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" ABSTRACT

_ An analysm of the s’ceady and unsteady aerodynazmcs of the space shuttle orblter
'.has been performed "It is shown that slender wing theory can be modified to account
for the effect of Mach number and leadmg edge roundness on hoth attached and sepa~ -
- vated flow loads. The orbiter unsteady aerodynamics ean be computed by defining -
two equivalent slender Wings, one for attached flow loads and another for th> vortex-
_induced Ioads. It is found that the orblter is in the transonic speed region. subject to 7
| vortex—-shock—boundary layer interactions that cause highly nonlmea:e ot discontinuous
load changes which can endanger the structural integrity of the orbiter wing and possi-
bly cause snap roll problems. Itis preseﬁﬂy impossible to simulate these interac-
tions in a Wlnd tunnel test even in the static case. .'I'hus, a Well plahnéd combined
an:ilyﬁc and éxperimen"al approach is needed to solve the problem, '
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- Section 1
INTRODUCTION

| 'Ihe aim of the present analysis is to provide the building blocks for a computer

e -'_ploo'lam that can predict the aeroelastic characterisiics of the space shutile launch

configuration through analytie extrapolatmn from experlmenta.l data, similarly to what .
wag done for the Apollo-Sa.mrn launck vehicle (Refs. 1—3) The most mgmfwant dif-

ference hetween the present launch vehicle and the Saturn booster is the presence of a
large lifting surface, the orbiter wing. As it is basically a delta wmg, analytic means

" are peeded for the prediction of the unsteady delta ng aerodynamms, mcludmg the
effects of the leading edge vortices. Because of the asymmetrw ma.tmg of the orblter o
to the b_ooster roll—-p1tch—yaw coupling effects hecome of concern and it is essential

that the yaw-indnced rolling moment on the orbiter delta wing can bé predicted. ©

The: first step towards the development of this needed analytic capabﬂlty was
taken 111 References 4, 5 and 6, In the present report this analyttc development is _
taken one siep further by meludmg the vortex entrainment effect suggested in Refer-
ence 5 and by extending the analysis to account for Mich number effects along the - -
lines discussed in Reference 4. ‘Finally, a critical look is taken at the orbiter wing

- aeroelastic stability characterlsmcs without the comphcahons mtroduced by the mter-—
' ference flow fleld from HO Tank and SRM rockets. ' ' o : _

i-1.
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Sectlon 2
DISCUSSION

The ana}.yses in References 4 and 5 wﬂl be repeated here to the extent necessary '.
for good readability. The intént is to present the eqguations in a compressed umflecl
 form such that the design engmeer can g‘et all needed informstion- frcm one source:
this report.

2.1 Deita Wing Aerodynaxﬁic:'s o

- In incompressible flow, the normal fcrce oh a slender, eharp edged delta wing
can e determined as follows (Ref. )

KPsmozcoscu+Kvsm @ o '.(1)."

B KP, and KV are parameters deterxmnmg the. magmi:udes of attached flow and vor-
tr;x force components respectwely. KV is for all practical purposes a true ccnstant
» K ~ 7, (Ref. 7); whereas KP is more or less linearly dependent upon aspect rahc
' -(Flg. 1).. Jones slender wing theory: (Ref. 8) apphes only for M =1, The dev:ia,tlcn
~ between it and potenhal flow results (Ref 7} at M =0 are represented as follows.
| It is assumed that the area. dencted ATE in the mset in Flgure 1 carrles no load
-"l‘hls accounte in'a crude manner for the trallmg edge cond1t10n at M =0 (as com~
| pared to M =1). reduces the delta wing normal force by the faa‘nr cos GLE

oy = oway/ e’ e

N S

'LOCKHEED MISSILES & SPACE COMPANY. INC.
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.....

This is the "First Apprommatlon“ shown in Fig. 1. The sirip loading normal {o
- the leading edge is | '
| (1/2) (@ cNa/dg) L = [arsm 2asin 6py/(b/2 co)] 3 B C)!

It was shown in Reference 5 that the potential flow loading on a delia Wing never
_exceeded 75% of the ma:nmum glven by slender wing ’Cheory. Applymg thlS "ceﬂmg"
- ehanges Eq. (3) to | ' |

ein 2 o sin” @ S
_ _ _ , LE E:£=0.7 .
B {0,7 § S |
Integz-eﬁng _Eq. 4) gives -
GNa = 0,91 KPl sin o cos a )
Cpg = - (6,/0) Oy (& - o) __(5_}'

‘ga = 0.64 (1 - A&, qg) ' )

B - P
AL g = T sin” Op g
(ﬁa_ = 4/3 7 fe: eﬂipﬁe __loading_) ' o | L

KPl is given by Eq. (2). The value 0,91 K’Pl is the "Secdﬁd Approximation" in
-+ Fig, 1 which shows good ._a_gre_ement with_potential- theory for aspect r_atiqs_ upto A=3,

It was also shown in Reference 5 that the vortex mduced Ioad distribution on a

- sharp~edged delta wmg does not have the tr1angu1a1- shape preseribed by the conic flow

- assumption used in most theor:es, but has a "cellmg" similar to that for atiached ﬂow.
. _The resulting load dlsimbutlon for the 70% of the vortex mduced loadmg that is loca.ted
~at the leadmg edge was shown to be

