared with those obtained from the transonic dQCa up

to 7?2 degrees angle of attack. No supersoﬁic data were available to determine

how € varied in the 22 to 30 degree range. In the transonic case most of
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this region was highly Mach number sensitive; therefore, use of Figure 152b
for angles greater than 22 degrees in the supersonic regime 1s not advised.

Use of Method

To illustrate the use of the method for predicting ACNTHV’ a general
description.of the procedure 1is presented, followed by a step-by-step

numerical example.

b—

Determine the distance, %,, between the wing trailing edge
and the leading edge of the tail at a lateral position

defined by ?; = b
4

jeo

Determine the vertical distance between. the vortex core and
the tail surface as a function of alpha using Equation (49).

Using Sections 5.1.4 and 5.2.1 calculate C

quavtities CNw anq RW(B)

For angles of attack to 16‘degrees, use the results of

steps 2 and 3 to calculate (%)1/2 CN . Note that in this
W(B)

using the calculated

tw

N ®)

j&

step sref - sbase'

o

Using the results of step 4 aud Figure 152a determine values

of ¢ for angles of attack to 16 degrees,

lon

For transonic Mach numbers use Figure 152b for angles of

attack between 16 and 30 degrees. = ¢ at a = 16°)

(e16

Sdpersonically, use of Figure 152b to determiné values of ¢

for angles of attack beyond 22 degrees is not advised,

I

Using Section 5.1.4, calculate CN as a function of a.
T




8 Using the results of Steg2 S, € and 7, determine values of

A wvhere a = €.
CNIUV

Numerical Example

Calculate ACN at M = 1.1 for the body~wing-tail configuration
‘ WV

with the following characteristics.

Body:
. 4= 10.0 d = 3.75 inches
——- 2.5 d .
d
Wings:
AR = 2.0 "\ = 0.0 4. 0.3
s, = 12.11 8q. in. . 8 = 3.48 inches
SP
- &0 = Q°
CR 6 inches AT;E. 0
ng « 15.40 inches
Tails:
AR = 2.0 A= 0.0 iv- 0.4
- .
S ® 7,909 sq. in. s = 2.812 inches
Ts.p
- - - .
CR 5.625 inches AT.E. 0

‘xL g, = 31.872 inches

1 Calculate ¥
- v

— "s
Yw = 2.733 inches

ig Calculate h/d as a fﬁnction‘of a

ls - 14.98 @ - 2.733
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B L

d

= hd

0 o0

4  0.279
8  0.561
12 0.849
16 1.145
20 1.454
26 1,779
28 2.124
30 2.306

‘ v ' 3 Using Section 5.1.4 (p.91ff) and 5.2.1 (p.143ff) calculate CN" ,
, - : (3

c ™ W) oY
0 0 1.3 | 0
“ 0.226  1.296 0.290
8 0.421 1261 0.522
12 0.635 leAb C0T0 s - s,
16 | 0.835 1213 1.013
20 1.0286 1.152 1.184
24 1.235  1.099 1387
28 1.421 1.027 1.459
30 1.511 1.0 1.511
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¥

2

6

‘ 4, 1/2 -
Calculate (E) CN where stef sbase |

W(B)
using results of steps 2 and 3,

‘ 1

a  h/d ch@L ‘(‘_&)2 cNu(B)
0 -0 0 0
4 0.279 0.318 0.60a
8 0.561 0.572 . 0.764
12 . 0.849 0.866 0.940 Sief ™ sbase
16 1.145 1.111 1.038
Using the resulis of Step 4 and figure 152a determine
€ at am= 16’degrees. | |
a : %)1/?CN €

L. 1€:) N
0 "0 | 0
4 ' 0.602 - 6.3
8 | 0.764 - 8.0
12 0.940 - 9.9
16 1.038 -10.4

Determine ¢ for angies of attack between 16 and 30 degrees at
Mwl.1 using Figure 152b, Utilizing the value of ¢ at a = 16
" degrees , the values of ¢ are obtained at o greater than 16

degrees.
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R T

e & TR e e R L e s <oy
[N
. -
-

- /%16 e
0 — m—"
. 1.0 ~10.4
| 20 0.8 - 8.32 |
24 0.37 - 3.85
28 0.57 ~5.93
30 Lo . L1044

I~

Using Section 5.1.4 (p.21£f) calculg:g cNr () at ¥ = 1.1

a *Cnr
S SRR
0 0
4 224
8 421
12 .635
16 835
20 1.028
24 1.235
28 1,421
30 1.511
Using the Tesults of Step 5, 6, and 7 determine AC .
N,
: TWV
(sref - ST) (sref - sbase)
o € Ny Ny
‘ » S.P. D.p
' - .
0 0 0 0 ‘
4 - 6.3 - 0.34 ~ 0.457
8 ~ 8.0 - 0.42 , - 0.602
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o b s e

