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FOREWORD

This addendum defines the symbols used in the math-flow diagrams
in the LMS technical proposal. For convenience, the definitions are
grouped according to the figures in which the symbols occur, and the
figures themselves are included as part of the glossary. To show the
complete equation structure on which the LMS computer loading esti-
mates were based, the portion of the glossary devoted to the LEM and
CSM equations of motion has been expanded to include the subsidiary
groups of equations necessary for weight and balance computation and
command module control by the LMS instructor.
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I-frame

IE -frame

IM -frame

E-frame

B-frame

FB-frame

H-frame

J' -frame

1. LMS AXIS SYSTEMS (EQUATIONREFERENCE FRAMES)

The LMS axis systems, all right-handed orthogonal triads, are defined as follows:

The origin of the I-frame is at the center of mass of the sun. The
X1, Yy, and Zjy axes are fixed in orientation with respect to the
"fixed'' stars. This axis system may be chosen to represent the
primary inertial system for the four-body problem under considera-
tion.

The origin of the IE-frame is at the center of mass of the earth.
The XIE and Yy _ axes are in the equatorial plane of the earth.
The ZIE axis is directed toward the north pole. The orientation
of the XIE’ YIE’ and ZIE axes is fixed with respect to the "fixed"

stars.

The origin of the Iy;-frame is at the center of mass of the moon.
The XIM, YIM’ and ZIM axes are defined to be parallel to the

XIg, YIE’ and ZIE axes.

The origin of the E-frame is at the center of mass of the space-
craft. The Xy axis is coplanar with the geographic polar axis

of the earth or moon, depending on whether the computation is for
earth orbit or for motion during the lunar phase. The Xg and Yg
axes lie in a plane which is perpendicular to the radius vector,

with positive Xg directed toward the north and positive Yg directed
toward the east. By virtue of the directions assigned to Xg and
YE, positive Zg is directed toward the center of the earth or
moon.

The origin of the B-frame is at the vehicle center of gravity. The
Xp and Zg axes form a plane which is parallel to some reference
plane which is fixed with respect to the configuration of the vehicle.
Xp and Zp are fixed in direction by considering them to be parallel
to some reference directions which are arbitrarily assigned to the
reference plane.

The origin of the fixed body frame is at some fixed point in the
vehicle. The fixed body frame is denoted by Xgppg, Ygp, and

Zpp and is parallel to the body frame.

The origin of the H-frame is at the vehicle's center of gravity.
The Xy and Yy axes lie in the plane which is perpendicular to

the vehicle's radius vector, with positive Xy directed along the
projection of the translational velocity vector on this plane. Po-
sitive Zy is directed toward the center of the earth or moon along
the vehicle's radius vector.

The J' -frame is coincident with the Ig-frame during earth orbital
computation. During computation of vehicle motion in the lunar
phase the J' -frame is referenced to the equatorial plane of the
moon. The origin of the J'-frameis at the center of mass of the
moon. The X and Y J' -frame axes lie in the moon's equatorial
plane. The Z J' -frame axis is positive out the north pole of the
moon. The orientation of the J' -frame is fixed with respect to
the fixed stars.
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J R -frame

"

J R-frame

Ecliptic-frame

The Ji,-frame differs from the J' -frame only in that it rotates

with the surface of the earth during earth orbital computation

and with the surface of the moon during lunar phase computation.
1"

The Jg-frame js defined in a complimentary fashion to the s

frame. The Jp-frame rotates with the moon during earth orbital

computation and with the earth during lunar phase computation.

This is an inertial frame of reference whose directions are fixed
with respect to the ecliptic.




2. LMS EQUATIONS OF MOTION (LEM AND CSM)
2.1 SYMBOLS ASSOCIATED WITH FIGURE 19

3110 3120 13
8917 392 293
2311 839s 833
Ax,, Ay, Az,
Py1» P1o by3
Pg1s Pgg» Pa3

b31, b3y, b33
€117 S12» %13
€917 %227 C23
€310 ®320 C33

Cp

(Cp), g ) Co)

dyps dyps dy3
dyys dags dag
%317 Y32 33

D. D
DXb’ b’ Zb

D, , D
th’

The magnitudes of the projections of a unit vector along the
LEM B-frame X axis on the Ig-frame or Ip-frame X, Y, Z
axes.

The magnitudes of the projections of a unit vector along the
LEM B-frame Y axis on the Ig-frame or Ij-frame X, Y, Z
axes.

The magnitudes of the projections of a unit vector along the
LEM B-frame Z axis on the Ig-frame or Iyj-frame X, Y, 2
axes. ,

The body axes components of the distance vector measured
from the origin of the body axes to the origin of the fixed
body axes. (ft)

The magnitudes of the projections of a unit vector along the
Ig-frame or Iyj-frame X axis on the LEM E-frame X, Y, Z
axes.

The magnitudes of the projections of a unit vector along the
Ig-frame or Ipj-frame Y axis on the LEM E-frame X, Y, Z
axes.

The magnitudes of the projections of a unit vector along the
Ig-frame or Iy-frame Z axis on the LEM E-frame axes.

The magnitudes of the projections of a unit vector along the
LEM B-frame X axis on the LEM E-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along the
LEM B-frame Y axis on the LEM E-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along the
LEM B-frame Z axis on the LEM E-frame X,Y, Z axes.

Orbital drag coefficient.

Magnitudes of the projections of the distance vector measured
from the origin of the fixed body axis to the center of rotation
of the gimbaled descent engine on the X, Y, Z axes of the
LEM FB-frame. (ft)

The magnitudes of the projections of a unit vector along the
Ig-frame or Iyf-frame X axis on the J' -frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along the
Ig-frame or Iyf-frame Y axis on the J'-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along the
Ig-frame or Iyj-frame Z axis on the J' -frame X, Y, Z axes.

The magnitudes of the projections of the orbital drag force
on the B-frame X, Y, Z axes. (lb)

The magnitudes of the projections of the orbital drag force
on the H-frame X, Y, Z axes. (lb)
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Effective moment arms of the ascent thruster with respect

to the LEM B-frame X, Y, Z axes. (An effective moment

arm about all three axes is represented in order to account
for possible thruster misalignment.) (ft)

LEM I-frame to B-frame quaternion parameter notation.

(See WADC Technical Report 58-17, ""On the use of Quaternions

in Simulation of Rigid-Body Motion, "'by Alfred C. Robinson.)

The magnitudes of the projections of a unit vector along the
J! -frame X axis on the LEM E-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along the
J' -frame Y axis on the LEM E-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along the
J'-frame Z axis on the LEM E-frame X, Y, Z axes.

The magnitudes of the projections of the LEM total applied
force vector minus the gravitational force vector on the LEM
B-frame X, Y, Z axes. (lb)

The magnitudes of the projections of the total applied force
vector on the E-frame X, Y, Z axes. (lb)

The magnitudes of the projections of the total applied force
vector on the H-frame X, Y, Z axes. (lb)

The magnitudes of the projections of the gravitational force
vector on the E-frame X, Y, Z axes. (lb)

The magnitudes of the projections of the force vector which
includes the gravitational effects of the earth, moon, and
sun on the E-frame X, Y, Z axes. (lb)

The magnitudes of the projections of the force vector which
includes the gravitational effects of the earth, moon, and
sun on the H-frame X, Y, Z axes. (lb)

Vehicle altitude above the earth's or moon's surface
measured along the radius vector. (ft)

Moment of inertia about the B-frame X axis. (slug-ft2)
Moment of inertia about the B-frame Y axis. (slug-ftz)"
Moment of inertia about the B-frame Z axis. (slug-ft2)

Product of inertia due to nonsymmetric mass distribution
with respect to XZ B-frame plane. (slug—ftz)

Product of inertia due to nonsymmetric mass diftribution
with respect to the XY B-frame plane. (slug-ft<)

Product of inertia due to nonsymmetric mass d]ftribution
with respect to the XZ B-frame plane. (slug-ft“)

The universal gravitational constant. (Ib-ft2/slug2)

The direction cosines of the line of action of the ascent thruster

with respect to the LEM B-frame X, Y, Z axes. (In order
to account for possible misalignments of this thruster, all
three direction cosines are used in projecting the thrust
associated with the ascent engine.)




L The angle of latitude with respect tothe J ! frame. (rad)
N The angle of longitude with respect to the J' -frame. (rad)
)‘R Longitude measured with respect to the earth's or moon's

surface. (rad)
m Vehicle mass. (slugs)

myq, Myg, Myg The magnitudes of the projections of a unit vector along the
J' -frame X axis on the CM X, Y, Z E-frame axes.
The magnitudes of the projections of a unit vector along the

m m m
21’ 22> 23 J' -frame Y axis on the CM X, Y, Z E-frame axes.

mgy, Mgg, Mgg The magnitudes of the projections of a unit vector along the
J'-frame X axis on the CM X, Y, Z E-frame axes.

be, MYb’ Mzb The magnitudes of the projections of the total applied moment
vector on the B-frame X, Y, Z axes. (ft-1b)

Nyq, Nyg, Nyg The magnitudes of the projections of a unit vector along the
Ip-frame or Iyr-frame X axis on the X, Y, Z CM E-frame
axes.