Lo\ (L.TewEsmior o E=0.4 o o
11dcmr - =04 R
0.73 dg = ¢0.685 7w sin” as 0.4 <EL0.9 (6 -

6.85 7 sin” @ (1-£): 0.9 £ =1.0 |

2~2
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and the remalmng 30% vortex induced loading produced by the vortex-entrainment
effect over the center wing was shown to have the attached flow type distribution given
below ' ‘

- (dciw 1.05mEsin® a: £ <0.7
1 = Y - )
0.8 2 \ dé I 0,735 wsin” @: 0.7< E=1.0 o

- Integraﬁon of Egs. (6) and (7) gives:
: C’NV ='n‘ sin @
my = = o/ Cny [0'7_(Ev" fod |
| £0.3(E, - ta)| o ()

= 0.56 (1 -7y sin” 6y p)

Q
il

. ol
&
oAl

ure]
@
il

0.64(1-7, sin? 01

m, 4/3 7 and "ﬁv is given by experimental data
(see Fig. 2 and Ref, 9) '

il

Tt was shown in Reference 5 how the unsieady aerodynamics for the attached flow
loads could be determined _by_us_ing- slender_.wing_theory (Ref. 8) on an equ_i_valent. delia
wing which has been shortened to provide the correct normal force defined by Eq. (5). '

The effective conter chord for this equivalent wing is defined as follows

cef.ﬁ

o}

T -
2 ] ©)

= (},955 cos HLE [2 - cos a!o

.. 2*!3.
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Thus, the attached flow unsteady aerodynamies for oscillations in pitch (6) around
i_-, CG at a= o, are given by slender wing theory in the following form

¢, 2 |2 %
(’rﬁa T T (CNQ)- S eos"a, |5 5 < Sca|
a eff , - N
2 . 9
. B 4 &) C
= _|-@a _ I . _eff. _ _ _
Cme' = (6) (CNQ) o8 & |2, ‘ECG} (10)
a eff, - .

From Egs, (9) and {10) the center of pressure is obtained as

I Q

2 e,
3

e}

o)

whereas Ed. (5) gives .~

/o k= 0.64(1-0.425 5% 6 ) | (12)

That is, the center of pressure is the same for slender wings, sinz GL E <1,
. as it should he,

Using Lamborne's results (Ref, 10) it was shown in Reference 5 that the vortex
induced unsteady aerodynamics could be determmed as follows '

c

= .0 ry ' Z
Oy " 7F O, [0 b0d * 07 Gy - ool
B . o '
2 2 ,
Q- = %a Ceff,
o mg At -2 .CNo.i ] 0.3 sec - e, "-s_ce' ' ' (13) -
g8 v | |

: U
-0 Eue T By - fog) J
%4

- LOCKHEED MISSILES & SPACE COMPANY, INC. -
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where. U, /T =0,75 for oscillations in pitch, and C'Nozv “is given by Eq. (8);

C

NeV = TR 2a,

Cae Fig. 3 shows the predictions bjr' Egs. (8) - (13) to agree well with experimental
> data (Refs. 11 and 12).

2.2 Effect of Leading Edge Roundness

‘Gersten has shown (Ref. 13)that leading“edge roundness has a large effect on
delia wing aerodynamics (Fig. 4). A large part of the measured decrease in lift and

- pitching moment is probably due to the delay of leadmg edge separatmn caused by
i leadmg edge roundness. The 12, 5% truncation of the wing tip (see sketch in Fig, 4)

L would not have any effect on the delta lwmg 1ift and moment according to the present
- .- . analytic model (see inset in Fig, 1). Recent results by LaMar (Ref. 14) also indicate ' -
3 that the effect would be negligibly small.

'According to Ville (Ref. '15), ‘1eadin"g' edge separatidn should,in two-dimensional.
flow,oceur at an angle of attack of Uong = f (rN Re) . Itis clear that the three-
. »d1men51ona1 flow will delay the separation in the cross flow plane to an angle of attack:
Clage > %Ds. An estimate of this delay can he made by defining an effective aspecf:
ratio AN =4 ¢ /b for half* the delta wing in the cross flow plane, I can be assumea
that CLmax is relatlvely mdependent of aspect ratio, (Refs 16 and 17) Thus, one -

obtaing
Gy = gpg L+ tan g | o (14).
" For the small aﬁgles of attack of interest the angle of attack '-bz—s “is simply
LGy = Gopg (At fppdsin by (5

*The leading edge flow is insensitive to what happens on the qthe'r'w:’ng half.