G N - "ﬂ{-w— S.P. ANy D.P.
12 - 9.9 - 0.52 - 0.745
16 . -10.4 -~ 0.55 - 0.788
20 - 8.32 - 0.44 - 0.630
24 -3.85 =0.22 - 0.315
28 - 5,93 - 0.32 - 0.458
30 -10.4 ~ 0.55 - 0.788

Data Comparisons

The resu1t§ of the numerical example are compared with experimental
data in Figure 153. The results show good agreement. Further comparisons
are preseﬁted in Figures 154, 155 and 156. These lagter figures compare
normal force coefficients for complete body-wing-tail configurztions with
experimental datﬁ. These prédictions rgquiredvthe use of several methods
in conjunction with the method for predicting ACNTWV. A range of Mach
numbers and configuration géometries were covered and good agpéement

was obtained in all cases. Figures 155 and 156 represent independent

comparisons since these data were not used to development the method.

298




Config. 113 ‘ "”’/f

Config. 123

N _A-5-1 AT
<

- <<y I
-~ -
N \\} \4 \

Conlfig. 133 . / /

Figure 150. Tranaonic Wind Tunnel Test Configurations
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Figure 151. Wing Vortex Location
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Figure 155. Comparison Between Predicted And Experimental Results, CN

(®) Experimental (Ref. 34)

aw—— Predicted (Jorgenlel\,'u Cy s Ref. 12)
B ‘

M= 0.85 [Q/O’

ﬂ

0/ .

3oh

(0]
0]
7
(0]
0 10 20 v
; ANGLE OF ATTACK-~DEG.
,M=0.85

BWT




0T

O  irperimental (Ref. 36)

= Predicted

M= 2.36

&

2 | —

L

ANGLE OF ATTACK-DEG.

Figure 156. Comparison Between Predicted And Experimental Results, C
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5.4.4 Effective Center of Pressure of the Incremental Tail‘Normal
Force Due to Wings '

Summary
A method 1is presented for predicting the effective center, of pressure,
X , of the incremental force produced on a tail due to the additiou
CPaTuv :

of wings to the body. This force results from the effective angle of attack,

€, induced on the tail due to the vortices emanating from the wing. The

available data made 1t popgible to identify correlations up to angleé of
attack of 30 degrees in transonic flow And to approximately 22 degrees in
supersonic flow.
Background

The addition of wings to a bo&y-tail configuration alters tﬁe normal
force produced by the tails in the presence of a body'by an amount identified
as ACNTWV’ This incremental normal force is attributed to the effect of wing
vortices on the’tail. 'Wing vortices produce a change in the flowfield §
gncounte;ed by the tails. The net effect is to induce an effective angle of
attack on the tails, thereby 2ltering the tatl‘ansle of attack. Section 5.4.3
presents a methoa for predicting the vortex induced anéle of attack, c.‘and
the corresponding value of ACNva. To account for the effects of'ACNr"v on
total configuration center of pressure a method is requifed to predict its
effective center of pressure, Xcp,riwe |

Method Davelopment

According to Reference 30, XCPATVV can be treated in a way that is
analogus to the effect of‘body upwash on the tail, {.e., that both the upwash
ang downwash alter the loads on the tail but de not change the chordwise

distribution appreciably. Therefors, xcphva - xcpT(B) - xcpT. The
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procedure for predicting xcpT is outlined in Section 5.1.4 (p. 91 ff).

The following expression was used to calculate xCPBwT .

d

X
Par |
d

X+ A X +2 S. X_ +AC +

C"a g T "Ny Forggy ¥y R\r(n)g-r—_‘jpj_(s) "m_____xc?ATW. Tey Xepyp(p,
d d ref d d d
+ AC + 2 s, +4 +1
Cua " Ty l’.‘r(xa) .l Cum i Vo)
ref

This equation requires the use of & number of the predictive methods
described easrlier which will ﬁot be repeated here.
Data_Comparisons

Pigures 157 and 158 show comparisons of the use of the effective center
of pressure, kCgAvafot cha'incrensytnl normal force of the tail due to
wins voréex Interference. In‘thelg cases the Xc%nnn,yaa used in ay overall
prediction of the éentcr of pressure, xCPBwT' for the cohplete body—ving;cail.
Comparison between th~ predicted and experimental results are good in both

trensonic and supersonic regimes, at least for the tv6 cases examined.
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Figure 157. Comparison Between Predicted And Experimental Data, xCPBW' M=0.85
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5.5 Thrust Vector Control Effects

5.5%.1 Incremental Normal Force Due to Plume Bffects

Sunwary
A method 1ie presented for estimating ACN s the incremental normal force co-
. BP

efficient on a slender tangent ogive-cylinder body due to a flowing main jet

(ACuBP). This method cngra angles of attack to 180 degrees and a Mach number

range of 0.60 to 2.20,

Backgzound
lThe addition of a flowing jet to a body produces a change in the body

normal force coefficient due to impingement of the jet plume on the body and
the effects of the jet on the flow fierd about the body. The magnitude of this
fncremental normal force coefficient (ACNBP) is dependent on the following:
Mach number, angle of attack, and the streagth of theyjet relative to the free
stream (defined here as the momentum ratio Mg). No previously derived method

‘ : was found which predicted the effectq‘of a flowing main jet across the desired
angle of atcaék range, The prasent work deacribes the formulation of a method
for predicting 4Cqpp up to a = 180° st Mach numbers f;om~0.60 to 2,20. Data

from tests on a particular USAF missile design form the basis for this analysis.