Nyq, Ngg, Ng3 The magnitudes of the projections of a unit vector along the
Ig-frame or Iyj-frame Y axis on the X, Y, Z CM E-frame
axes.

Ngy, Ngo, Ngg The magnitudes of the projections of a unit vector along the
Ip-frame or Iy -frame X axis on the X, Y, Z CM E-frame
axes.

We The magnitude of the rotational velocity of the earth. (rad/sec)

w The magnitude of the rotational velocity of the moon. (rad/sec)

Py The magnitude of the projection of the absolute rotational
velocity vector of the B-frame on the B-frame X axis.
(rad/sec)

z//B /1 bg /1 o /1 LEM B-frame to I-frame Euler angles. These angles are

those obtained by three successive rotations of the B-frame
with respect to the I-frame, the rotations commencing with
the B-frame parallel to the I-frame. The first rotation ,
through yg /T» is about the position the B-frame Z axis has
when the B-frame is parallel to the I-frame. The second
rotation, through 6B/1, is about the position the B-frame
Y axis assumes as a result of the first rotation. The third
rotation, through ¢pB/1, is about the position the B-frame
X axis assumes as a result of the second rotation. (rad)

Yh The heading angle of the H-frame. This is the angle the
H-frame X axis makes with the E-frame X axis. (rad)

q Dynamic pressure. (Ib/ft2)

9, The magnitude of the projection of the absolute rotational
velocity vector of the B-frame on the B-frame Y axis.
(rad/sec)
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Tem oM

TeM/E

Tem/M

VM

TeM/L

The magnitude of the radius of the vehicle as measured in the
IE-frame or Ip-frame. This quantity is measured in the

g-frame during earth orbital computation and in the ImMm-
frame during lunar phase computation. (ft)

The magnitude of the radius of the CM as measured in the

I-frame. denotes the value of this quantity during
earth orbita computation, and rc) denotes the value of this
quantity during lunar phase computation. (ft)

The magnitude of the radius of the CM as measured in the
IE-frame. This quantity is of interest during lunar phase
computation and, hence, must be differentiated from rcyy,
which is the magnitude of the radius of the CM as measured
in the IM-frame during lunar phase computation. (ft)

The magnitude of the radius of the CM as measured in the
Iyp-frame. This quantity is of interest during earth orbital
computation and, hence, must be differentiated from rCM,
which is the magnitude of the radius of the CM as measured
in the Iy;-frame during earth orbital computation. (£t)

The magnitude of the radius of the moon as measured in the

Ig-frame. (ft)
®

The magnitude of the radius of the sunas measured in the

Ig-frame. (ft)

The magnitude of the radius of the sun as measured in the
Ip-frame. (ft)

The magmtude of the radius of the LEM as measured in the
I-frame. rV denotes the value of this quantity during earth
orbital computation, and rV denotes the value of this quantity

during lunar phase computation. (ft)

The magnitude of the radius of the LEM as measured in the
Ig-frame. This quantity is of interest during lunar phase
computation and, hence, must be differentiated from r,which
is the magnitude of the radius of the LEM as measured in
the Iyj-frame during lunar phase computation. (ft)

The magnitude of the radius of the LEM as measured in the
Iyi-frame. This quantity is of interest during earth orbital
computation and, hence, must be differentiated from r,
which is the magnitude of the radius of the LEM as measured
in the Ig-frame during earth orbital computation. (ft)

The magnitude of the distance from the LEM to the CM. (ft)
The magnitude of the projection of the absolute rotational
velocity vector of the B-frame on the B-frame Z axis.
(rad/sec)

Atmospheric density. (slug/t3)

The reference area for the orbital drag coefficient. (ftz)

The angle between the Xg-Yp plane and the axis of the 18th
thruster. (rad)
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%0y (¥ @y

X\, YN, Z\

(% ) (Y \
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Ms g

(Xlﬁ) . (YIM S, B (Zlﬁ)

cM/L’ (ZI)CM/L

The angle between the Xp-Zp plane and the axis of the
18th thruster. (rad)

Mean solar time. (sec)
Thrust of the nth engine. (1b)

The magnitudes of the projections of the total thrust
vector on the B-frame X, Y, Z axes. (lb)

The pro;ectmn of the vehicle' s velocity vector on the H-
frame X axis. (ft/sec)

The magnitude of the projection of Vg on the B-frame X
axis. (ft/sec)

The magnitude of the vehicle velocity relative to the
rotating atmosphere. (ft/sec)

The magnitude of the projection of Vg on the B-frame Y
axis. (ft/sec)

The magnitude of the projection of Vi on the B-frame Z
axis. (ft/sec)

Ig-frame or Iyj-frame coordinates of CM position. These
quantities represent Ig-frame coordinates during earth
orbital computation and Ipj-frame coordinates during lunar
phase computation. (ft)

I.-frame or Iy-frame coordinates of CM position relative
to the LEM. (ft)

Ig-frame or Iyj-frame coordinates of LEM position. These

quantities represent Ig-frame coordinates during earth
orbital computation and Ipj-frame coordinates during
lunar phase computation. (ft)

Ig-frame coordinates of the moon's position. (ft)
Ig-frame coordinates of the sun's position. (ft)
Ip-frame coordinates of the earth's position. (ft)
IM-frame coordinates of the sun's position. (ft)

E-frame differential acceleration components. (ft/ secz)

Ig-frame components of the differential gravitational

acceleratmn components due to the sun and the moon.
(ft/sec?)

Iy -frame components of the differential gravitational

acceleration components due to the sun and the earth.
(ft/sec2)




NOTE: 1.

A dot placed above a quantity indicates the first time derivative of that
quantity.

Two dots placed above a quantity indicates the second time derivative
of that quantity.

The subscript t = t; means the value of the quantity at the start of
computation.

The following subscripts are to be read:

CM Command Module
E Earth or E-frame depending on the manner it is used.
G Gravitational
LEM Lunar Excursion Module
Moon
R Relative
S Sun
A" Vehicle
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| Figure 19 LMS Equations of Motion (LEM and CSM)



2.2 COMMAND MODULE CONTROL EQUATIONS (FIGURE 19a)

a11» 219, 213

491>

Reir

211,

221>

@31»

Bll’

321’

331’

%115

%917

031

€1, €3, €3, €4

(e.1)C, (fez) o .(63)0’. (eg)

Aey, Leg, Leg, Aey

399

a3,

12’

@99;

32

Al

Bogs

B32,

0195
092

632,

293

»

33

%13

The magnitudes of the projections of a unit vector along
the LEM B-frame X axis on the Ig-frame or Ipj-frame
X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the LEM B-frame Y axis on the Ig-frame or Ipj-frame
X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the LEM B-frame Z axis on the Ig-frame or Iyj-frame
X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the commanded B-frame X axis on the H-frame X, Y, Z
axes.

The magnitudes of the projections of a unit vector along
the commanded B-frame Y axis on the H-frame X, Y, Z
axes.

The magnitudes of the projections of a unit vector along
the commanded B-frame Z axis on the H-frame X, Y, Z
axes.

The magnitudes of the projections of a unit vector along
the CM E-frame X axis on the Ig-frame or Ij-frame X,
Y, Z axes.

The magnitudes of the projections of a unit vector along
the CM E-frame Y axis on the Ig-frame or Ip-frame X,
Y, Z axes.

The magnitudes of the projections of a unit vector along
the CM E-frame Z axis on the Ig-frame or Ipj-frame X,
Y, Z axes.

The magnitudes of the projections of a unit vector along
the CM H-frame X axis on the CM B-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the CM H-frame Y axis on the CM B-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the CM H-frame Z axis on the CM B-frame X, Y, Z axes.

LEM I-frame to B-frame quaternion parameter notation.
(See WADC Technical Report 58-17, "On the Use of
Quaternions in Simulation of Rigid-Body Motion'' by
Alfred C. Robinson. )

Commanded LEM I-frame to B-frame quaternions.
Incremental changes in the LEM quaternion rates due to a

difference between the commanded quaternions and the
actual quaternions. (sec'l)

10
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59

Y110 120 13

Y91’ Y22’ V23

Y31> V323 733

Y11, -5 ¥33

(711)0’ (712)03 (713)0
(721)(:» (722)09 ('}’23)0

(31), 39) > 33)

ky1o kygs Kyg

ko1» Kogs Kog

k3qs K39 k33

Ky Ky

Lem

CM

Wy

(Txb)CM ’ (TYb)CM; (Txb)CM

The magnitudes of the projections of a unit vector along
the CM B-frame X axis on the I -frame or I -frame

E M
X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the CM B-frame Y axis on the I -frame or LM -frame
X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the CM B-frame Z axis on the I -frame or IM-frame
X, Y, Z axes.

The time rate of change of v, -+, 733 (sec-1)

The magnitudes of the projections of a unit vector along
the commanded CM B-frame X axis on the I -frame or
IM— frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the commanded CM B-frame Y axis on the I -frame or
—frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the commanded CM B-frame Z axis on the I_-frame or
IM— frame X, Y, Z axes. E

The magnitudes of the projections of a unit vector along
the CM B-frame X axis on the LEM B-frame X, Y, Z
axes.