2-5 -
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Experimental resuiis (Ref. 18) indicate that Jeading edge stall on the NACA_—DOlz
airfoil will occur in the angle of attack range 12.5° < Copg = 18° depending upon
the Reynolds number. For the orbiter main wing A =45°, which in Eq, (15) gives
Q= Cyn N2, Thus, for M, =0 one obtains 17.7° < ag = 25,5°,

‘The Mach number MN normal to the leading edge is simply

9 5 1/2
M,. = M cosc jfan” @ + sin” @
‘ o0 LE

N (16)

Using the two~dimensional data for the separated flow boundaries of the NACA
64A 012 airfoil (See Ref. 19 and Fig. 5a) as a guide line, the prediction for ™M =0
can be extended to transomc speeds as is shown in Fzgure 5h "The bars in ¥i-ure 5b
represent oil flow data for the orbiter (Ref. 20). As the pictures were only faken at
every 5 degrees of angle of attack, the bars span over Aa =5°, with the bottom in~
dicating attached leading edge ﬂow and the top of the bar estabhshed leading edge
separation, Considering all the complications due to three-dimensional flow effects,

‘which will be discussed later in this report and in more detail in Part I (Ref. 21), the
agreement is rather good between predicted and measured separated flow boundaries.
It should be noted that without thev aspect ratio correction, Eq. (14), the predicted
a S-_values would be exactly half o£ what is shown in Figure 5b. For this reason the
predicted boundary in Figure 18 of Ref, 22 is muck too low,

For the test data in Figure 4 a value of ®ong = 13° ig suggested giving @, = |
3.95°. Substituting o with (o - c_us_) in Egs. (5) and (8) gives the rounded leading
edge effect shown by the difference between the dashed and solid line curves in Fig-
ure 4, Although the predicted effect 'of leading edge roundness is in the right direc-
“tion, it is less than what was observed experimentally, One possible reason for this
- is the following: It was discussed in Referéﬁce 5 how a slackening of ﬂie‘vortex—induced

LOCKHEED MISSILES & SPACE COMPANY. INC.



LMSC-D057194

load buildup was observed to occur aft of '40%_'cen£er chord (£ > 0.4). This was |

atiributed to a "loosening® of the vortex shedding; i.e., the voriex becomes less con~ |
- centrated.. Such an increase of the vortex core could ocecur for two poss:.ble reasons:

1) the center core axial veloeity is decreasmg or 2)the vortex sheddmg meﬂhan1sm ',

from the leading edge has changed, If the second reason is the significant one, the o

. leading edge romdness could be expected fo eontribute to further "oosening'" of the
voriex shedding with associated loss in vortex—:‘nduced hft ' Howe’ver, if the first .
_ reason dominates, which would be in accordance with the causative mecha_msm for
the more severe "loosening" phenomenon called vortex bursi: (Refs. 23 - 25), the
| leadmg edge romdness effect should be accounted for by the {o - oas) correciion,

* This appears to be the case judging by the good agreement between predictions and
experimental dynamic results# (Ref. 11), for g delta wing with rounded leading edge
(Fig, 6),

~ 'That this purely static effect of leading edge roundness suffices to explain the
dynamic effects is somewhat surpmsmg in view of the la:rge overshoot of static stall

observed in dynamic testing of airfoils (Ref 26) However, it is in agreement with o

the dominance of three~dimensional flow cbserved by lambourne (Ref. 18). He
showed that it is the flow conditions at the apex at an earlier time instant that deter-
mine the instantaneous downsiream vortex strength. ' '

2.3 Lateral Characteristics
The drminant lateral characteristic of a sideslipping delta wing is the rolling

moment derivative C, 8 (Fig. 7). At an angle of sideslip, the effective apex angle
of the mndward S1de is mcreased by an amomt ABLE (see }3‘1g. 8).

| ABLE (tan ﬁ/cos aa) ' (17

or for small 51desllp angles, ’ Lo B

AQLE Bseca. L e _(18)

# - Qg ot ]

For ’r,he G%thlck wmg azn =12° gives oas—5.’i' .
2-7
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In aitached flow, the windward side normal force is, increasing because of the
increased aspect ratio, Eqs. (1) and (2) give
. -. KP = 27rian QLE,cos 9LE

. Thus, the B-derivative for the normal foroe of the windward half of the delia -
ng can be determmed as follows '

1 1 cha.' 11 6KP 40y

_.-——-_.—_—---—-—-

Ky 80,5 - fg-tn g . @0
dg..
d;IBJE = gec ¢

- The corresponding rolling moment derivative for the wing half is -

1% 1% T o
2 dg 2 dg B @1)
V. BT
b 2
and the derivative for the full delia wing becomes
dc E . Co ' ,
£a _ *a ‘'a Na
@B =75  cosa (o t'-”LE'“‘“I QLE) | o @2

. For the a.ttached ﬂow Ioads the load dlstmbutlon remains the same for small

_ _s1deshp a.ngles.. ThlS is not true for the vortex—-mduced loads, which are determmed S

"only by the- conchtmns at the Ieadmg edge. The Ioads given by Eq. (6) are the same
E regardle_ss ‘of whether it is a swept wing or a delta wing, That is, the presence of
the center wing avea of the delta wing has no effect on the vortex strength and the - -

LOCKHEED MISSILES & SPACE COMPANY. ING.
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vortex—mduced loads near the leadmg edge, given by Eq. (6}, Itis only needed to
realize the vortex entramment effect, Eq. (7) 'I‘hus, the Wmc.wa.rd ha]i of the del_ta'
wing has the followmg increased load due i:o the suieshp angle (see I‘1g. 8)

%; Cyy (@2 8) = % Cxv (oz,; 0} 5 (a, -;_3)/s (@0 e
S (@, B)Y/S (x, 0) = 1+ 8 sec @ (cot eLE ~tan o1, )
'Tﬁatis :
dc . S ' . o _ _
(dﬁ )B_O_zcosaz(cqte ta.neE} ) : 7(24)_

- For: the 7 0% of the vortex mduced load loca_ted near the leadmg edge, Eq. (6), the _—
effectwe lever arm YV for the rollmg moment is (see Etg. 8).