The incremental normal force coefficient on a body due to a jet plume is

defined as:

ACNBP - CNBP - CNB
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Test data were Available at Mach numbers 0.60 to 2.20 and angles of

attack from 15 to 165 degrees. Jet momentum ratios tested were as follows:

Mach Mg

0.60 60.1
0.85 30.1
1.20 19.1
1.80 73.6
2.20 49.3

Jet-on data were available only for a body-strake-tail Configutaf
tion, with jet-off data obtained on body alone and body-strake-tail
coniigurations. It would obviously haYe been gesirable to have tested
fhe body alone with jet~on. Since this 1s not availéble ir was necessary
to derive body alone jet-on normal force coefficients (CNBP) from available
data. The available data_consist of paramefers measured by integrsiing
surfaces pressures, including normal fcrce‘coefficienta fé? the body in the
presence of strakes and Cailg, jft—on and jet-off ‘CNB(ST)P and qNﬁ(ST));
body alone normal force coefficient? jet-off (CN ); tail normal force
‘coeffirieny, jet-on and jét-dff (CNTP and CNT); and strake normal forre
coefficient, jet-on arid jet—éff (CNSP and CNS). The procedure used was
as follows:

1  Compute the incremental normal force due to presence of strake

and tail with the Jet offt.

I, * C -
BGT) T "Ny iery C’NB

Assuming that the increment in normal force, due to the strake plus

bro

tail, jec-on, is proportional to the increment in normal force

coefficient, jet-off, compute jet-on strake plus tail increment:

CNew + C

N N

faesyp = ' vsmy | B NTRL
. CNS + "N
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3 Subtract the calcuiated jet-on increment from the measured normal
lforce coefficient of the body in the presence of strakes and
tails with jet on:

Chgp = CNpsmp  “IB(sT)P

4 Compute

AC, =C -C
Nop  Np» N

Method Development

" Figure 159 shows the general form of a curve of ACN versus angle of
BP

attack. This curve shows that there is no significant jet effect at angles
of attack less than 40 degrees. The term ACN reaches a peak about a = 70°,
then decreases to a minimum value at a = 90°.BPJet effects increase again as
~ alpha approaches 145'. thenldecrease to a value of zeré at a = 180°. The
value and sign OE‘ACNBP at a -'70° and a = 145° are Mach number dependent.

A power series £ormulat19n incorporating tha'effects of angle of attack, Mach
number, and momentum ratio was the approach selected to fit a general curv?
to the data. The term‘ACN " wag considered to be linéarly‘dependent on jet

BP
momentum ratio for a given Mach number.
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Pover series for the varfation of AC};BP with a, {n which values of zero
occur at a= 40°, 90° ang 180° and values of 1.0 occur at 79° and 145°
Yere then constructed. the form of the equation ia:
- KA
o R

wvhere : MR = Jet momentum ratio = qj/

K = Amplification factor = g(M)
- [ L]
= Ky for 40 a<90 '
- L] (]
Klés for 90° <4 < 180
A =~ Pover serjes defining curve form

The complexity of the variation with alpha necessitatesg dividing the

angle of attack range into three intervalg: 0< @ £ 40°, 40° 2 a <90° ang

90° L a <180°, Parameters iq each range are a8 follows:

0 <ac<y40°
Awp AC -0
. NBP
40° <a < 90°
K= K?O

A = 23,445 ~b9.88886u + 121.1061&2 -66.952403
+12.882904 , (¢ “radians)
90° < a < 180°
K= Kps ‘
A = 45,6283 —82.7136a+53.664402 -16-6512a3

+12.8829u4 . (a ‘radians)
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‘ The quantity ACNBP/HR. ag determined from the test data, was non-
dimensionalized by the value at a = 70° in the range of alpha between 40
~and 90 degreec. In the alpha range ftom 90 to 180 degrees, the value at
a = 145° was used to non-dimensionalize ACN /MR Figure 160 shows the
curve which was faired through the non—dimensionalized test data. The data
for all Magh numbers is combined in arriving at Figure 160. The Mach number
effect is obtained by plotting'the values of (AC /MR) at a = 70' 145°
and then fairing curves through these data to obtain Figure 161.