The magnitudes of the projections of a unit vector along
the CM B-frame Y axis on the LEM B-frame X, Y, Z
axes.

The magnitudes of the projections of a unit vector along
the CM B-frame Z axis on the LEM B-frame X, Y, Z
axes.

Gain constants. (sec-1)

The latitude of the CM measured with respect to the
J' -frame. (rad)

The longitude of the CM measured with respect to the
J' -frame. (rad)

Commanded B-frame to H-frame Euler angles. These
angles are generated by rotating the B-frame away from
the H-frame through the angles ¥, 6., and ¢ . The
first rotation, through ¢ , is about the B-frame Z axis.
The second rotation, thrSugh 6 , is about the B-frame
Y axis. The third rotation, thfough ¢, , is about the
B-frame X axis. (rad)

The heading angle of the CM H-frame. This is the angle
measured from the CM E-frame X axis to the CM H-frame
X axis. (rad)

The magnitudes of the projections of the instructor-con-
trolled commanded thrust vector on the CM B-frame
X, Y, and Z axes.




(T

110 S190 S13

CZI’ c22’ (23

The magnitudes of the projections of the instructor-

M controlled commanded thrust vector on the CM H-frame

X, Yand Z axes. (lb)

The magnitudes of the projections of a unit vector along
the CM H-frame X axis on the I_~-frame or I_ -frame
X, Y, and Z axes. E M

The magnitudes of the projections of a unit vector along
the CM H-frame Y axis on the I.E-frame or IM—frame
X, Y, and Z axes.

The magnitudes of the projections of a unit vector along

the CM H-frame Z axis on the IE—frame or I -frame
X, Y, and Z axes. M
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2.3 WEIGHT AND BALANCE EQUATIONS (FIGURE 19b)

A, AL A, , AZ Body axes components of the distance vector measured
' X' Yp b from the origin of the body axis to the origin of the fixed
' body axes along the X, Y, and Z body axes. (ft)

B* Boolean term.

I, Moments of inertia of the complete ve che about the
IFB X, Y, and Z fixed body axes. (slug-ft“)

IXX’ IYY y Iz9 Moments of inertia. of the complgte vehicle about the

X, Y, and Z body axes. (slug-ft<)

I I Products of inertia of the complete vehicle about the
xy 'x2° vz body axes in the XY, XZ, and YZ planes. (slug-ft)

o A Fixed body moments of inertia of the empty ascent
JFB AS stage. (slug-ft%)
(Ij ) Fixed body moments of inertia. of the Command Service
FB C/SM Module. (slug-ft2)
(IO_ ) Fixed body mor&ents of inertia of the empty descent
JFB DS : stage. (slug-ft“)
(AI]- ) Incremental moments of inertia. of the guel in the fuel
FB FC cell about the fixed body axes. (slug-ft©)
(AI]-FB) Incremental moments of inertia. of the gaseous oxygen
GOT in the gaseous oxygen tank, about the fixed body axes.
(slug-ft 2)
i Incremental moments of inertia. of the helium in the
FB HT helium tank about the fixed body axes. (slug-ft2)

(MjFB) Incremental moments of inertia of the Reaction Control
HT(RCS) System- hehum in the helium tank about the fixed body
axes. (slug-ft )

(AI]-FB) LG Incremental moments of inertia of the landing gear about
the fixed body axes. (slug-ft2)
(AI]-FB) LHT Incremental moments of inertia of the liquid hydrogen in
the liquid hydrogen tank about the fixed body axes. (slug-ft )
i Incremental moments of inertia of the liquid oxygen in the
FB LOX liquid oxygen tank about the fixed body axes. (slug-ftz)
(AIj )OT Incremental moments of inertia of the oxygen in the oxygen
FB tank about the fixed body axes. (slug-ft2)
(AI]-FB) PAE Incremental moments of inertia of the ascent engine pro-
pellant about the fixed body axes. (slug-ft )
(AI]-FB) PDE Incremental moments of inertia of the descent engine propellant
about the fixed body axes. (slug-ft2)
(AIjFB) PRCS Incremental moments of inertia of the reaction control

system propellant about the fixed body axes. (slug-ftz)
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Al. ) Incremental moments of inertia of the water in the water
JFB' WT tank about the fixed body axes. (slug-it?)
j Indices representing X, Y, or Z axes.
m Total vehicle mass. (slugs)
Mo g Mass of the empty ascent stage. (slugs)
mMc /M Mass of the Command Service Module. (slugs)
Mopg Mass of the empty descent stage. (slugs)
mp Mass of the fuel in the fuel cell. (slugs)
mGoT Mass of the gaseous oxygen in the gaseous oxygen tank.
(slugs)
My Mass of the helium in the helium tank. (slugs)
m Mass of the reaction control system helium in the
i RCE) helium tank (slugs)
my g Mass of the liquid hydrogen in the liquid hydrogen tank.
(slugs)
my ox Mass of the liquid oxygen in the liquid oxygen tanks.
(slugs)
mgy Mass of the oxygen in the oxygen tank. (slugs)
MpAR Propellant mass of the ascent engine. (slugs)
MppE Propellant mass of the descent engine. (slugs)
MpRrCs Propellant mass of the reaction control system. (slugs)
My Mass of the water in the water tank. (slugs)
. ) Incremental moment of the empty ascent stage about
o
JFB AS the fixed body axes. (slug-ft)
(mAjFB) CISM Incremental moment of the command service module
about the fixed body axes. (slug-ft)
(mA,, ) Incremental moment of the empty descent stage about the
JFB DS fixed body axes. (slug-ft)
(mAj ) Incremental moment of the fuel in the fuel cell about the
FB FC fixed body axes. (slug-ft)
(mA]- ) Incremental moment of the gaseous oxygen in the gaseous
FB GOT oxygen tank about the fixed body axes. (slug-ft)
(mAj ) Incremental moment of the helium in the helium tank about
FB HT the fixed body axes. (slug-ft)
i Incremental moment of the reaction control system helium
FB HT(RCS) in the helium tank about the fixed body axes. (slug-ft)
mA. . . . . .
( ]FB) LHT Incremental moment of the liquid hydrogen in the liquid

hydrogen tank about the fixed body axes. (slug-ft)
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i ) Incremental moment of the liquid oxygen in the liquid
FB LOX oxygen tank about the fixed body axes. (slug-ft)
j ) Incremental moment of the oxygen in the oxygen tank
FB OT about the fixed body axes. (slug-ft)

('mAj ) Incremental moment of the ascent engine propellant
FB PAE about the fixed body axes. (slug-ft)
L) Incremental moment of the descent engine propellant
JFB PDE about the fixed body axes. (slug-ft)

(mA]- B) Incremental moment of the reaction control system pro-
FB' PRCS about the fixed body axes. (slug-ft)

(mAj ) Incremental moment of the water in the water tank about
FB wWT the fixed body axes. (slug-ft)
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VEHICLE (1) VEHICLE MASS (3) CENTER OF GRAVITY LOCATION
MASS
COMPONENTS . . - o ox .
m = mMmopg+ M GOT iz o — i i i i
e A5 SPRCE S EEAR SEEDET TO INTEGRATED Ajp = - o {(mAojpp)ag + (mAjpp)pres + (MAJpR)pAE + (MAFR)LHT
. » OPERATION
+ myT + MET(RCS) + B1 [ mops + mppg + Mpa EQUATIONS ) . . '
(RS . + (mAjpplgor + (MAjpB)Lox + (MAjpR)gT + (MAJFR)HT RCS)
m .
*
+ mwT + mygT + moT] + By mc/sm * : : : :
e S + By [(mAojpp)pg + (mAjpg)ppg + (mAjpp)pc + (mAjpplwT
. . * -
+ (mAjpplyr + (MAjpg)or] + By (mAjpp)c/sm !
| ]
' TO INTEGRATED
(2) FIXED BODY INERTIAS T — OPERATION EQUATIONS
Iipg = (loipp)as + (Alipp)pres + (Alipp)par + (AlirB)LHT + (AliFB)GOT i
(4) VEHICLE INERTIA Ajb VEHICLE
- - - * Mo | MOTION
+ (Aipp)Lox + (ALrpluT + (AIFBIHT(RCS) + B1 [I0FB)DS — m —p» 9 9 COMPUTATIONS
IXx = IXXpp - (AYg + AZp) m L m —p
+ (AL FB)PDE + (ALir)FC + (ALFB)WT + (AL FB)HT + (A FB)OT
) _ 2 2 I
) lipg | 1YY = IyYpp - (AZp + Axp) m =
+ (ALjrB)LG] + B2 (IIFB)C/SM ) )
177 = 1Z2Zppg - (AXB + AYB) m

IXy = IXYpp - AXg Ayg M

4

Iyz =1yzypg - AYg Azg m

IX7 = IXZpg - AZg AXgp Mm

TO INTEGRATED
OPERATION EQUATIONS

Figure 19b Weight and Balance Computations
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3. LMS VISUAL DISPLAY SYSTEM EQUATIONS

ayqs 319 a13 The magnitudes of the projections of a unit vector along the
LEM B-frame X axis on the Ig-frame or Iy-frame X, Y,
Z axes.