" v'"' ‘EV o [nv(’ﬂaﬂe + B seca@) o
L - (25} .
- {3 sec oz] cos (B sec a)
Fur small sid'es.lip, angles £ the eﬁectivedimensionléé's lever arm for the wind- -
.. ward half of the delia wing is

[T i3 ﬁ 1-7 cot @
5,5 v[l- T

A b L2 ' W.v_'_ . G0S @

For thie 30% of the vorte load' caused by entrainment effects the dimensionless
'leverarmls : L |

]

2~9
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The pB-derivative of the roliiﬁg moment for the Windward half of the delta wing is

1 9%y - 0.7 v (Yv\ 0.7 o 8 (Yv) -
"5 @ -2 ag \B 7T 2 "NV Bf 7 -
dc : (28)
. 0.3 T (ﬁr) L
5 "ag \b /.3

_ EQS- (24) - (28) deﬁne the followmg rollmg momem’: derwa.tlve for the vortex in-
' duced loads on a delta wikg : . .

dc c B '
8%y %y i E (e =
"'( a8 )B=0 = 2cosa ° Ym {0'7- &y [(2- e Oy Ty 1]
roaf - oy,

The roll stabi]ity derivative given by Egs. (22) and (29) in combinaﬁen with

. .Egs. () and (8) is compared with experlmental data (Ref. 27) in Fig, 9. The agree—-

ment is excellent, sunstanina]ly better than for Polhamus' theory (Refs 6 and 27)
: 2‘.4 'Mach Number Effects .

) At somc speed Jones' slender wing theory (Ref 8) applles. _ Thus, the whole wing
is efEectlve, i.c€.; ATE =0 and the "plateaumg" does not occur The a,ttached load
d1str1bu’w.on along the center chord is as follows for M, =1
- ae. sz ate® s
1 Na, - LE

2Ta@E T T (2ey) CEros=gs=t0 (30)

The eorresponding vortex induced load distribution is

_Lligm_ll'm?rg sn;zoa 0= E=0.4

0.7 2 d& ,0.6851; sin® e : 0. 4 £ =1,0 6y
, 1-.'1dNV.Z".-:.':'3" - R

.32 dE =1 057wésin"¢ v 0= E=1,0

#It should be noted that the present theory 1s of se::m—empmmal nature, whereas '
Po}hamus’ theory is of the pure variety, : _ A
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Integratlon gives the followmg aex'odynamlc chara,cterlsi:ms of a delta w:ng at

M =1.0

I

. -(0 /0) C

T (A/z)_ siﬁ @ cos a

‘ra (E

2 2
7’!‘8111 o sec BLE

50(3)

~ (6,/%) -cm', (g"v £ .'gZCG). L

.. (32)

- Tegardio A

E = 0'667

“An obvmus Way to make a smooth transﬂmn from M, =0 to M =1.0 in

TE As the following .

App = Brpg) yi-Mm ~ f"(33)1
T_ TEM 1_0 oo : .
| Applymg the same smooﬁhenmg also to the load dlstmbuuon gwes the followmg
umfled representatlon of the subsomc 10ng1tudma.1 a.erodynazmc chara.cterlstlcs ofa.

o delta wmg.

"a
n

- m(a/ s cos & (1-0.00 V1o w0 7) -.\-.
(i-'smz'eLENJl-Mz S |

vcc?-/a)lfic ; Ece)

e _ 2 2 :
| ,G —  7TSI]1 @ sec GLE

= - (e,/8) ch (€V~ eGG)

ey

Q
|

e
i

-

!E

(0 587 0 027

(1 nvsm BLE EY
Co2e1l _
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'I'he unsteady aerodynamcs are gwen by Eus. (10) and (13) alsoat M _ 75 o 1f
Eq. (9) is subsm:uted by

el [(1-009 A1- MA@T / o
_ 1/2 - (35)
' .c.r - sin® QLE ‘Jl M, )(2—005 -cu('))] . _

and Ev '-are obtained from Eq. (34)

CNO!V" %2
The expressmns for the- rollmg momeut derwahxre remam the same as before,
Eqs (22) and (26). '

o Figure 10 shows that the longitudinal aerodynamic characteristics of a delta wing - -
o at subsonic speeds predicted by Eq. (34) are in excellent agreement with experimental

- _data (Ref, 27). Gombmmg Eq. (34) with Egs. (21) smd (28) glves the pre.dlcted rollmg

moment derlva.hves at 8= 0. Figure 11 shows that these are also in good agreement
w1th the experlmental resulis (Ref, 27) ' ;

It is of considerable iuterest to know. how tar into the supei‘édnib i‘égidn this
_approach based on Jones! slender mg theory (Ref 8) can be carried. Brown (Ref. 28)
has shown that the slender ng theory gives increasing over-predwhon of the 1ift for -
increasing apex angle and increasing Mach number (Fig. 12). The results in Fig-
~ure 12 are well approximated by the following expression.