It should be noted that availablg test data incorporated only one jet

" momentum ratio at each tebt Mach number. While these represent realiétic
values for the configuration tested, éstimates obtained for a missile with
yreatly different jet momentum ratios should be used with caution. Also of
wriportance is the fact that the effect? of nozzle ex#t diameter‘on ACN

RP
cannot be determined from existing data. The ratio of nozzle exit diameter

d ,

to body diameter ( noz) for the configuration tested was 0.87. It is
ref

teasonable to assume that this analysia is valid for cases in which the

no::le exit diameter apptoximatés that of the body.
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Use of Method

The method is utilized as follows:

Given: a tangent ogive~cylinder body with a main jet momantum

ratio, M_, at the desired Mach number.

R

Proceeé thus:

1 Determine K,  and K for the appropriate Mach number

. 70 145
(Figure 161)

Look up values of A for the desired angles of attack

i~

(Figure 160)

jw

Compute

AC, = K *A
Nop M

where K = K7 for 40° < a < 90°

0

- o L)
KI&S fqr 90° < a < 180

Numerical Example

Given the following parameters, compute A4C for a slender tangent

' NBP
ogive cylinder body at Mach 0.85:
dnoz '
a;:;—-- 0.90 | » HR = 30.1 @ Mach 0.85

From Figure 161: K

o

20 " 0.074

Ky45= 0.044
2-3 Utilizing Figure 160 to obtain
values of A the following table is

generated.
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o o 30.1 0.074 o.
4 o, | | 0.
60  0.73 | 1.63
70 1.00 2,23
80 0.75 . , - 1.67
90 0. ﬁ 0.
100 0.07  0.064 0.09
120 0.62 | 0.82
140 0.99 1.31
145 1.00 1.32
160 0.76 | ‘ 1.01

180 0. Y 0.

‘Data Comnarigong

In Figure 162 methcd results are plotted atong with those data used
in formulating the method. It can be seer that the curve fitting

approach used ylelds a good approxim.ition of AC across the Mach range.

NBP

A lack of independent body alone jet-on data at high angles of attack
m:-kes further detailed comparisons impossible at this time. Independent
data presented in Reference 37 for a body plus tail configuration tend to

support this ahalyéis in that no jet ‘effects are evident at angles of

attack less than about 40 degrees, the magnitude of ACN is small relative to
BP

total CN‘ and the value of ACN decreases withlincreasing Mach number,
' BP ' '
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Figure 159: General Curve Form, AC
NBP
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Figure 161, Amplification Factors for Calculating ACN
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e) Mach 2,2’
 Test Data
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Figure 1562 (Cont.).

ANGLE COF ATTACK-DEG.

Comparisons Between Predictions And Experimental Data,
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5.5.2 Effective Center of Pressure for Incremental Body Normal Force Due

to Plume Effects

Summary

A method is presented for estimating xCP y the cffec:ive’centcr of pressure

of the incremental force on a slender cangentBigive-cylinaer body due to
a flowing main jet. This method applies for angles of attack‘to 180'de3rees
and i Mach number range of 0.60’to 2,20. |
Background

. The addition of a flowing mein jet to a body yfoduces a change in the
body center of pressuré location due to plume impingement on the body and
plume 1nteragtion with the flowfiéld about the body. No methods were found
to predict the center of pressure location over the desired high angle of
attack fange. The present work describes the gormulﬁtion of such a method.
The dacévform;ns,the basis for this correlation wefe obtained from tests on
‘a particular USAF missile design;

Test data were avallable at Mach numbers 0.60 to 2.20 and angles of

attack from 15 to 165 degrees, Jet momentum ratios tested were as follows:

Mach b}
0. 60 4 60.1
0.85 ' 30.1
11.20 19.1
1.80 | 73.6
2.20 ‘ 49.3

For the configuration tested, 'N - 2.5 and 2 = 14.45.
d d

‘Jet-on data were available only for a body-strake-tail configura-
tion; with jet-off data obtained on body alone and body-strake-tail

coafigurations., It was therefore necessary to derive XCPBP using availabla
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data. Specifically the quantities obtnined exparimentally were measured
by integrating pressure distributions and consisted of normal force
coefficients and centera of preassure of the body alone (je:-off). of

the dtrak;a and tails and the body in the preseace of the strakes and tails
(Jet-on and jet-off). The derivation of jet-on values of the incremental
Cy on the body due to strake and tail carryover (IB(ST)p)Fis described in .
the mechod presented for determining ACNAP. The précedure developedvto
calculgte xchP is as follows.

Method Development

Figure 163 shows the basic data used in fotmulating the jet-on center
of pressure prediction method. Due to a lack of test data in which body :
finéness ratio (1/4) was varied, it wés decided to base the prediction
method on jet-off vaiuea of xCPg which may be calculated using the method
of Sec~ion 5.1.2.