291y 2992, 293 The magnitudes of the projections of a unit vector along
the LEM B-frame Y axis on the Ig-frame or Ip-frame
X, Y, Z axes.

agq) 339, 233 The magnitudes of the projections of a unit vector along
the LEM B-frame Z axis on the Ig-frame or Ipj-frame
X, Y, Z axes.

AZ , EL Relative azimuth and elevation angles of CM with respect
CM/L CM/L to the LEM B-frame Z axis. (rad)

AZg /Lo ELp /L Relative azimuth and elevation angles of the earth with respect
to the LEM B-frame Z axis. (rad)

AZM /L ELM /L Relative azimuth and elevation angles of the moon with
respect to the LEM B-frame Z axis. (rad)

AZg /L» ELS /1, Relative azimuth and elevation angles of the sun with
respect to the LEM B-frame Z axis. (rad)

b11’ b1 9’ b13 The magnitudes of the projections of a unit vector along
the Ip-frame or Ip-frame X axis on the LEM E-frame
X, Y, Z axes.

bgq, bgo, bog : The magnitudes of the projections of a unit vector along
the Ip-frame or Iyj-frame Y axis on the LEM E-frame
X, Y, Z axes.

b31, b32, b33 The magnitudes of the projections of a unit vector along
the Igp-frame or Iyj-frame Z axis on the LEM E-frame
X, Y, Z axes.

BM A Boolean term which is equal to one for lunar phase
simulation.

C11» €125 Cq3 The magnitudes of the projections of a unit vector along
the LEM B-frame X axis on the LEM E-frame X, Y, Z
axes.

o1 €220 Co3 The magnitudes of the projections of a unit vector along

the LEM B-frame Y axis on the LEM E-frame X, Y, Z
axes.

C31» €395 €33 The magnitudes of the projections of a unit vector along
the LEM B-frame Z axis on the LEM E-frame X, Y, Z
axes.

(Cll) . (C12) , (C13) The magnitudes of the projections of a unit vector along
AMS AMS AMS the CM B-frame axis on the Ig-frame or Iyf-frame X, Y,
Z axes.
{Cqq) s (Con) The magnitudes of the projections of a unit vector along
21 22
the CM B-frame axis on the Ig-frame or Ipj-frame X, Y,
Z axes.

o
AMS AMS’ ( 23)AMS
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(C31) o (C32) (C33)

AMS AMS’ AMS
Dy,
1

D,

£11 f120 £33
f31, 122, f23

f31, 39, 133

hiq) Byg g3
hyys Doy hog
hgys hggs hgs

k15 ky9) kqg
kg1, kag, Kog

kg1 K3g) Kgg
K1-Kg
Kg-Kig

1l. 0. 8.

L

!

L

The magnitudes of the projections of a unit vector along
the CM B-frame axis on the Ig-frame or Iyj-frame X, Y,
Z axes.

sttance across a selected orbit. The distance, measured
from Dx, perpendicular to the trace of a selected orbit on
the surface of the moon. (ft)

Distance along a selected orbit. The distance along the
trace of a selected orbit on the surface of the moon. (ft)

The magnitudes of the projections of a unit vector along
the ecliptic-frame X axis on the Ig-frame or Iyj-frame
X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the ecliptic-frame Y axis on the ig-frame or Iy;-frame
X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the ecliptic-frame Z axis on the Ig-frame or Ijj-frame
X, Y, Z axes.

LEM altitude above the earth's or moon's surface
measured along the radius vector. (ft)

The magnitudes of the projections of a unit vector along
the JR-frame X axis on the LEM H-frame X, Y, Z axes.

The glagnitudes of the projections of a unit vector along
the Jp-frame Y axis on the LEM H-frame X, Y, Z axes.

The magmtudes of the projections of a unit vector along
the JR-frame Z axis on the LEM H-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the CM B-frame X axis on the LEM B-frame X, Y, Z
axes.

The magnitudes of the projections of a unit vector along
the CM B-frame Y axis on the LEM B-frame X, Y, Z
axes.

The magnitudes of the projections of a unit vector along
the CM B-frame Z axis on the LEM B-frame X, Y, Z
axes.

Constants which depend on the inclination and the longitude
of the ascending mode of a given orbit selection.

Constants which depend on the orientation of the moon
relative to the sun.

The distance along the Z body axis to the surface of the
moon. (ft)

The angle of latitude with respect to the J ' frame. (rad)
Latitude referenced to the great circle defined by the

intersection of a selected orbit and a theoretical moon
of constant radiue. (rad)
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Y

pll’ Pi9s
Pgys Poos
P31» Py
Yh

911> 919
Q910 9292

d31s 932s

Pag

P33

93

433

Latitude referenced to the lunar great circle which contains
the moon-sun line. (rad)

Longitude referenced to the great circle defined by the
intersection of a selected orbit and a theoretical moon
of constant radius. (rad)

Longitude referenced to the lunar great circle which
contains the moon-sun line. Measured from the
right ascension of the sun on the lunar surface. (rad)

The longitude of an arbitrary point on the surface of the
earth. (rad)

The longitude of an arbitrary point on the surface of the
moon. (rad)

Longitude measured with respect to the earth's or moon's
surface. (rad)

The magnitude of the rotational velocity of the earth.
(rad/sec)

The magnitude of the rotational velocity of the moon.
(rad/sec)

The magnitudes of the projections of a unit vector along
the Jf;~frame X axis on the LEM H-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the Jg-frame Y axis on the LEM H-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the Jg-frame Z axis on the LEM H-frame X, Y, Z axes.

The heading angle of the H-frame. This is the angle the
H-frame X axis makes with the E-frame X axis. (rad)

The magnitudes of the projections of a unit vector along
the ecliptic-frame X axis on the B-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector along
the ecliptic~frame Y axis on the B-frame X, Y, Z axes.

The magnitudes of the projections of a unit vector aldng
the ecliptic-frame Z axis on the B-frame X, Y, Z axes.

The magnitude of the radius of the vehicle as measured
in the Ig-frame or Iys-frame. This quantity is measured

in the Ip~frame during earth orbital computation and in
the Iyy~frame during lunar phase computation. (ft)

The projection of the LEM's radius on a plane perpendicular
to the moon-sun line. (ft)

Absolute range of CM from LEM. (ft)

The constant radius of a theoretical moon. (ft)
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9B/E* ?B/E’ VB/E
6cMm/L» $CM/L» YCM/L

Op/n g/w VE/H
Sg/v CE/M YE/M

eM/E’ Om/E’ ‘pM/E

m/H 9M/H' YM/H

Os/10 $s/1 ¥s/L

Xem/w Yom/w Zom/L
X Y z
Iem/t’ Iem/y “Tom/
Xy

(YI) ’ ( Z I)

s/L’ S/L S/L

(XIE)M, (YIE)M, (ZIE)M
(XIE)S, (Yq )S, (ZIE)s

XIV, YIV, ZIV

XMm/Le YM/Le ZM/L

Xs/L» Yg/10 Zs/L

LEM attitude with respect to the LEM E-frame.
CM attitude angles with respect to the LEM body axes. (rad)

Earth attitude angles with respect to the H-frame during
earth orbital computation. (rad)

Earth attitude angles with respect to the H-frame during
lunar phase computation. (rad)

Moon attitude angles with respect to the H-frame during
earth orbital computation. (rad)

Moon attitude angles with respect to the H-frame during
lunar phase computation. (rad)

Starfield display with respect to LEM body axis. (rad)
LEM B-frame coordinates of CM position. (ft)

Ig-frame or Iyj-frame coordinates of CM position relative
to the LEM. (ft)

Ig-frame or Ipj-frame coordinates of the sun's position
relative to the LEM. (ft)

Ig-frame coordinates of the moon’s position. (ft)
Ig-frame coordinates of the sun's position. (ft)
Ip-frame coordinates of the sun's position. (ft)

-frame or Ijj-frame coordinates of LEM position.
’quxese quantities represent Igp-frame coordinates

during earth orbital computation and Ips-frame coordinates
during lunar phase computation. (ft)

LEM B-frame coordinates of the moon's position. (ft)

LEM B-frame coordinates of the sun's position. (ft)
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CELESTIAL SPHERE PROJECTOR SIGNALS