KM = ‘CLW/((_}L&)_S_L_-'W- =1.00 -

Olq(tan,u. ._-0.06)._ tan;.t >006 7 | | (36)_

Polhamus' expressmn (Ref 7). for the. ef:t‘ect of supersonic Ma.ch numbers on i:he _

 vortex lift can after some algebra be written as follows
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KV(M >1) . T ._ : |
KV_(M = KM 1" “—'——_ : - en

‘When the leading edge goes supersomc, tan GLD = tanpu, the vortex Lift dis;

appears, as it should.

With these results the Iong1tudma1 aerodynamlc charactenstlcs of a delta wmg can‘

: be determ.med as follows for supersomc speeds, M >,

n

€ L KM' (A/2) sin @ cos @

Na

Cpp = = (6,/0) (0.667 = £, CHA

S tan @
Cyy = 7Ky sin® @ sec” 9y o #1 - (__ta_imﬂz)

Cy = - /90557 - £oq) Cyy

I

The unsteady aerodynamms are gwen by Eqs. (10) and (13) provzded tha.t Eq. (9)

c -~
: Eﬁi = [I(M'(z—cos'_'.z

o

ay’ _ (3.9) -

]1/2 |

Combining Eqs. (37) and (39) with Egs. (22) a.nd (29) gives the ro]lmg moment

' derlvatlve C‘E’B for superson’ speeds.

At hlgh c!:.upza-r.s;on:.ca speeds, where the Ieadmg edge. ﬂow is. supersomc, another
analyhc approa.ch is needed. The unsteady embedded Newtonian flow theo:. v (Refs 2.9

- and 30) can provide the bagis for prediction of the a.ttached flow Ioads, on top of Wluch
_separated ﬂow effects can be stiperimposed (Ref 24).- '

2-13

LOCKHEED MISSILES & SPACE- COMPANY. INC.




LMSC-D057194

- 2.5 Effect of 'I'raﬂmg Edge- Sweep.

o The delta. wmg analysm can be extended to apply to slender wmgs with swept
' Ieadmg a.nd traﬂmg edges. Two equwalent delia wmgs are defined, one for the
- attached flow loads and another for the voriex mduoed loading (see Fig., 13) The

o .equwalent delta wing characterlstics are refeleneed to the slender wmg geometry L

' 'usmg the Followmg ratms

§#/8 = (L - tan _BLEtan Opg)/(L =7 tan 9LE tan .QTE)Z”
c*o/%,_ = '1/(1 - a‘f tan 9 tan eTE) (40}
b'*/bf= (1= tan By, tan eTE)/u -7 tan e tan GTF)

- Plgures 14 and 15 stiow that the low speed longitudmal and lateral stability char~

B f*terlstlcs predlcted by use of Eq. {40) in combmatlon WJ.th the delia wing expressions, .

Eqs. 4, (1) (2.2), and (29), agree Well with experlmental results (Ref 27)., Iti is
appar ent that i;he present method oﬁers a definite 1mprovement over the Polhamus
theory, especlal'ly in regard to the arrow wmg characteristics.  'This is true also at
high speed, M_, =0.8 (Figs. 16 and 17). ’

#The star indiéafés paré;méter values .fof..the edﬁix} al'é;i’c delia ng Sl
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| Section 3
ORBITEB., UNSTEAIDY AERODYNAMICS .

o 'I‘he space shuttle orblber has a wing of double-delta pianform (Fig,. 18) A:a 8o° -
swept inner delta wing, a ‘strake, is precedmg the 45° swept main delta mng. It i is
well known that the strake vortex induces a load on the main wing {See Tig. 19 and

 Refs. 31-33). At high angles of attack the sirake and main wing vortices may combine

to form one (Iarge-core) vortex (Ref, 32), T absence of a fuselage the downstream
strength of the strake vortex, de’eeﬂmnmg the magnitude of the vortex induced loads,

o Would be the mﬁegrated result of the angle of attack- dlstrlbutmn along the strake Iead- S

ing edge, However, in the presence of the orbiter fuselage (Fig. 18) the flow situa-
_ tion changes dramahcally. At low angles of attack a gorner separanon occurg at the .
wing-fuselage juncture Whlch rea.ches all the way to the strake- apex already at moder-
ate angles of atiack., The corner separation is vented via a vortex which affects the
1ift over the aft wing. When the separation oceurs at the sirake apex, the'r.éitﬁﬁatiqn-is'v 3
similar o that for free-body vortices on slender bodies of revolution Refs. 34, 35,
- 38 and 39). For the shuttle this means that crossﬂow at the simake apex determmes

- 'the prommlty of the vortex core to the aft wing, thereby determmmg the aft wing 1ift.
Thus the situation is very much different from the one dealt with earlier in the pure -
. delta wing analysis. - ' |

8.1 Rigid Body Dynamics

‘ - The rigid body dynamics of the orbiter (Fig, 18) are cbmputed in the following

. manner. An eqmvalent slender wing ig defmed for computation of the attached flow
unsteady aerodynamlcs, snmlarly to what was done in the delta wing. analy&s earher.
The trailing edge of the equivalent; mng is located such that the computed slender

" wing force derivative C... at o =0 agrees with the measured.. CN e - The vortex -

Na{
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induced loads are defined as the difference at angle of aftack between actually measured
static chax actemstios (ne - 36 and 37) and the computed attached flow charaoterlstlcs.
In this manner the flow compllcatmns caused by the fuselage are accounted for in re-
gard to the magnitude of the vortex induced loads, Tn order fo obtam the unsteady
aerodynamics one ]Jas to deterrmne tha phasmg of these loads.