Examination of the data in Figure 163 reveals thag the flowing main
jet has eséentially‘ho effect on the body center of pressurellocation at
angleg of attack le;s than about 100 degrecs at all Mach numbers. At M=1.2
and below, ¥cppp falls about 0.5 calibers forward of XcPg for 100°< a < 160°.
At supersonic Mach numbers, xcpn and XCPBP are essehtially equal up to
a= 120‘. then are a&mmetrical about the value at av- 120°.

The method developed simply approximates the curves of Figure 163 as
described above. Foi Mach‘nU“bers less than or equal to 1.2:
0°2 o < 100°: Xcp  /d = Scpy/d '
110°< o < 180°: Xcpyp/d = (Fpy/d) = 0.50

170°< a < 110°: Linearly interpolate between values at a = 100° and
110°
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For Mach numbers greater than 1.2:

0..5 a < 120°: chm,/d - XCPB/d

a - Ta T\ Ta

', \ xc&
—2K1- -_d._.-.

Xcp
: ~B
where K; = value of g atas 120°

Usa of Method

The method £s qsed as follows:

Given a slernder tangent ogive—cy;inder body with a flowing maiﬂ Jet.
The jet momentum ratio My 1is of\ the same order of magnitude as those of the
test data prevli‘ously cited. |
Proceasd thusly:

xch

1 Determine T for the Mach and alpha range desired from test data or

via the method of Sectior 5.1.2 (p. 61 ££).

’ XCP X .
2 1£M<1.2, B o« B for 0<a< 100
o a . d .
xCPBP XCPB
If M > 1.2, —3— =—3 for 0 <a < 120°
< . o
C CP
3 IfM<1.2, OB, _.__5_‘; - 0.50 for 110° < a < 180°
XcPyp Xcpy S
If ¥ > 1.2, —gy— = 2K; - 3 for 120° < a < 180°

fcp
where K; = value of < B @a=120°

325




Numerical Example

Detemine xCPBP/d for a slender tangent ogive-cylinder body at Mach

0.85 and Mach 1.8; My = 30.1 at Mach 0.85, Mg = 73.6 at Mach 1.8.

Mach 0.85:
(Step 1) (Step 2) (Step 3)
. org Xcpgp = ¥opy  NcPap - Py _ 0.50
(v deg) d -d T d d '
| (test data)
20 3.84 3.84
40 ‘ 5.37 5.37
60 6.30 6.30 ! /
80 7.32 7.32
100 8.20 | 8.20
110 ' 8.31 ‘ 7.81
120 8.50 : ' 8.00
140 , 9.61 ‘ | 9.1
160 10.8 10.49
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Mach 1.80:
(Step 1) (Step 2) ' (Step 3)
Xepp Xergp  Xcpy X cPgp Xepy
v deg) S KN CHEES
20 6.32 6.32
40 715 7.15
60" 7.3 7.43
80 © - 7.64 ' 7.64
100 .8 7.84
120 8.02 8.02 8.02
140 8.16 ~ 7.88

160 9.25 ‘ : 6.79

Data Comparisons

In Figure 164, method results are compar;d with the jet~on data used

in formulating the method. It can be seen that this relatively simple

method yie}ds a good approximation of XCPBy/d across Mach number and éngle of
attack.regime. A lack of independen; body alone jet-on data at the necessary
high angles of attack 1akes further detailed comparisons impossible at

this time. Independent data'presented in Béference 37 for a body plus tail
configuratiop ind{cate trends similar to those'noted in this analysis, i.e..'
little jet affect on xCPB at angles of attack less than 100 degrees, then a

forward shift i{n CP loéation with increasing angle of attack.
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5.5.3 Incremental Tail Normal Force Due To Plume Effects

Summary

'A method is. presented to predict ACNTP. the 1ncreyenta1 normal force
coefficient on ﬁorizontal tails on a siende; tangent 6give—cylindér body
due to a jet plunze. The term ACNTP represents the change in to:al normal
force coe“ficient on two tail panels plus the change in tail-on-body carryover
normal fotcg due to a flowing jet. The”metﬁod is applicable at angles of
attack up to 180 degrees at Mach numbers 0.60 to 2.20.
Background

The agdition of a flovi;g jet to a body- tail configuration produces
changes in the normal force on the tail and I1 the magnitude of the carrfoverv
normal force imposed on the body by the tails. The magnitude of this jet
effect 18 dependent on such parameters as angle of attack, Mach nunber, tail
size, and the strength of the jet relative to t'.2 free stream (defined here
as the momentum ratio, MR). No previously deriv.i metho§ was found which
predicted the e¢ffects of a flowing jet on the tails at the desired high
angles of atiack. The present work describes the formulation of such a
method for pred;cping the ACNTP at angles of attack up to 180 degfees and Mach
numbers 0.60 to 2.20. Data from tests on a:particular USAF missile configﬁ-
ration form the basis for chis analysis.

