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1.0 SUMMARY

This design note presents plots of Orbiter thermal and equilibrium

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 1 , 15% and 10° constant body flap settings.
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2.0 INTRODUCTION

Thermal and equilibrium glide boundaries are used to analyze 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.
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3.0	 DISCUSSION

t 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 0-30° and 38°-28° ramped angle A

of attack profiles and the 40°, 38°, 35 0 , 30 0 , 28 0 , and 250

constant angle of attack profiles each at 20 0 , 15 6 , and 10°

constant body flap settings. 	 The 40°-30 0 -and 38 0 -28° ramped

angle of attack profiles are presented in Figure 1.

The data presented in the note were generated using the Thermal

Boundary Analysis Program ( TRAP) (Reference 1) which uses

simplified heating models in defining thermal boundaries.

Revisions to TBAP for this study include amore 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
i

4 (Reference 4),

The equilibrium glide boundaries were generated using a digital

program to solve the equilibrium glide equation:

:

2V
D/M	 _	 9	 1	 _	 I (3-1)

. -Dcos^	 Vst a

{
r

N
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D	 drag force (lbs)

M	 mass (slugs)
ES

cj

V	 inertial velocity (ft/sec)

9	 gravitational acceleration (ft/sect)

L/D	 lift-to-drag ratio

roll	 angle

V
sat	

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 (V,) but were plotted versus relative velocity

M as though V	 V
I ,	

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	 w R cos i (3-2)

where

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
f

ii determined from the drag equation:

PV2CpS
D/M (3-3)

2M

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

C	 aerodynamic drag coefficient (-)

S	 reference area (ft2)

P	 = free stream density (slug/ft3)

that is

_	 1	
2-
	 p	 M

= - CM/q	 2
 PV
	 C 

D 
S (3-4)

and h = function of p

211
where p 	 2MO (3-5)

VCS
D

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

since C
D
 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.



The data for the equilibrium glide boundaries in the q-V and h-V

planes are accurate only for 90° orbit inclinations (i.e. orbits

for which V Z V I ). Unlike the equilibrium glide boundaries in

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

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

fi	

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 information required

for profile shaping for any orbit inclination.
y

i
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Î

r'
n

L 
Z

a
-
t
-
V
t



FIGIIRE 15 DRAG ACCELERATI M I VS. VELOCITY CGpRIDnR

28.	 st fR	 is	 1R	 s^ tR 1R fR	 t	 !	 fR !`! '!'-! -t	 ! _'. _	 ^. *-	 _ -.: _ ,'

e

b

f

A



m	 ^	 ^

t+U4

FIG!'P,E 16 nn, G P,CCELERATIM VS. VELOCITY TO PID ►"	 +

1:5 
al

w *	 ! N ill a ^_— —!—•f—^ . . • fl A - — f— 'A ^^—-^— ^	 - —

f

-

Z

f	 -'

E+04	

__.	 ----	 - 1:7 m7

E+34	 E+04	 E+CV*-	 E+{i4
HELP TIVE VELOCITT. Fol

r

28.

24 .

m
W

i+'f

4-

-2.6
E+04



v
w

I

c'ccCCCHr
r
UCJW} N

I	
^

j	
Or-+

W
'
 
JWvC.:
4GWGW

nrl m
n.: 	

1.4-4-3
o
n
'
^
r
-
	

?410wyOy
U

^W
^c
c

JW

,W
 r.J

1
. S
v
W

V^l W

P
v W

l0 C
^

N W

-	
O

1	
A
M



N
WI

D
t!!10.:	

1.A
-4-8

PAU. :	
25

0

1
7
-7

,7

is

W
N

7
7

;T11

LA
J

C
D

cmMC
D

V
I

p copA
"

O
 

0  O
N

 PA
G

E 
L

9
 P

O
O

R
R

Y
N

N
A

L

i

7
1

ilk



P
N
 
'10

.
	

1 . 4
 
-
A
 
-
P
.

P
A
G
E
:
	

2
6

I
l
l
	

A
T
!

...........