. From the earlier discussion it appexrs reasonakle to Tump the crossflow effects
on the strake-fusslage vortex to the strake apex., That is, the strake-fuselage vortex
is like a free body vortex (Refs. 34, 85, 38 and 39), or a partial span vortex (Refs. 4 -
_ and 40), and one can assume that T= U 'I‘hus, the 11ft generated by the strake~ B '
fueelage vortex at a ‘station X=X, downstream of strake apex is determined by the ' -
‘cross flow at the strake dpex a tlme instant At earlier, where At= (x—x A)/U o -
Thig analys1s is carried oui in detail in Paxt IT of the present report (Ref, 21). The :
dynamm charaoterlshcs computed m this manner are shown in Eigures 20 a.td 21.
The agreement with expemmental results (Ref. 41) is good, not only at subsome speede
(Fig. 20) but also in the transonic speed region (Fig. 21}, -Note the opposite effects on
dynamic and static stability of the separation induced loads. In the transonic’ epeed
region (]5‘1g. 21) shock-boundary layer interactions comphca.te the picture. However,

_also the shock-induced flow separation i is toa large extent controlled by the strake-
fuselage vortex (Ref, 21). Thus, the eross flow at the strake apex determmes also
the shock~induced separated flow effects on the vehicle dynamics.

3.2 Aeroelastic -Uharacterisﬁes

' The rigid body dynamic data for the orbiter shown in Figure 22 for M__ =1.2.
- reveal that a dramatic change of flow pattemi oceurs at o = 8°, 'I‘he-mea'sured large

- increase of dynam,lc stabﬂlty and. correspondmg moderate decrease of static stability

‘are typmal for nonlmear, possﬂaly dlsoontmuous, aerodynamm eharacterlstlcs which

-~ LOCKHEED MISSILES & SPACE COMPANY. INC. .
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are assoclated with suddenly mcreased flsw separa’clon, such as has been observed on
slender coneﬂcylmder bodies (Ref 42) 'I‘h.s aceotmted for the 1% (of critieal) loss of '
dampmg measured on the Saturn~Jupiter noge shroud (See Fig, 23 and Refs. 42 and
4_3)_'. ~ Whether this sudden increase of the flow separation will increase or decrease
_elastic vehicle damping depends 'snﬁrely on the mode shape. Figure 243 shows how one
of the candldate straight wings for the early space shuttle conﬁguratmn experlenced '
'undampmg (negatlve dampmg) at M =0,85" (Ref 44y, I‘1gure 245 shows the meas-
~ured vibration response for a slightly different wing, * However, on the Swept wing: -

of a lngh performance aireraft a sudden change of the. snock—-mduced sepa:catlon pat-
te:c'n causes increased dampmg (I‘1g. 95 and Ref, 46). '.E‘hat the wmg bendmg resyponse
still increases in this case is the result of the increased forcmg function, the buffet

- input. It is the combined: effect of the fereing function and the change of aerodynamlc '
dampmg that determines the buffet response (Ref. 47)

' Figﬁr'e 26 shows the similax éffects of sudden -separaﬁdn on céc;neé-sylinder bodies _
{Ref. 48) and two-dimensional airfoils (Ref. 19). A force COuple is genersted together =~
with a net negatlve normal force, which may be more pronounced in the two-d1mens1ona1
~ flow case. Fxgare 27 illustrates how ’chls net negative foree Would produce a statlcally .
destablllzmg a.nd henee dampmg effect on the rlgld body ol'blter, oscillating i m pltch B
all m agreement vn.th the results shown in Figure 23, The effect for the elastic mode
sketched in Figure 27 will be the- opposﬁ:e with the force. couple providing a statically
resi:ormg and hence undaumg momenf: It should be noted that it is the force couple
that does the damage to the aeroelastic: dampmg. Thus, 1{ the resultant net foroe had
been of neghgzble magnﬂ:ude the rigid body dyna.mlc data would not have given any S

' 'warnmg about this poss1b111ty of aercelastic instablhty "The questionis then, whether

or not the actua.l orbiter can experience such large adverse aeroelastic effects. Flow )
~ visualization photographs (Ref. 49) indicate that ﬂns can. mdeed be the case. The
" hodal line for the first torsmnal mode, as obtamed from Reference 50’#, is delmea’ced

*Actually the ﬁn for ﬂle same stralght wing space shuttle conﬁgura.ncn, (Ref 45).
The peak response is, therefore, at M = 0 90 and not at M, = 0 85 :

Note thiit the ﬂutter investigation in Refel ence 50 Was performed at a=0 a:ﬂd
oz 3%, i.e., far from the ermca.l cz-range for sudden separa.tmn changes.

