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1.0 SUMMARY

This design note presents plots of Orbiter thermal and equi]iﬁrium
glide boundaries in the drag/mass-relative velocity (D/M-V),
dynamic pressure-relative velocity (q-V), and altitude-relative
velocity (h-V) planes for an Orbiter having a 32,000 pound payload
and a 67.5% center of gravity (cg) location. These boundaries were
defined for control points 1 through 4 of. the Shuttle Orbiter for
40°-30° and 38°-28° ramped angle of attack entry profiles and

40°, 38°, 35°, 30°, 28°, and 25° constant angle of attack entry
profiles each at 20°, 15°, and 10° constant body flap settings.

1.4-4-8



e

2.0

DM MO.:
PAGE:

INTRODUCTION

Thermal and equilibrium glide boundaries are used to anaiyze and/or
design Shuttle Orbiter entry trajectories. The boundaries presented
in this note were used by the Flight Performance Branch (FPB) of

the NASA for trajectory profile shaping of entry trajectories
corresponding to a vehicle weight of 193,000 pounds (32,000 pound
payload) and a 67.5% cg location. These conditions are consistent
with a 28.5° inclination Eastern Test Range (ETR) mission and were
used by the FPB to evaluate an ETR mission in support of Thermal

Protection System (TPS) design.

1.4-4-8
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3.0 DISCUSSION

——

Plots of thermal and equilibrium glide boundaries in the D/M-V
(Figures 2-49), q-V (Figures 50-97), and h-V (Figures 98-145)
planes are presented for the 40°-30° and 38°-28° ramped angle
of attack profiles and the 40°, 38°, 35°, 30°, 28°, and 25°
constant angle of attack profiles each at 20°, 15°, and 10°
constant body flap settings. The 40°-30°-and 38°-28° ramped

angle of attack profiles are presented in Figure 1.

The data presented in the note were generated using the Thermal
Boundéry Analysis Program (TBAP) (Reference 1) which uses
simplified heating models in defining thermal boundaries.
Revisions to TBAP for this study include a more sophisticated
method in determining the normal shock viscosity coefficient
(Reference 2), updates to the transition criteria on control
point 2 by representing the normal shock Reynold's number as a
function of angle of attack and body flap deflection angle
(Reference 3), and updated transition criteria for control point

4 (Reference 4).

The equilibrium glide boundaries were generated using a digital

program to solve the equilibrium glide equation:

oM = S— [1-4 | | (3-1)

2
5cos¢ vsat

R g
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D = drag force (1bs)

M = mass (slugs)

Vi = inertial velocity (ft/sec)

g = gravitational acceleration (ft/secz)
L/D = 1lift-to-drag ratio (-)

¢ = roll angle

v = sattelite velocity (ft/sec)

It should be noted, in equation (3-1), that data for the equilibrium
glide boundaries in the D/M-V planes were calculated as a function

of inertial velocity (VI) but were plotted versus relative velocity
(V) as though V = VI' Therefore, for the data to be meaningful,

a transformation from inertial to relative velocity must be applied.
In the D/M-V plane this can be done by shifting the data by the
difference in the inertial and relative velocities for the trajectory

of interest. An approximate transformation is

V.= V;-wRcos i (3-2)
where

w = earth rotation rate (radians/sec)

R = earth radius (ft) |
and i = orbit inclination (radians).

Equation (3-2) is least accurate for polar orbits, exhibiting a

maximum error of about 45 ft/sec. On the D/M-V boundary figures
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presented in this note a 45 ft/sec. error is negligible. Hence,
equation (3-2) can be used to adjust the equilibrium glide

boundaries to account for orbit inclination.

The equilibrium glide boundaries in the q-V and h-V planes can be

determined from the drag equation:

2
oV CDS

oM = 2M

where D/M is determined from equation 3-2 and

Cp = aerodynamic drag coefficient (-)

S = reference area (ftz)

P = free stream density (slug/ft3)
that is

= . 1,2 .MM

q = 5o ‘(M) C,S

and h = function of p

M
where p = (Q) e

M 2
) CDS

The solution of (3-4) and (3-5) requires an iteration on altitude

- -since CD is a function of altitude through the Mach number and

since h is not easily represented as a direct function of p for

the 1962 standard atmosphere.