LUNAR EFFECTS PROJECTOR SIGNALS

ADDITIONAL SIGNAL REQUIREMENTS

1 DISTANCE ALONG AND ACROSS A 5 DIAPHRAGM DRIVE FOR EARTH ATTITUDE ANGLES WITH RESPECT TO .
STARFIELD DISPLAY WITH RESPECT SELECTED ORBIT g SUNRISE/SUNSET ANNULI THE MOON H-FRAME AND MOON ATTITUDE MOON AND EARTH ATTITUDE ANGLES
TO LEM BODY AXES e ANGLES WITH RESPECT TO THE EARTH H-FRAME v WITH RESPECT TO THE H-FRAME
sin L, Dis = R, A A L THE SUN'S RAYS ARE VISIBLE WHEN: su; )t\R’
) = co: R B . * g v
BT £os: by Dy+= Rm L' 90 - [a" - A |50 (LEM EOM) M sin OM/p + By sin O /g = -hy3
(LEM EOM) == L t=12.00' = : sin L,
=) - ; ’ . s L %
cos Yg/p = (+) V1 - sin2 ¥ sinyg ! OR B sin O /p + Bmsin M/ = -P13 i BM cos Om/y + BM cos O /iy = (+) V1 - (hy3)2"
S/L S/L /L e cos A WHERE \' AND L' ARE FOUND BY \ g 2 (h13) th Saity o 01 05
Ay o b B e TRIGONOMETRIC RESOLUTION FROM: ~Ro 2 0 i i H H/PITCH
LEM EOM) _u’—%.J . ; o rp-Rp2 * Y sin @ or sin Oy : s
: sin057y, =af] ¥ eos ¥is/y, cosws/, SERY iy : r, sin L, cos L, BM cos O /) + BM cos Om/E = (+) V1 - p132 ik /E> BM sin fM/y + Bl sin 0 /gy = hgg + () V1 - (h9)2  |cos My or cos O /iy LIONA
! sin L' = Kj cos L cos A + K3 cos L sin A + K3 sin L (LEM EOM) e—— WHERE: cos °E/M or cos Oy/p i
sin A, cos A i * = T o oeng *
= ! . R R BM sin + By sin § = + (#)V1 - X ¥ N g b
cos @5/] = q13 + coS VS/1, cos L' = (+) V1 - sin2p, rp=rcosT M ¢E/M M M/E k2 £l Byecos GM/H + BMIC08 OE /i = hyg #=(x) VT - (h13) sin @M/ or sin PE /g RCLL
sin 05/, & e SIGNA
o = i = i ST e = - i i . 5
1-FRAME TO sin fig /1, = -a32 + cos ¥/, cos 0/ géll;(i,% sin A" = [K4 cos L cos A + K5 cos L sin A + Kg sin L |+ cos L' cos 7= (+)V1 - sin2 7 Sl byy,--+, b33 By cos g /p; + BM cos IM/p = P33 + (+) V1 p132 sin /3y or sin /g BM sin ¥ m/y + BR/[ sinYg /g =h1g + (+) V1 - (hq3) cos PM/y or cos BE/g
* L
ECLIPTIC FRAME  fj;, ..., f33 cos X' = [K7 cos L cos A + Kg cos L sin A ]+ cos L' : EOM S, GoR
sin 7 = cos L" cos (A'",_ <A Yhe h ’ L VG il b s or cos @ * in v i
COSINES FROM ¢os ey~ agg + vos Wiy, NOTE: £ o BM sinWE/ps + BM sin M/ = P12 + (1) V1 - p1a? cos #E/um ®/E BM cos ¥ M/k + BM c08 VE/j = hip + () VT~ (hg)? |57 ¥ M/u O SInVE/u flay
EPHEMERIS DATA sin s/, ! sin L" = Kg cos L cos A + K10 cos L sin A + K11 sin L % — cos U M/p oF cos UE/plo oA
WHERE: ROLL { K| - Kg DEPEND ON THE INCLINATION AND THE —— BM cos Vg /py + By cos ¥M/p = P11 + (+) V1 - py3 WHERE:
cos fg); SERVO LONGITUDE OF THE ASCENDING NODE OF THE cos L' = (+) V1 - sin2 L" i )
gt & By ARE e i At i uy L ORBIT SELECTED _ E/M MWE h11 = j11 cos ¥y + j1g sin ¥y,
sin X' = [Kq3 cos L cos A + Ky3 cos L sin A + K14 sin L]+ cos L" WHERE:
©08 WE/p ©F COS VM/E h12 = -j118in¥n + 12 cos Yh
* . o =
CPREE e e cos X" = [Ky5 cos L cos A + Kig cos L sin A]+ cos L P11 = [(BM cos AE + BM cos AM) b11 + (BM sin AE + BM sin AM) b21] e 3
= -cos L cos AR
NOTE: [cos ¥p] + [(BM cos Ag + By cos Am) byp
= : h23 = -cos L sin A
Q13 = f11 331 + f12 232 + f13 a33 { ) x y 23 R
! K9 - K1g DEPEND ON LUNAR ORIENTATION *(Bum sin Ag { By sin Ay) baz] [sinip]
i THE FOLLOWING SIGNALS ARE CONSIDERED TO 6 WITH RESPECT TO THE SUN h33 = -sin L
ag2 = f21 321 + fa2 ag2 + f23 az3 : :
. 1 EENITARF%E%;;%NEOF el i s P12 =4{(BM cos AE + Biq cos AM) b11 + (BM sin Ag + Biq sin AM) b21] j11 = -sin L cos AR
* : i
932 = f31 321+ f32 322 + f33 az3 ‘ 3. FILM SCALE SITE SELECTOR CONTROL [sinwy] + [(Bp cos A + Byy cos Am) bi2 j12 = -sin AR
SIGNALS 90 - |a - Xt 00| + (BM sin Ag + B}y sin Ay) baa] [cos ¥p]
4. FILM SCALE (MULTIPLIER)
* ¥ * .
(LEM EOM) e 8. CASSETTE ILLUMINATION QUICK DISSOLVE _ P13 = [ BMm cos Ag + By cos Ay] by3 + [ BM sin Ag + By sin Am] bas
| CONTROL > !
9. CASSETTE OUTPUT QUICK DISSOLVE DUAL TERMINATORS "X" AND "Y" 9 P23 = -[ BM sin AE « BM sin AM] b3 + [BM cos Ag + By cos Am] bp3
j ol ¥ ND YAW 2 10. LUNAR ILLUMINATION VARIFOCAL DRIVE THESE SIGNALS ARE USED TO DEPICT THE
LUNAR OCCLUDFR PITCH A TRANSITION FROM THE LIGHTED TO THE Basie byg e e e 12
! DARKENED PORTIONS OF THE LUNAR RELATIVE AZI
SRETRE. = Xn/y ey 1 2LANPUHSAGM DSINE. FOR MOOIHORIZON SURFACE. THIS TRANSITION IS A FUNCTION OF ANGLES OF T*;E %KRT;* ‘IVSITH RESPECT
: P = atii THE LEM Z BODY AX
L () VX2 + Y2/ + 220/ M/, 90 - [x7k A" | AE = [AE] L, + we (t-to) 0
C1gy v » 33 & pircH 12. SHUTTER CONTROL FOR LANDING PHASE - IX-A"o12. 00 =to e
INPUTS o cos ELm/, OCCLUDER sin AZg/ = YE/, + (1) VY°E/ + Z2E/y,
FROM cos ELM/’L arlw) Vg sin2 FLM/L L AMm = [XM] o+ @ (t-to) 1
LEM — t=to " "m sin AZE/
e S
i ayy, .., 233 Ym/p cos AZE/q, = ZE/, + (+) VY2E/p + 225/, cos AZE/,
sin AZpy/. = ; sin AZpm/ 5
/L (&)\Yg e ) L FROM __—ﬂ 5
M/L* “TM/L YAW in ELg ;= -Xg/; + () VX2g/ + Y2g /1 + 2
pr—— CTurER SCAN ROLL, PITCH, AND YAW ] e c13, 23, €33 sicEhR/ el S WO N A R PR oy
cos AZpyp. ABOUT LEM Z AXIS E/L
e i Ay nta ey oy v
ZM/L sin OE/L <3 11, 33 o ELE/L = (+)¥1-sin® ELg/p, cos ELE /.
: [ i = ",
EPHEMERIS  (Xig) , (Yig) , (Z1g), P U e B R e ) ke cos © PITCH
M M/L M/L M/, £/
DATA — E:
cos Og/. = (+) V1 - sin? Og/ E PHEME RIS (XIE)M. (Y]E)M, WHERE:
L= WV 2 > DATA
WHERE: (LEM: EOM) SKlu - ox 233 sin fg /. @ig) XE/p, = r c13 + Bm {a11 [-(XIE)y] + a12 [-(YIE)y] + 213 [~(ZIE)p] }
i = i | SCAN
- sinfg/;, = -cq2 + cos OE/[, cos 95, Q{OLL
XM/, = rc13 + BM [an1 (XIE)M +ap (YIE)M + a3 (ZIE)M | L YE/p, =T c23 + BM {ag1 [-(X1p)M] + a22 [ -(YIE)m] + a23 [-(ZIE)M]}
cos @ /1 = -c13 + cos OE/y,
Yam/, = recgs+ B (ag1 (Xip) '+ agg (Vig) + ags (Z1g). . | __S_W_E/Lb SCAN Zg/p = v c33 + Bm {a31 [-(XIp) ] + 232 [-(Y1E) ] + 233 [-(ZIE)y ] }
M/y, = 23 M (2321 Ely T2V, 3 E'm sin g/, = c21 + cos OE /], s ‘LE/L YAW
Z £ b ) Yig) Z1E) cos YE/q, = €31 + cos O/
M/ = r 33 + Bm [a31 (XIp)y + 232 (YIE)y + 233 (ZIE)y | L L
XM/,
Y™/ |
' M/,
LUNAR
LUNAR DIAMETER 3 f [*‘/sz/L + YZM/L + ZZM/L] DIAMETER
([ Y + ¥2r, + 200, ] gk RENDEZVOUS TV PICKUP SIGNALS
W Mg W CRT DISPLAY
RELATIVE AZIMUTH AND ELEVATION 21 SUN ASPECT ABOUT CSM TRACK 2
ANGLES OF THE CSM WITH RESPECT FROM SOLAR\ sin AZs/[, cos AZS |, -
: < L L sin AZs/
5 TO THE LEM Z BODY AXIS SIMULATION | S5§Ts Toos ELgy THESE SIGNALS ARE CONSIDERED 10, BE L
_ ¥ SIGNALS THE SAME AS THE SOLAR AZIMUTH AND cos AZS) L
CSM OCCLUDER PITCH AND . CM/y, ELEVATION ANGLE SIGNALS GENERATED
YAW AND CSM DIAMETER FROM ay, ..., azg sin AZcM/ = Y FOR THE SOLAR SIMULATION: sin ELg/
sin ELcM/ LEM (+) YZCM/ + 22 CcM/1, in AZ :
EL $ PIICH 13 EOM Xlem/pr Yiemyy» K S Sfom/y, sinAZg/y; coslsyy, sinElg g, and cos ELg/y,
sin CM/L ——,
OCCLUDER R P (A7 TN CSM)
cos ELCM/L, EHry, CRT FOCUS DRIVE Zlemyy, > cos AZ cos ELg/,
FROM RENDEZVOUS —f cM/y, M/,
cos ELcm/g, - TV PICKUP SIGNALS cos AZem/, = T g |
sin b ¢ zZ
sin ELCM/|, FROM RENDEZVOUS CM/L Tk f(Remyy) ) "¥em/y, * 2% em/L s
ct ey % __’
sin AZcm/y, TV PICKUP SIGNAL OCCLUDER CM/L, Sinthes
GENERATION (EL to CSM) /L
cos ELcm/p cos AZCM/y, cos EL,
-XCcM/, CM/L, cos AZS/y,
i cos AZcm/ sin ELCM/p, = _R__/_
cM
sin AZcMm, CSM L sin ELg
/L fReM/)  prameTER S/L
cos AZcm/y, f (Remy/y, J T cos ELg/y,
cos ELcm/p, = (#) V1 - sin® ELCM/[,
| WHERE: HEAD-ON SUN SIGNAL 23
iy D 7 2 HIS SIGNAL IS CONSIDERED TO BE
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4, LMS REACTION CONTROL SYSTEM EQUATIONS