- :3_:_-3 .
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in Figure 28. One notices that the eepara,ﬁon line moves from a position aft of the
nodal lire to a posmon far forward of the nodal line when the angle of attack is in-
'creased from @=5° to @=10°,

 When combin_ing the information presented in Figures 92 th‘reugb.zs one hecomes

convinced that large adverse asroelastic effects will be experienced by the orbiter
wing at certain critical combinations of-angle of-attack and Machnumber, TFigure 29
‘shows how this critical angle of attack varies with Mach number and cone angle for
- cone—cylmder bodles (Refs. 47 and 48). Within the « opip-YanEe shown the flow alter-
- nated between the two separated flow patterns. This would indicafe that the adverse .
aeroelastic effect can be realized for a range of angles of attack. « = @it *Aaerit s
as is also verified by the resulis ol}tamed with the Jupiter nose shroud (Fig. 23)

a erit and, in parhcular, Aaacr "
of course, expect the eritical angle of atfack region for the orbiter wing to be equally
| sensmve to Reynolds number. Tn a.ddmon, elevon deﬂectmn W111 strongly m_ﬂuenee -
ot for the orbifer, -

The orhiter wing with its highly swept leading edges is subject fo strong three-
dimensional flow effects. How the wing sweep affects fhe shock~boundary layei' in- .
teraction has been stucbed thoroughly (See Ref, 51) The similavity with the flow .
.pa.ttern on the orbiter ng (Ref, 49) is apparent in Flgure 30, In addition to tbls
triple-ghock. comphcahon, the wing sweep also mtrodt.ces a unique boundary layer
* ‘transition behamor with associated dec1s1ve effects on the flow separatlon patterns.

The spanwise flow, with its propenelty for the development of an inflexion point in its
- boundary layer preﬁle (Rel.. 52), causes the flow to become turbulent on the outer ng
panel while 1t iz still lamnar mboard Tor some ra.nges of Mach number and angle

~ of attack this causes the outhoard wing to have a region of atfached leadmg edge flow

; - with' retarded shock—-mduced sepa.ratlon (see Fig. 3% and Ref, 53)." Ala certainangle -

of attack the eeparatlon jumps to the leading edge causing a dramatic cMge of the
flow field over the complete wing. How this crltleal angle of a,ttack var:es with leadm .
" ing edge | sweep for TACT-F111 (Refs. 54 and 55) is shown in Figure 3. The F111

" wing with its supercrmcal airfoil and built-in 4 degrees "wash—-out" at the wing tlps o
" does exper ience. the _ﬂ_ow_ pattern shown in Figure 31, ‘whereas the orbiter with its

s
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more conventional airfoil shape does not, (Fig. 28). ‘Thatis, on the orbiter the

separation does not jump all the way fo the leading edge when & exceeds I

- Otherwise, _a for the orb1ter fits mto ﬁhe genera.l f:rend shown by the TACT—Flll

(see Fig, 32),

Unfort:mately there are no flow pictures available for the orbiter without OMS~ - -

- pods.,- - Without the restrammg action from the pod ghock the separa.ﬁon probably

moves favther aft before it jumps forward, Whether or not it jumps all the way to the

"lead'ing edge is a moot question. Tn any case, the discontinuous force change will be

1a1ger than in the presence of the OMS—-pods. This explains the much larger damping -
measured on the ""clean™ orbiter. {see I‘1g. 22) It is also in ag‘reoment with the ob~-

 served large eﬁect of pod geometry on the complete wing flow field (see I‘1g. 33 and
_Ref. 49). Itis obv:tous thatata 51de511p angle a
' Wmd and down—wmd ng halves. ‘That is, the snap roll problem encountered on the -

orit will be dxfferent for the up-
straight-winged early orbiter configuration (Befs. 56-58) could be of concern alzo for
the. present orbiter.. The wmg tip loads dominate the rolling momeui: and have an
even larger effect on the ng root bending moment (Ref 59), Tn addition fo snieshp, s
coni;rol deflections can have very large effects on elastic and rigid body dynamics
(Refs. 27, 35 and 56), - During launch the mterference flow efiects from HO-tank and
SRM-~rockets are large even when not congidering the effects of rocket plumes (see

.- Ref, 60 and Vol. I of the present report). Addmg to all this complexity is the fact

that 11: is very difficult to siraulate shock boundary la,'yer mteractlon even m the simple
case of a straight wing (see Fig, 34 and Refs. 61-63), When considering the three- -
dmensmnal aspects (F:gs. 31-34) the problem becomes even more form:zdable.

LOCKHEED MISSILES & SPACE COMPANY. INC. "
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Section 4
CONCLUSIONS

A study of the steady and unsieady aerodynamics of the space shuttie orbiter has

given the following resulis.

. The effect of Mach number for a subsonic leading edge is accounied for by a
- simple modification of Jones' slender wing theory for the attached flow loads

and by a reformulation of Polhamus' theory for the vortex induced loads.

The effect of leading' edge' roundness is largely accounted for by considering
the delay of leading edge separation in the cross flow plane due fo leading
edge roundness. '

The effect of trailing edge sweep {forward or back) is well predicted by use

- of two equivalent delta wings, one for the attached flow loads and another for

the vortex induced loads.

Both pitch and roll stability derivatives, determined by the presented closed
form solutions, are in excellent agreement with available experimental data.

" The slender wing analysis can be extended to the orbiter wing with its double-

delta plan form wing by defining two equivalent wings.

The attached flow loads are given by an equivalent slender wing that
gives the measured CN& at ¥ =0.