(3-3)

(3-4)

(3-5)
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The data for the equilibrium glide boundaries in the g-V and h-V
planes are accurate only for 90° orbit inclinations (i.e. orbits

for which v 2 VI). Unlike the equilibrium g1ide boundaries in

the D/M-V plane, a simple "shifting" of the boundaries in the

g-V and h-V planes is not possible. Determination of the

boundaries in these planes requires independent generation of the
data for each orbit inclination of interest. Note, however, that
the analytic drag control entry guidance software operates in

the D/M-V plane and the data presented in that plane can be adjusted
for orbit inclination thus providing all the informaticn required

for profile shaping for any orbit inclination.
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FIGURE 2 DRAG ACCELERATION VS. VELOCITY CORRIDOR
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FIGURE 3 DRAG ACCELERATIN! VS. VELOCITY CORRIDOR
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FIGURE 5 DRAG ACCELERATIOM VS. VELOCITY CORRIDOP

28 Tl ®» lllwyl = =

BEscaus =

-
53

S SESSY S
.

-4

il

D
19vd

L / ' n s -‘~~ %
| =B F3
nl ;- —
-2.6 -2.4 -2.2 -d. -1.6 -1.6 -i.4 -1.2 -1. o .

E+O4 E+O4 E+O 40U E+04 E+04 E+04 E+Od 3%
RELRTIVE VELOCITT. F/S

umy=v°l

| i [Eaccirem cmayer:



S

TR T

.t

}

 SEYEAL

el

pr oo, :
PAGE:

-

o ey soeers

B
Ehe i

FIGURE 6 DRAG ACCELERATION VS. VELOCITY CORRIDOR
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FIGURE 7 DRAG ACCELERATIOMN VS. VELOCITY CORPIDNR
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FIGURE 8 DRAG ACCELERATION VS. VELOCITY CORRIDOR
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FIGURF 9 NRAG ACCFLEPATION VS. VELOCITY CORRIDOR
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FIGURE 11 DRAG ACCELERATINM VS. VELOCITY CORRINOR
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FIGURE 12 DRAG ACCELERATIOM VS. VELOCITY CORRIDOR
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FIGURE 17 DRAG ACCELERATION VS. VELOCITY COPRINOR ; §
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FIGURE 20 DRAG ACCELERATION VS. VELOCITY CORRIDOR
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FIGURE 23 DRAG ACCELERATIOM VS. VELOCITY CORRIDOR
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FIGURE 24 DRAG ACCELERATIOM VS. VELOCITY CORPINOR
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FIGURE 27 DPAG ACCELERATIOM VS, VELOCITY COPRIDOR
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FIGURE 28 DRAG ACCELERATION VS. VELOCITY CORRINOR
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FIGURE 29 NRAG ACCELERATIOM VS, VELOCITY COPRIDOR
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FIGURE 30 DRAG ACCELEPATION VS. VELOCITY CORRINOR
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FIGURE 31 DRAG ACCELERATIOMN VS. VELOCITY CORRIDOR
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FIGURE 32 DRAG ACCELEPATIOM VS, VELOCITY CORRIDOR
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FIRURE 33 NRAG ACCFLFRATIOM VS. VELOCITY CORRIDOR
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FIGURE 35 NPAG ACCELERATION VS. VELOCITY CORRIDOR
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FIGURE 37 DRAG ACCkLERATION VS. VELOCITY CORRIDOR