T
'
T4^

- T-111"ll

fflaill 14
kil W!I,	

1411.	11	
'ill I Il

N
1 h

1
i
l
 
WIN 	11 	

1i 1 ; ^ 	{
	

!^ ^	
Iii	

^	
^ 	

^
 
W

Ill	
11111	

Hill I	
I I

Idil
1
 
f
f

	

	

.
.
.

Hill! Ill
Il

r
i
l

l

I
 
H

c
t

O
D

c
m

f 
k
i
f
l
9
f

4
1
C



i

t -2.6
E*<w

28

FIGURE 20 DRAG ACCFLERATION VS. VELOCITY CORMOR

,a it it x w m Nt nt •	 NJ 	 9 a -a w t:: v: •
Q	

^.
a • :

24 .

0
W

8.

U.	 ..- -- -

N

JV

o	 —	 —	 —	 —

--	 -

-2.0	 -2.2	 -Z.	 -1.a	 ^t.a	 ^!.H
E*(K	 Ev(K	 E*(X	 E•08	 E#oa	 E+9E -	 E+H 	 E•(i

WAPTIVE VELOCITY. F/! - 	 - —

0



J
^

M
til

'^
^'

nN
 110.:	

1. n
-A -^

onr_r. 	
120

i

U

i :m

9u

cccccUOJ
,
 
W7NO

_

HGC:JWVUQC
7NWdJC7

y

r^U-

FA
J
N

^
1
1

>Wyti
Aj !-gyW

L
^

5

WWi
W



D
N

 "
0

.:

f
_

T I	
}
	

{
	

P
A
G
E
:
	

2
9

NMI, I j

LLJ

L
L

	_
I
-
.
 
^
 
.
 
,
.
 
t
	

,'la
m
	

'^
^
 
t
	

J 	
'E 	

^^ 	
_
 
_
 
	

!_ 	
;

o'O
	

'	
;,; W

	

•
 
F
-
	

1
	

^

W
V

	

v
i
 
^
 
	

..; ly r-

C
)

	

LLJ

^
	

1

	

*
	

i 	
t 	

_
i.	

\ 	
riiu

r

	

o
	

j

	

LL_	
I	

r
	

`
C

	

!tE	
J	

N
 W

g
o
o

N W

	

chi 	
^
i 	

R
i 	

to
	

cv 	
A
	

a



c-

S/^i 'l1JJD'13A 311Jldl^kl
`: ^	^UF3na+3na+3 - -	, - - no+3 - — - _ no+3 -	no;3	no+3nv3	na+3	nab '-`''	'8-'.1-----L'L-..._____-_-- A'1-^_..	9'1-	8'1•x__.-__.-	'L-.-_L'L-	___	ft'Z-	9"-

.̂ u:
-	-	-	-

ca^

/

_-
._

_.
^

_. ---- ^^-

-----	J --
}^/	

- --- --_

_

i

i

_	_._._ -	-,e

	

-	_	^

	

__	-	' ._ ---_	

-	-	-- ^	- -	
^	

- -	_	
G

^-	...	^

-.	^

	

---	- -	_._

- -	- -	__	-	- . _ ---_	__. *. -	-
^_ _.	^	

_	^-•	-	_	. -	_-	i
' E

	

- -- --- - - - _- ----^- --_	,-_	--	-	^$y

--	
_

-	_:	^^	_
^_	-

/	L	'
_	_	-;^. __	_	__ .-..

..=	di	^^ _	. OZ •	3
_^	---	-	_-

^ /	
-- - _ _	^y	^	^

-	^-	'	P'
G	^	_	^ ,.-

i	---^ -- -	^ - ---- a
	

-_---- -----	`--	• hir	i
^'----^-----	-	-	^_	

Q
_.	.__ -- -

4

E.---:.. --	\	i ."'.	x ^ ^ ^ `^"^_ ^ T	n t It ^	_^-.	^- -^ ..! . i .	n at ^	• BZ ^ __
iiUQId'JU^ AlIJUl311 'SA IJUIlU^3l3^^d Jt121Q £Z 3ailJi^

^^
v,,:^^...^..d,^.^...^.^.e.^	^.,.^^...a

a



N

s"^..u ( ^
,^

O

/

^W y
;

`
 
S

D
P

I "0
.: 	

1
, n

-4
-8

P
A

(;F
 : 	

3
1

^^^
±

,
}
:
 
.