The incremental normal force coefficient on a body-tail configuration due

to jet effects on the tail is defined as:
AC CN 1 C. I
) v + TB(T)P) - ( N. o+ B(T))
'TP ( T(B)P ) '(B)total

This is based on the premise that the total effect of a tail on a body-

total

tail configuration is made up of the force on the tafl itself plus the carry

over to the body, and further thar both quantities may be affected by the
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presence of a plume.
Test data were available at Mach numbers 0.60 to 2.2 and angles of

attack from 15 to 165 degfees. Jet momentum ratios tested were as follows:

Mac "r
0.60 60.1
0785 | 30.1
1.20 - 19.1
1.80 " 73.6
2.0 49.3

Jet-on data were available only for a body-strake-tail configuration,
with jet-off data obtained on body alone and body-strake-tails configurations.

1t was, therefore, necessary to detrive ACN from available data. Parameters
TP ‘
measured by integrating surface pressures included normal force coefficients

for the body in the presence of strakes and tails, jec-off and jet-on CN
: ‘ B(ST)
N ); body alone normal force coefficient, jet-off (CN ); total tail
B(ST)P B

normal force’ coefficient in the presence of the body, jet-off and jét-on

(o} and ‘
N, Y
( T(B)total T(B)P

and C

; and total strake normal force coefficient,
total

jet-off and jet-on /c . and C . The procedure for computing
‘, (Mse) Ns(p)p
total total
ACN from known data is as follows: '
TP
Given the basic equation
ACNTP ) (CBT(n)p * IB(T)P) - (CNT(B) o IB('D) (50)
‘total - : totul
The terms C, . and CN . may be determined directly from test
T(B)P T(B) ..
- Y total total

data.




The e uation may then be expressed as

ac, = . -G + 8L, (51)

e C“r(n)p Xz (8) BTP

total total ‘
- where AIB(T)P - IB(T)P - IB(T)
The incremental normal force coefficients, IB(ST) and IB(ST)P’ due to
presence of strake and tail, were developed previously in Section 5.5.1
One can then define
. Ay = Iasmr T TaesT) ' (52)

It was assumed that the changes in tail carryover on the hody due to the jet
would be proportional to that for a strake plus tail in the same manner as the
change in normal force on the tail due to a Jet 1s nroportional to that for
a st:ake plus tail. Therefore:

AC
= 4

Nr(s) | (53)

ACN AC

S(B) <NT(B)

b 4
8lymyp = 85¢sTyp

The results of équation (53) may then be substituted into equation (51)

determine ACV .
TP
Method Development

Figure 165 shows the general form of curves of ]ACN . vergus angle of
_ ' ' 1P
attack for 0.6 <M < 1.2 and 1.2 < M < 2.2. Both curves show no jet effects

at angles of attack less than 20 degrees, followed by increasing IACN |
TP

a = 55°., Jet effects decrease to approximately zero at a = 90°. Peaks for ai!

up to

Mach numbers tested occur at a = il0° and a = 160°, wkile zero points fall aé

a = 135% for M < 1.2 and at a = 120° for 1.2 < M < 2,2. ACy  2yuals zero at
‘ P

» = 180° at all Mach numbers due té symmetry. The value and sign cf ACN at
' ‘ TP °

a = 55°, 110°, and 16G° are Mach numbe:r dependeat.. A power series formula*ion

incorporating the effects of angle of attack, Mach number. jet momentum ratio,

and tail area was the approach seiected to fit a genersl cirve to the dat:..
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Assuming ACN vaiies linearly with MRand RT' then
TP

AC
L AR, |
Mp*Ry
ST
vhere RT = tail area ratio = 3 .
: ref

A(a) 1s defined by the general curve forms in Figure 165, and varies in
magnitude from zero to one. The magnitude of A(a) i3 sraled by the values of

'(ACN /MRRT) at a = 55°, 110° and 160°, respectively, in the three
TP

ranges of angle of attack; Power series curves with a yalﬁe of zero at
a = 26°,I90°, 135°, and 180° and a value of 1.0 at a = 55°, 110°, and 160°
were then constructed for Maéh numbérs less than or equal to 1.20. Curves
constructed for M > 1.2 had zero values at a = 90°, 120° and 180°. The
final form of the equation is:
ACygp = Mg * Rp *# K * A

where HR = jet momentumw ratio - qJ/qm

Rp = tail area ratio - ST/Sref

K = amplification factor

Kss for 0° < a < 90° (0.6 < M < 2.2)

a Kllo{for 90° < a

for 90° < a

1A

135° (0.6 < M < 1.2)

[

120° (1.2 < M

iA

2.2)

A

K160{f0r 135°< a 180° (0.6 i M < 1.2)

for 120° < a

iA

180° (1.2 < M

tA

2.2)

A = Power series defining curve form.