H i

HHHH iigs 3 H T

R gomwn ou
——4

DS RRBEA LB6 20

B

T e

| =,

AL T oy

iR s

]

i s oot ot 1530

——




: FIGURE 38 DRAG ACCELERATIOM VS, VELOCITY COPRINOR
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FIGURE 40 DRAG ACCELFRATION VS. VELOCITY COPRINOR
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FIGURE 43 DRAG ACCFLFRATION VS. VELOCITY CORRIDOR
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FIGURE 55 DYMA''IC PRESSURE VS. VELOCITY CORRIDOR
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FIGURE 57 DYMAMIC PRESSURE VS. VELOCITY CORRIDOR
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FIGURE 59 DYNAMIC PRESSURE VS. VELOCITY CORRIDOR
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FIGURE 63 DYNAMIC PRESSURE VS. VELOCITY CORRIDOR
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FIGURE 65 DYNAMIC PRESSURE VS. VELOCITY COPPINOR
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FIGURE 71 DYNAMIC PRESSURE VS. VFLOCITY COPRINNM
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FIGURE 73 DYMAMIC PRESSURE VS. VELOCITY COPRIDOP
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FIGURE 75 DYMAMIC PRESS!'PE VS. VELOCITY COPRIDOR
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FIGURE 83 DYNAMIC PRESSURE VS. VELOCITY COPRINOR

SEES FOS U1 WSEAS SR ¥

T TITTTIT 30EE 20801 MhaH1 8380

88 FRRRA BRSRL 13829 1 FHgL V»J_H.#Fr
JEEL 48804 001 daitd aina] EARAR: 4*,;;:”‘

R iHD ilite

188

gt s — — -4
BRERd 00 I

[}
| |
|

B e
» ]

“ i
|
! 1 “,
| ! } m
S & - -4 r inas $ ._
_‘ 4534 e |
| ' .
H | N !
R e e -
| | 8¢ :

e b s
t vy

t

=38 7]

BF230




T T —— GiCatashio Ll bt Es o LES ML R ES
_.,f\ . N - B—— f\t_'.TVH. S, 2

T EEE T S

DN MO.: 1.4-4-8
PAGE: 91

4o
ittt

D N R e T T IR Y T e

D e R

Lerdball TGSl

1
.
} + ; ...-
_ Bk :
: ..1 7w
C. _
ez Hu :
c .
. :
-] ".m B
1 S %
> I
T
IV 1
8 '
i g il 4
¢ - Lol i 3
I ! i
- e =¥ ,
H | -
bW !
- g
S ]
L E EEH
;= 3
H r —
| B FEE
& i
s &
| = g
- oL .| ;
bow ¥ | :
m.n uw $ 3
i m i 3
T ! :
| |
_ !
w

B ST [




DN 0, :

R

- PAGE :

1.4-4-8
92

FIGURE 85 DYMAMIC PRESS!RE VS. VELOCITY COPPIPN




400d ST OV TV NIOTH0
HI 40 AUTEIoNaodd R
ooy
|

r“ \

FIGURE 86 DYPAIC PRESSURE VS. VELOCITY COPRINOR
e TR LIS SR S I B

__/ i /T'ﬁ L
e
/

IORE3 ESAR 1RIBIEAN. CHact

ELH"VE va.u:rn', F/S ey




FIGURE 87 DY!AMIC PRESSURE VS. VELOCITY CORRINOR
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FIGURE 109 ALTIT!'DE VS. VELOCITY CORRIDOR
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FIGURE 113 ALTITUDE VS. VELOCITY CORPIDOR
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FIGURE 122 ALTITUDE VS. VELOCITY CORRIDOR
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FIGURE 125 ALTITUDE VS. VELOCITY CORRIDOR
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FIGURE 129 ALTITUDE VS. VELOCITY COPRIDOR
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FIGURE 130 ALTITUDE VS, VELOCITY CORRIDOR
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FIGURE 132 ALTITUDE VS. VELOCITY CORRIDOR
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FIGURE 135 ALTITUDE VS. VELOCITY CORRIDOR
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FIG'RE 140 ALTITI'PC VS. VELOCITY COPRIDOR




FIGURE 141 ALTITI'DF VS. VELOCITY CORRIDOR
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