4	
^

f^	

,i	

,
^

,^	
,^	

^	
--w

^
'
 
^
	

'

^;
I t	

it
X
 
^
	

n
•

i _.	
^
 ^

/

	

^
z
. 	

^^
r^	

.I 	
i

'ii ^!^	
fi;

a 
IE	

t

	

t	
^
	

'.^ 	
t^ !	

I	
,i

_
_
^
-"^

.

^	
M
	

1	
i	

..

1 i 	
-
^
	

.

}

	

;^
	

^_	
i	

;

	

.t	
^ 	

^ 	
^ 	

^
 o

p

	

^
	

-
 ^

 -
	

_.

a

	

C
 
v
	

'	
^	

i
 
^
	

/

	

y
	

^	
'

	

N
	

i	

I

	

..:
	

^	
^^

	

^
	

^
 
_
 
^
`
 
"

,
.
 '^

.	
^	

^

	

- -
i	

^ 	
,^

\ 	
,`,, 	

t	

I

	

O
 
^
	

^
 
`
	

' 	
,

	

~
	

^ 	
^ r
	

^
\

	

F—
	

.

W

	

L
L
:
 
^
	

1	
i	

^	
S

	

^
 
^
	

f	
.^.	

'

^
 
^

	

G
	

+
°-. .

	

^
 
^
	

^
N

	

i	
'

	

C
	

^
 
'
	

!	
;	

' 	
'

I	
f	

1

	

^
	

, 	
i

	

r
	

^
^

	

^
	

^^	
^

•
y

^
o

r
or

v
 
^

	

^
	

aye. 	
^ ^
	

i

	

fl„	
^ "I-	

JO

wW

coN W

1

.^.- 	
^
	

^

^
	

03k^FX
1D

S '7^9.4l^d 'l^.t^:l1011liS
d3. '1

3
^D

H
 flk

^	
^ _

ti,^;P
R

U
ll U

li1L
l...

O
R

IB
^
N

A
L

 P
A

G
E

 L
S

 P
(^

It

a .





e4.

^..

W ^	 r	 _ .

^^ /

---

FIGURE 26 DRAS ACCELERATI^'! VS. VELOf.ITY CORRIDOR 	 {

^; --z _

^8.



^--+^ .

t
^:

. - 1}.
-2.6
E+04

-C.Y
E+04 E+0^1

t8.

CU.

W
^ •nL^

FIGURE 27 DRAG ACCELERATIO^^ V5. VELOCITY COf.P.Inn^

-- i

,b "

_ __

__ - .__	 ^...__._.__.y..^..^

- ="

-... 
___r----.'

.:
__^^

...	 _ ..	 _	 _ _.LJ

P ^

	

-	

_	 -	

')

..	 _	 .^_

-----	 -------	 -- - _.	 t_-^_r_ j_	
_

._ ..._

	

_ ----- s —	
1	 _	 _	 _

^	
-_

-	
---^-.t _	

- - - _'

^	 ^-'-_-

-_	 _ ..--- -.. - -	 -. _. ^f^^0-^	 . _ _ ___.	 _ _ , _ ^_

^o

-:.d	 -i.6	 -t.0	 -:.2	 ^1.	 ^,,
....,	 E+OU	 E+0^1	 E+LU	 E+OU	 E -0^1	 > •^

RELATIVE VELOCiTf. F/S

N

U

IC

^ .6.

L--

{^



r
^;	S/d ' ^lI^Ol3^ 3A? ll.'13k^- --
^^	1►D+3	ill'+3	110+3	T►0+3	h0+3	110+3	t10+3	i1D+3	hD+3
M	'1-	Z•1-	p•1^	9-•	8.1-	•^-	L-L_	^•L_	g•^_

c.- L^_ ..
^. C
C a

_x:--

T

':_^ J

'D

'h	^ ._i

I _^

8

.Z.

.-.
0
.,

' 9l rŷ
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FIGURE 143 ALTITIIDE VS. VELOCITY CORRIDOR
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