4.1 VARIABLES

AREG Effective area of the squib, the two solenoid valves, and the
four pressure regulator valves, which connect the helium
reservoir with the region immediately downstream of the
pressure regulators, and upstream of the check valves (m )e

Af'ZEG Uncorrected effective flow area (in2). NOTE: Further
explanation of this variable is given in paragraph 3.3.1 of
the technical proposal.

Ax The symbol Ax, where X is a 1, 2, or 3 digit numeric sub-
script, is an arithmetic quantity, the existence of which is
implied by the corresponding Boolean quantity BX and the
following relations; AX = 1if Bx = 1, and Ax = 0 if Bx = 0.
NOTE: The B's are defined in Section 4.3

Bx See definition of AX.

€S Fractional sensor error, i.e., the ratio of the actual sensor
error to the maximum plus or minus variation in sensor error.

F Fuel quantity. (lbs.)

F:A Summation of the fuel flow rates for the 8 reaction control jets
of RCS-A, (Ibs-sec-1)

Summation of the fue] flow rates for the 8 reaction control jets
of RCS-B. (lbs-sec'l)

AF ASC Incremental increase in ascent engme fuel consumption rate
due to RCS operation. (Ibs-sec-1)

f?; Thrust output of a single reaction jet if the TCA solenoid valves
are open. (lbs.)

t1 (PRESSURE RATIO) - See definitions of M, faTF, and M7 -

f2 (TpygL) See definition of pp.
f3 (ToxmD) See definition of pq.

f4 (PMANFUEL) The fuel flow rate for a single thruster if the TCA solenoid
valve is open (lbs-sec~1). NOTE: This function will be de-
fined for PMANFUEL in the range 0 < PMANFyEgL < 250 psia.

fs (PMANOXID) The oxidizer flow rate for a single thruster if the TCA solenoid
valve is open (lbs-sec-1), NOTE: This function will be defined
for PMANQXID in the range 0 < PMANQxD < 250 psia.

e [£5/14] Represents the available specific impulse as a function of the
available O/F ratio (sec). NOTE: This function will be de-
fined over a sufficient range of f5/f4, say C1 < f5/f4< C2,
such that fg (C3) may be assumed equal to zero if C3 is less
than C1 or greater than C2.

r
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BC

APcC

APC,p

APCAR

APCBP

PCREW

The ith system constant. NOTE: The K's are defined in
Section 4. 2.

Mass flow parameter based on upstream total pressure. The
mass flow parameter, as applied, is a function of the ratio of
pressure in the helium reservoig to regulator outlet pressure,
and for helium has a range 0 < MT < 0.21. (V°R/sec)

Mass flow parameter as applied to the check valve upstream
of the fuel tank, MTy = f (PREG/PFUEL)- N "R/sec)

Mass flow parameter gs applied to the check valve upstream
of the oxidizer tank, MTq = £ (PREG/POXID). N°R/sec)

Oxidizer quantity. (1bs.)

Summation of the oxidizer flow rates for the 8 reaction control
jets of RCS-A.(lbs-sec-1)

Summation of the oxidizer flow rates for the 8 reaction control
jets of RCS-B.(lbs-sec-1)

Incremental increase in ascent engine oxidizer consumption
rate due to RCS operation.(lbs-sec'l)

Instructor indicator readings displayed on the RCS pressure
indicators if the instructor selects to read true values.(psia)

Commanded regulator outlet pressure.(psia)

Increment in commanded regulator outlet pressure as refer-
enced to the nominal regulator outlet pressure of 181 psia.
This increment may be applied to the series regulators in
either the primary or redundant branches of RCS-A or
RCS-B.J(psi)

Increment in command regulator pressure for the two series
pressure regulators in the primary branch of RCS-A. This
increment represents the difference between the actual regu-
lator command pressure for the two series regulators and the
nominal regulator command pressure of 181 psia.(psi)

Increment in command regulator pressure for the two series

pressure regulators in the redundant branch of RCS-A. This

increment represents the difference between the actual regu-

lator command pressure for the two series regulators and the
nominal regulator command pressure of 181 psia. (psi)

Increment in command regulator pressure for the two series
pressure regulators in the primary branch of RCS-B. This
increment represents the difference between the actual regu-
lator command pressure for the two series regulators and the
nominal regulator command pressure of 181 psia. (psi)

Increment in command regulator pressure for the two series

pressure regulators in the redundant branch of RCS-B. This

increment represents the difference between the actual regu-

lator command pressure for the two series regulators and the
nominal regulator command pressure of 181 psia.(psi)

Crew indicator readings as displayed on the RCS pressure
indicators.(psia)




PFUEL

APFUEL

PINST

PMANFyEL
PMANox1D

PoxID
APQOXID

PREG
PSEL

QCREW
QINST

QLEAK

QsEL

PF

PO

Fuel tank pressure.(psia)

Fuel pressure drop from the fuel source to fuel manifold.
The fuel source will be either the RCS-A fuel tank, the
RCS-B fuel tank, or the ascent engine fuel tank. (psi)

Helium reservoir pressure,(psia)

Instructor indicator readings as displayed on the RCS
pressure indicators.(psia)

Fuel manifold pressure.(psia)
Oxidizer manifold pressure.(psia)
Oxidizer tank pressure. (psia)

Oxidizer pressure drop from the oxidizer source to the
oxidizer manifold. The oxidizer source will be either
the RCS-A oxidizer tank, the RCS-B oxidizer tank, or
the ascent engine oxidizer tank, dependent on the status
of the main propellant shut-off valves, the crossfed
valves, and the ascent engine feed valves.(psi)

Pressure regulator outlet pressure.(psia)

Instructor indicator readings displayed on the RCS pressure
indicators if the instructor selects to read pressures other
than the pressures dictated by the crew selector switch
position.(psia)

Instructor indicator readings displayed on the RCS propellant
quantity indicators if the instructor selects to read true values.

(%)

Crew indicator readings as displayed on the RCS propellant
(fuel or oxidizer) quantity indicators. (%)

Instructor indicator readings as displayed on the RCS pro-
pellant (fuel or oxidizer) quantity indicators.(%)

Variable instructor control of propellant leakage. The in-
structor may apply this leakage rate to the fuel and/or
oxidizer tanks of RCS-A and/or RCS-B as per the instructor
Boolean inputs Bj1g thru Byg,. (lbs-sec-1)

Instructor indicator readings displayed on the RCS propellant
quantity indicators if the instructor selects to read propellant
quantities other than the propellant quantities dictated by the
crew selector switch position.(%)

Fuel density (lbs-in-8) NOTE: As indicated on Figure 21
of the proposal, fuel density is assumed to be a function of
fuel temperature.