- The vortex induced loads ave defined as the difference at o > 0 between
measured total loads and computed attached flow loads, The cross flow
at the strake a.pex.is COntrolliJig the unsteady effects of the voriex in-
duced loads.

‘e The uns"oeady aerodynamies of the orbiter computed in this ‘manner are in

good agreement with measured dynamic characteristics in the whole Mach
.number range investigated, 0.3 = Mm = 1.2,

4-1

LOCKHE_ED MISSILES & SPACE COMPANY. INC.

e P gy 4t gt it ke vVt g o



LMSC-D057194

In the iransonic speed region, 0.9 =M _=1. 2, the space shutile orbiter
ig subject fo vortex—shock—boundary layer mteracnons which cause highly
nonlinear or digcontinuous changes of the aerodynamic loads when a critical
angle of attack is exceeded. It is found that ﬂns could have a strongly ad-
verse effect on the aeroelastic stability of the ng in its lowesi: torsmnal
mode. This flow phenomenon can also have a dramatic effect on the vehicle

- dynamics, with the possibility of snap roll;-hemg...o:t some concera,

The vortex-shock~boundary layer interaction is extremely sensitive to model
surface roughness and free stream. Reynolds number, and it appears impossi~
ble to simulate if in a wind funnel test wless full scale Reynolds number can
be reached. This is not possible with present ground test facilities, at least

- not with the size model needed for the comphcated space shuttle. For these -

reasons the following approach is suggested.

Obtain consistent static and dynamic data for a "nominal eurrent” con-
figuration including. "current" OMSmpods and the operahonal range of

7 cont*'ol deﬂecuons.

Conduct parametric tests to determine inecremental eifects of geometric
changes, conirol deflection, sideslip, etc. as wellas of surface rough-
ness and Reynolds numher.

Develop analytic means by which the wind tunnel test results can be

predicted thereby ensuring confident analytic extrapolation to full scale

conditions.
Obviously the investigaﬁon outlined ahove should be broad eﬁOugh to enable
the analyst to find "fixes™ as needed to ensure structural mtegmty and
acceptable vehiele: dynamms. ' '

4-2
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Appendix A
NOMENCLATURE

aspect ratio, A= p2/8

speed of sound

inefficient wing area at M =0 (Fig. 1)

wing span

reference lengih

slender wing root chord

Mach number parameier, Eq. (36) |

potential flow and voriex lift factors, Eq. (1)

fivst approximation of KP

lift: coefficient C; = L/(p, Ui/z)s

rolling moment: coefficient C, = £/(p_ Uozo/ 2)Sh
Mach number: M = U/a

pitching moment: coefficient C_ = Mp/ (p Ufo/z)ss
normal force: coefficient Cp = N/( P Uf;/z) S (Fig. 6)
static pressure: coefficient Cp =(p - 1:)“(,)/(,0“o Ui/Z)
pitch rate

airfoil nose radius

Reynolds number

reference area (= projected wing area)

local semi~span
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S ™ R

(x, t)

@ D 3 e

o

=)
y
k=l

@
H
=

=

qQ © v F

B (x)

gl

time

horizontal velocity

convection veloeity

axial body-fixed coordinate (see inset in Fig. 1)
spanwise body-fixed coordinate (see inset in Fig. 1)
angle of atiack (Fig, 6)

’grim angle of attack

sidesglip angle (Mg, 6)

elastic vehicle deflection, 4(x, t) = (%) q(t)
damping, fraction of critical damping
dimensionless y-coordinate, 17 =y/s
angular perturbaﬁon in pitch

cone half angle

apex balf angle (see inset in Fig, 1)
trailing edge sweep angle (Tig, 12)
leading edge sweep angle, A= 7/2 - QLE
Mach angle, p = cosec™t (M)
dimensionless x~coordinate, £ = (x, - X)/¢
air density

wing tip acceleration

x-distribution of normalized bending deflection, §(x, t) = @(x) q(t)

free~free hending frequency and rigid bedy pitching frequency

reduced frequency, w = co/Um
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H Subsecripts

= A apex

:J a attached flow

— CG center of gravity

u crit critical

1 d downstream

- eff. effective
LE leading edge
max maximum

i Nor .L normal to leading edge

o s separated flow

1"; TE trailing edge

H v vortex

N 2D two-dimensional flow

%_i 0 freesiream conditions

! jﬁ Superscripts

. &) trailing edge coordinate, Eq. (39).

-) barred quantities denote integrated mean values, e.g., centroid of

aerodynamic lvads
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Figure 7 Definition of 6-D Parameters
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Figure 13 Definition of Trailing Edge Parameters
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Figure 28 Flow Visualization Pictures of the Orbiter Wng at o =5° and o« =10°
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Figure 30 Wing Sweep Effect on Shock-Indused Flow Separation
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Figure 31 Effect of Early Transition of Spanwise Flow on the Shock-
Induced Separation on a Swept Wing at M_ = 1.05, o = 6.6°
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Figure 32 Effect of Leading Edge Sweep on Sudden Change of Shock-
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Figure 33 Effect of OMS-Pod Geometry on Orbiter Wing Flow
at M_=1.2, a=0
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Figure 34 Scale Effects on Shock~Poundary Layer Interaction
at M_=0.85
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