337




Solution of the equation necessitates dividing the angle of attack
range into four intervals. For Mach numbers from 0.60 to 1.2:

- 0<ax< 20°

K = Kg5
A= 2.4498 - 16.7515a + 37.3514a 2 ~ 29.8329a 3 + 7.7740a 4

[a - radians]
90° <a< 135°
K=K
2 4116.73240 -14.38370%

A = -256.1760 + 494.7937a~359.0437a
[a~radians]

135° <a< 180°
K -K160

A = 1046.9190 ~1501.62800+ 798.0073a> -185.0520a> + 16.0493a"

[a ~~radians])
Fer 1.2 <M < 2,2:
0 <a< 20°
A=0 A -
CNTP 0
20° <a< 90°
K =Ksg

A = 2.4498 -16.7515+ 37.3514a% -29.83290° + 7.77404"

{aa-radians]
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90° <a< 120°
K= 1(110
A = =1840.2781 + 4055.12899-3352.6751a% +1232.9331a> -170.1181a"
[a ~#radians)
120° <a< 180°
K=Ky60
4
A= -265.5403 + 417.9143a-2648.1630a% + 55.9331a> -6.5953a

[a~;adians]

Values of K55, Kjjg, and Kjgq have besn determined empirically an& are plotted
versus Mach number in Figure 166. Powe- series A is presented versus angle of
attack in Figure 167a for M< 1.2 and in Figure 157b for 1.2 < M < 2.2,

It should be noted that available test data incorporated only one jet‘
momentum ratio at each Mach number. While these represent realistic values
for the configuration tested, estimates obtained for a missile with greatly
&iffa:ent jet moﬁentum ratios should be used with caution. Alsé of
importance is the fact that the effects of varylng nozzle exit diameter and
nozzle-to-tail distance canrot be derived from existing data. The ratio of

nczzle exit diameter to body diameter (d;,,/d .f) for the c¢ounfiguration

ref
tested was 0.87; the distance from the nozzle exit plane to the tail trailing
edge was 0.42d, Variation of these parametera can be expected to have

some as yet undetermined effects on the values of ACN predicted by this
‘ TP

method.
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Use of Method

The method is used as follows:

Given a tangent ogive-cylinder with horizontal tails of area ratio,

RT. and a main jet momentum ratio, HR.

Proceed thus:

1 Determine Kss, K130» and Kjeq for the desired Mach number.

'

(Figure 166)

2  Look up values of A for the desired angles of attack in the
appropriate Mach range. (Figupe 167)
3 Compute ACNBP = Mg * RT * K.* A

where K = K55 for 0 < a < 90°
= Ky for 90° < a < 135° if M < 1,2
= Kjjp for 90° < a < 120° if 1.2 <M < 2.2

= K160 for 135° < o < 180° if M < 1.2

Kjgo for 120° < o < 180° if 1.2'< M Q 2.2

Numerical Example
Given the following parameters, compute ACNTP for a slender tangent
ogive—;ylipdér body with horizontal tails from a = 0 to a = 180° at Mach 0.85
and Mach 1.80.
Mp =30.1 at M = 0.85
Mg = 73,6 at M = 1.80
Rt = 0.84
At Mach 0.85:
1l Ffom Figure 166:

KSS = 0.065, KllO = —0-028, Kl60 = 0.015
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.
fw.

a | 'a . Mg " Rp * K. = acy,
(Figure 1678)‘

ol o. 3001 0.84 0.065 0
200 : 0
40 | 0.67 1.0
351 1.0 1.64
70 | 0.65 107
9o Y L

119 1.0 -0.028  -0.71
120 | 0.83 L -0.59
135 | o. | 0
150 | 0.65  0.015 0.25
160 | 1.0 0.38
170 | 0.80 ' 0.30
180 | o. Y Yy 0




At Mach 1.5.
1  From Figure.l66:

Kss - 0.004, Kl.lO - 0.004, K16o - -0,021

2-3 a A * Mg * By * K =  ACNpp
(Fig. 167b)
o] o. 73.6 0.85 - 0.004 0.
20| o. - ’ 0.
40| 0.67 | ' 0.17
55| 1.0 - ' ~0.25
| 70] o0.65 : 0.16
] o v o
100] 0.86 | 0.004 0.21
10| 1.0 ' | | l 0.25
"120) 0. - 0.
© 140 0.74 : -0.021 -0.96
160] 1.0 -1.30
180 | o. ; * 0.