Oxidizer density (lbs-in=3) NOTE: As indicated on Figure 21
of the proposal, oxidizer density is assumed to be a function
of oxidizer temperature.

Instructor indicator readings displayed on the RCS temperature
indicators if the instructor selects to read true values. (°F)




TCREW
TFUEL

THe

TINST

TMANFUEL,

TMANoxIDg
ToxID

TSEL

TMANFUEL,

|

T

ot

VHeFUEL

VHeoxD

WHeFUEL
WHeox1D
Wevr

Wevo

WHer EAK

Environmental control temperature.,(°R) NOTE: Further
explanation of this variable is given in paragraph 3. 3.3 of
the proposal.

Crew indicator readings as displayed on the RCS tempera-
ture indicators.(°F)

Common temperature of fuel and ullage helium in the fuel
tank.(°R)

Temperature of helium in the helium reservoir.(°R)

Instructor indicator readings as displayed on the RCS tem-
perature indicators.(°F)

Temperature of the fuel in the RCS-A fuel manifold.(°R)

Temperature of the oxidizer in the RCS-B oxidizer
manifold.(°R)

Common temperature of oxidizer and ullage helium in the
oxidizer tank.(°R)

Instructor indicator readings displayed on the RCS tem-
perature indicators if the instructor selects to read tem-
peratures other than the temperatures dictated by the
crew selector switch position.(° F)

Steady-state temperature of the fuel in the RCS-A fuel
manifold.(°R)

Steady-state temperature of the oxidizer in the RCS-B
oxidizer manifold.(°R)

The effective full open total on time for 8 thrusters as
measured over the last . 20 second interval divided by
.20 seconds. The manner by which this dimensionless
parameter accounts for Igy variation in the short pulse
width regime is discussed in paragraph 3. 3.4 of the
proposal.

Ullage volume in the fuel tank. (in-3)

Ullage volume in the oxidizer tank, (in-3)

Weight of helium in the helium reservoir.(lbs)

Helium quantity occupying the fuel tank ullage volume.(lbs)

Helium quantity occupying the oxidizer tank ullage volume.
(1bs)

Helium flow rate through the check valve and into the fuel
tank.(lbs-sec-1)

Helium flow rate throu%h the check valve and into the
oxidizer tank.(lbs-sec-1)

Variable instructor control of helium leakage. The in-
structor may apply this leakage rate to the helium reservoir
and/or the fuel and oxidizer tank ullage of either system A

or B as per the instructor Boolean inputs B1p1 thru Bygs. (1bs/sec)
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WREG

WRVF

WRvO

SUBSCRIPTS:
A

B

ASC

oA

IIg

NOTE:

Summation of the helium flow rates through the primary
and redundant pressure regulator branches. (lbs-seC'l)

Helium flow rate out of the fuel ullage relief valve.(lbs—sec'l)

Helium flow rate out of the oxidizer ullage relief valve.
(1bs-sec-1)

Pertains to RCS-A

Pertains to RCS-B

Pertains to Ascent Engine

Crew indicator input from RCS-A

Crew indicator input from RCS-B

(1) A dot placed above a quantity indicates the first time derivative of that quantity

(2) Two dots placed above a quantity indicate the second time derivative of that quantity

4,2 CONSTANTS

K1

K2

K4

K5

K7

Kg

Defines the range of APC in the absence of full open pressure
regulator failures, i.e., if there are no regulators failed open,
-Kj1 < APc < Kj. (psi)

Incremental change in APC due to full open failure of the high-
pressure pressure-regulator valve.(psi)

Incremental change in APC due to full open failure of the low-
pressure pressure-regulator valve. (psi)

Constant to be evaluated to provide acceptable transient
response of regulator outlet pressure to system loading. (sec"l)

Constant to be evaluated to provide acceptable transient
response of regulator outlet pressure to system loading.(sec-2)

Constant to be determined as a function of steadx-state regu-
lator data and the selected value of K5, (in? lbs-1 sec-2)
NOTE: The ratio Kg/K5 is determined from the steady-state
regulator data as Kg/Kg = - aAhEG/aPREG.(in4 lbs-1)

Constant to be determined as a function of zero-flow steady-
state regulator data and the selected value of Ke.(in4 lbs-1sec-2)
NOTE: The ratio K7/Kg is determined from the steady-state
regulator data as K7/Kg = -dPREG/9PHe.

Constant to be determined in accordance with the regulator
preload, such that the zero-flow steady-state value of regulator
outlet pressure (PREG) equals the regulator outlet command
pressure (Pc) at a specified value of reservoir pressure (PHe).
(in? sec-2) NOTE: The ratio Kg/K7 is defined as K8/K7 =
PHeg psi, where PHeg is the specified value of PHe referred

to above.
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Ko

K10

K11
K12

K13

Ki4

K15

K16

K17

Kis

LST:)

K20

Ka1

K22

Ka3

K24

K25

K26
Ko

Effective flow area (ARgg) if the high pressure helium
squib valve is open and both series pressure regulators
are failed open in a branch with an open high pressure
solenoid valve. (in2)

Ratio of the gas constant for helium to the volume of the
helium reservoir tank.(°R~*- in=4)

Compressibility factor for helium minus one,(ZHe-1).
Ratio of specific heats for helium minus one,((f1 He-1).

Ratio of K3 to the specific heat of helium at constant
volume, where Kj3 represents the ratio of heat input
rate of the reservoir tank (Qge) to the difference in
environmental temperature and helium temperature,
K13 = Qge/[CV (Tc - THe) ]. (1bs/sec)

This constant is provided in the event it is necessary to
adjust the temperature rate and may be considered to
have a value of zero at this time.

Constant to be evaluated to provide acceptable transient
response of regulator outlet pressure to system loading.
(sec~in2)

Chgck valve flow area when the check valve is open.
(in®)

Gas constant for helium, RHe.(in-°R'1)

Ratio of relief valve flow rate to propellant tank pressure
when the relief valve is open.(in?-sec-1)

Ratio of K'jq to the specific heat of helium at constant
volume, where K'1g9 represents the ratio of heat input
rate of the fuel tank (QF) to the difference in environ-
mental temperature and fuel temperature, K19 =

QF/[Cvye (TC - TFUEL)].
Ratio of specific heats for helium,(Y'He).

Multiplicative inverse of the specific heat of helium at
constant volume, Cy~* (°R- in~1)

Ratio of specific heats for helium minus one,(J' He-1).

Ratio of the fuel specific heat to the specific heat of
helium at constant volume,(CVF/Cvye)-

Ratio of K'94 to the specific heat of helium at constant
volume, where K4 represents the ratio of heat input
rate of the oxidizer tank (QQ) to the difference in environ-
mental temperature and oxidizer temperature, K24 =

Qo/[ CVHe (TC - Toxip)]-

Ratio of the oxidizer specific heat to the specific heat of
helium at constant volume (CVo/CVye).

Total volume of the fuel tank.(in3)

Total volume of the oxidizer tank. (in3)
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K28

K29

K30

K31

K32

K33

K34

K35
K36

K37

K39

K40

K41

K42

K43

K44

K45

The product of average fuel consumption rate and the ratio
of mission time to real time.(lbs-sec-1)

The product of average oxidizer conSumptlon rate and the
ratio of mission time to real time.(lbs-sec-1)

This constant is included in the event it is necessary that
the range of oxidizer leakage rates be greater than the
range of fuel leakage rates. If this is not required, K3g =1
and may be deleted.

The ratio APFUEL/ F' if the fuel flow path is from the ascent
engine fuel tank to either the RCS-A or RCS-B fuel manifolds,
and the cross-feed valves are closed.(sec-in~%)

The ratio APFyEL/F" if the fuel flow path is from RCS-A or
RCS-B fuel tanks to the RCS-A or RCS-B fuel manifolds,
respectively. (sec-in~ )

The ratio APFyEL/ F' if the cross-feed valves are open and
the fuel flow path is from the ascent engme to the common
(RCS-A/RCS-B) fuel manifold.(sec-in~

The ratio APFUEL/I:" if the cross-feed valves are open and
the fuel flow path is from either the RCS-A or RCS-B fuel
tank to the common (RCS-A/RCS-B) fuel manifold.(sec-in~ 2)

The ratio [APOXID/d'] /[ APFUEL/F."] .

The ratio between the rate of change of fuel temperature in the
RCS-A fuel manifold to the difference between the steady-state
and actual fuel manifold temperature.(sec™*)

The ratio between the rate of change of oxidizer temperature
in the RCS-B oxidizer manifold to the difference between the
steady-state and actual oxidizer manifold temperature.(sec-1)

Maximum fuel leakage rate.(lbs-sec-1)

Greatest plus or minus variation in control temperature about
the nominal level of 530 °R, i.e., 530-K39 < T¢ < 530+ K39.(R°)

That value of PREG below which the regulator caution warning
light will be on.(psia)

That value of PRrpG above which the regulator caution warning
light will be on if either of the high pressure helium solenoid
valves are open.(psia)

That ratio of oxidizer to fuel quantity above which the RCS
caution warning light will be on.

That ratio of oxidizer to fuel quantity below which the RCS
caution warning light will be on.