Data Comparisons

In Pigure 168, method results are plotted along with those data used in

formulating the uethod. The curve-fitting approach used yields a good ap-
proximation of ACyNpp across the Mach range tested. A lack of independent data

makes further comparisons impoésible at this time.
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0.6 <M< 1.2
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Figure 165. General Curve Forms, ACy |
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Figure 166. Amplification Factors for Calculating aCy
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Pigure 168 (Cont.). Comparisono Between Pradictions And Experimental Data, ACNTP




5.5.4 Effective Center of Pressure of incremental Tail Normal Force Due

to Plume Effects

Summary

A method is presented for predicting X , the effective center of
Pr(p)p
pressure of the incremental tail normal force due to plume effects. Data
.comparisons showed no difference between jet-on and jet-off tail choxdwise
center of pressure for Mach numbers between 0.6 and 2.2 and angles of attack
to 180 degfees. ', »arefore, it 1s not necessary to develop a new method and

it 18 recommended that the existing method of Sec {on 5.1.5 be uged to

‘calculate Xep /CR which is equivalent to X.p /C

T T(®)P X

Background
| When predicting the gerod}namic characteristics fur a missile at high
anglesyﬁf attack, the pfesence of an exhauét plume must be taken into account.
At high angles of attack, the plume produced by a thrusting missile can alter
lncal surface pressures throuéh etther direct impingement or by its influence
on the fiowfield forward of the plume. Methods for predicting plume effects
on body ;ormal force, body center of pressure, and tall ngrmgl forcewhave
heen presentad in Sections‘S.S;l through 5.5.3. This section deals specifi~
cally with the effects of a plume on tail chordwise center of pressure.

A study has been completed on the effects which rocket motor exhaust
piunes have on tail center of éressure. Data used in the study werc obraincd
fron wind tunnel tests of a pa;ticular USAF body-strake-tail missiie annfiuu"‘
razion. Tests were conducted using a p;essurevmodel with and withou: main
jet s{nﬁlation at Mach numbers from 0.6 to 2.2 and angles of ~ttack ‘rom
15 o 14% degrees., The ratio of jet total pressure to free stream toctal

pressure and the ratio of jet dynamic pressure to free srrea. dvnaric oressure

3¢l




simulated in the tests were as follows:

ﬁecﬁ ) Ppy/Pr, qJ/q,
0.6 135 60.58
0.85 . 107 30.10
1.2 . 89 19.14
1.8 328 73,63
2.2 176 ' 49.34

Integrated pressure data provided cotal.:onfiguration normal ferce and
center of pressuré plus normal force and céntet of pressure on each con-
ponent, including interference eﬁfects; Comparisons of tail rhordwise
centers of pressure on the horizontal fiﬁs of a4 cruciform configuration ip

the "plus" altitude with and without jet simulation are preseated in

Figure 169. These comparisons, covering the entire Mach number range
{0.6-2.2) and angle of attack range (15 to 165 degrees) tested, indicate

that for the conditions tested, the presencé of a plume has little or no
impact on chordwise center of pressure. No additional method is reqﬁired

to account for the effects of a plume on tail center of pressure. Therefore,
as in the case of no plume, the mefhod of Secticn 5.1.5 can be used éo pre-
/CR which can Se expressed in terms of body diameters by the

CPT(B)
appropriate geometric relationships, i.e.,:

dict X

XePr(es)  *TL.g. |, XCPrep) . Gk

- + —

d d Cr d
¥s:
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6.0 CONCLUSIONS AND RECOMMENDATIONS

This study shows that the availability of systematiCICest dgta permits
the development of methodology to predict reasonably accurate aerodynamid
characteristics. The applicability of the me;hods is limiced only by the
range of the test data. As for‘any s;mi-émpirical method.mthe‘methoda should
nof be used peyond the range of the test data base until the real limits
cf applicgbility can be ascertained. This can only be accomplished over a
period of time as additional test data becomes Qvailable. |

Experience gained in using the methods shows that although they ere
suitable for "hand" calculations, it is desirable to computerize them.
This was not inclqded as part of the present contract, and is therefore’
tecommenaed for future consideration.

The success of the methods developed here supports the view that this
approach could well be extended as the systematic data base.grows. Areas
which were identified as Jdeficient 15 data or as Eerfile ground for the
continuation of the effort begun here are summarized below: |

1l Since wind tunnel cea;ing does not, inlgeneral. match flight

Reynolds numbers and Mach numbers aimultaneously. this causes
a question about thé accuracy with which Reynolds‘number
effects can be accounted for in the methods. This uncertainty
- manifests itself primnrilylin the modeling of the viscous
contribution to the body normal force. Additional tests
aimed spec;fically at assessing the viscous effects on body

normal force are recommended.

(X

Since maneuverability implies the use of a control system,

the ta2st data base and methods should now be extended to
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deal wizh deflected control surfaces.

Certain geometric features, e.3., boattails and nose
bluntness,shou}d also be tested systematically to
complement the (rrent data base.

The effects of arbitrary roll angle should be treated
systematically beyond angléa of attack of 45 degrees
which was greated in the recent Martin Marlietta study
(Reference 38) coﬁducfed for the U. S. Arﬁy. One of
the problem areas of particular interest in this rega?d
18 the prediction of hinge moments on the leeside
surfaces even at smallvangles of attack whetein the
occurrence of couples complicétes the prediction of
the center of pressure on tﬁe tailL

Finally it should be recalled that this study dealt

" only with static aerodynamiés. whereas simflar methods

can and should be developed for asome of the dynamic

stability derivatives.
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