Maximum plus or minus variation in sensor error for the
helium reservoir pressure sensors.(psi)

Maximum plus or minus variation in sensor error for the
helium reservoir temperature sensors, the fuel temperature
sensors, or the oxidizer temperature sensors.(°R)
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K46

K41

K48

K49
K50

K51

K52

K55

4.3 BOOLEAN QUANTITIES

Maximum pius or minus variation in sensor error for the
fuel or oxidizer pressure sensors.(psi)

Maximum plus or minus variation in sensor error for the
fuel quantity sensors.(lbs)

Maximum plus or minus variation in sensor error for the
oxidizer quantity sensors.(lbs)

Conversion from °R to °F, K49 = 459. 7.(R°)

The ratio of 100 to the nominal fuel load of a single RCS
fuel tank.(%/1bs)

The ratio of 100 to the nominal oxidizer load of a single
RCS oxidizer tank.(%/1bs)

Minimum value of temperature shown on the RCS temper-
ature indicators.(°F)

Maximum value of helium leakage rate (WHey g ag)-
(lbs-sec'l)

NOTES: (1) All definitions pertain to B= 1. The words which should be substituted to denote
conditions pertaining to B = 0 are shown in parentheses.

(2) To aid in identifying the Boolean quantities on Figure 21, they have been
categorized as indicated below:

Type Number Range
Computer Inputs from Crew B1 to Bgg
Computer Inputs from Instructor B100 to B199
Computer Outputs to Crew B500 to Bsgg
Computer Outputs to Instructor Bg00 to Bg99
Booleans Used Internal to the Computer Bgo0o to Bggg

4.3.1 Crew Inputs

B

B2

B3

Bg

Br

High pressure helium squib valves are (are not) being
commanded open.

Propellant crossfeed squib valves are (are not) being
commanded open.

High pressure helium solenoid valve in the primary
branch of RCS-A is (is not) commanded open.

High pressure helium solenoid valve in the primary
branch of RCS-A is (is not) commanded closed.

High pressure helium solenoid valve in the redundant
branch of RCS-A is (is not) commanded open.

High pressure helium solenoid valve in the redundant
branch of RCS-A is (is not) commanded closed.

High pressure helium solenoid valve in the primary
branch of RCS-B is (is not) commanded open.
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B10

B11

Bi12

Bi3

Bi14

Bis

Bie

B17

Big

Big

B20

B21

Baa

B23

Ba4

Bas

B2g

High pressure helium solenoid valve in the primary
branch of RCS-B is (is not) commanded closed.

High pressure helium solenoid valve in the redundant
branch of RCS-B is (is not) commanded open.

High pressure helium solenoid valve in the redundant
branch of RCS-B is (is not) commanded closed.

Solenoid valves connecting the ascent engine propellant
tanks with the RCS-A propellant manifolds are (are not)
commanded open.

Solenoid valves connecting the ascent engine propellant
tanks with the RCS-A propellant manifolds are (are not)
commanded closed.

Solenoid valves connecting the ascent engine propellant
tanks with the RCS-B propellant manifolds are (are not)
commanded open.

Solenoid valves connecting the ascent engine propellant
tanks with the RCS-B propellant manifolds are (are not)
commanded closed.

RCS-A main propellant solenoid shut-off valves are (are
not) commanded open.

RCS-A main propellant solenoid shut-off valves are (are
not) commanded closed.

RCS-B main propellant solenoid shut-off valves are (are
not) commanded open.

RCS-B main propellant solenoid shut-off valves are (are
not) commanded closed.

TCA isolation solenoid valves for thrusters #1 and #3 are
(are not) commanded open.

TCA isolation solenoid valves for thrusters #1 and #3 are
(are not) commanded closed.

TCA isolation solenoid valves for thrusters #2 and #4 are
(are not) commanded open.

TCA isolation solenoid valves for thrusters #2 and #4 are
(are not) commanded closed.

TCA 1isolation solenoid valves for thrusters #5 and #8 are
(are not) commanded open.

TCA isolation solenoid valves for thrusters #5 and #8 are
(are not) commanded closed.

TCA isolation solenoid valves for thrusters #6 and #7 are
(are not) commanded open.

TCA isolation solenoid valves for thrusters #6 and #7 are
(are not) commanded closed.
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B2y TCA isolation solenoid valves for thrusters #9 and #12 are
(are not) commanded open.

Bag TCA isolation solenoid valves for thrusters #9 and #12 are
(are not) commanded closed.

Bog TCA isolation solenoid valves for thrusters #10 and #11 are
(are not) commanded open.

B30 TCA isolation solenoid valves for thrusters #10 and #11 are
(are not) commanded closed.

B31 TCA isolation solenoid valves for thrusters #13 and #15 are
(are not) commanded open.

B3g TCA isolation solenoid valves for thrusters #13 and #15 are
(are not) commanded closed.

Bs3s TCA isolation solenoid valves for thrusters #14 and #16 are
(are not) commanded open.

B34 TCA isolation solenoid valves for thrusters #14 and #16 are
(are not) commanded closed.

B3g Temperature-pressure monitor select switch is (is not) in
"H" or "helium" position.

B3g Temperature-pressure monitor select switch is (is not) in
the "FUEL" position.

Byo Temperature-pressure monitor select switch is (is not) in
the ""OXID" position.

B41 Temperature-pressure monitor select switch is (is not) in
the "MANIF" position.

Byo Fuel-Ox monitor switch is in the Fuel (Oxidizer) position.

4,3.2 Instructor Inputs

B101 The helium leakage rates defined by B1gg thru Bjgg pertain
(do not pertain) to RCS-A.

B102 The helium leakage rates defined by B1pg thru B108 pertain
(do not pertain) to RCS-B.

B103 The helium leakage rates defined by B1gg thru B108 pertain
(do not pertain) to the helium reservoir,

B104 The helium leakage rates defined by B1gg thru B1gg pertain
(do not pertain) to the fuel ullage.

B105 The helium leakage rates defined by B1pg thru B10g pertain
(do not pertain) to the oxidizer ullage.

B106 An incremental helium leakage rate of 1/7th of the maximum
leakage rate is (is not) present.

B1o7 An incremental helium leakage rate of 2/7ths of the maximum
leakage rate is (is not) present.
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B108 An incremental helium leakage rate of 4/Tths of the maxi-
mum leakage rate is (is not) present.

B.109 Pressure regulator failures denoted by B111 thru B11g
pertain to RCS-B (RCS-A).

B110 Pressure regulator failures denoted by B111 thru By17
pertain to the redundant (primary) regulator branch.

Bi11 One or both regulators are (neither regulator is) failed
closed.

B112 The high-pressure pressure regulator is (is not) failed
open.

B113 The low-pressure pressure regulator is (is not) failed
open.

B114 An incremental change in regulator command pressure

of 1/7th of the maximum change is (is not) present.

B11s An incremental change in regulator command pressure
of 2/7Tths of the maximum change is (is not) present.

B11g An incremental change in regulator command pressure
of 4/Tths of the maximum change is (is not) present.

B117 The incremental changes due to By14 thru Bjjg result
. in an increase (decrease) in regulator command pressure.

B118 Any two parallel pressure regulators, i.e., one in the
primary and one in the redundant branch, are (are not)
failed closed.

B119 The propellant leakage rates defined by B193 thru B12s
pertain (do not pertain) to RCS-A.

B120 The propellant leakage rates defined by B123 thru B135
pertain (do not pertain) to RCS-B.

B121 The propellant leakage rates defined by B133 thru Bygs
pertain (do not pertain) to fuel leakage.

B122 The propellant leakage rates defined by B123 thru B125
pertain (do not pertain) to oxidizer leakage.

B193 An incremental propellant leakage rate of 1/7Tth of the
maximum leakage rate is (is not) present.

Bi124 An incremental propellant leakage rate of 2/Tths of the
maximum leakage rate is (is not) present.

Bi2s An incremental propellant leakage rate of 4/7ths of the
maximum leakage rate is (is not) present.

B126 The high-pressure helium solenoid valve failures defined
by B127 thru B3¢ pertain to RCS-B (RCS-A).

Bi12n The high-pressure helium solenoid valve in the primary
branch is (is not) failed open.

B128 The high-pressure helium solenoid valve in the primary
branch is (is not) failed closed.
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B12g
Bi30
Bi131
B132
B135
Bi13g
B137
Bi3g
B139
B140
B141
B142
B143
B144
B145
B146
B147
B14g
B149
B150

B1s1

The high-pressure helium solenoid valve in the redundant
branch is (is not) failed open.

The high-pressure helium solenoid valve in the redundant
branch is (is not) failed closed.

The main propellant shut-off valves for RCS-A are (are not)
failed closed.

The main propellant shut-off valves for RCS-B are (are not)
failed closed.

The TCA propellant isolation valve failures defined by B136
thru B39 pertain to RCS-B (RCS-A).

The TCA isolation valves in quad #1 are (are not) failed
closed.

The TCA isolation valves in quad #2 are (are not) failed
closed.

The TCA isolation valves in quad #3 are (are not) failed
closed.

The TCA isolation valves in quad #4 are (are not) failed
closed.

An incremental change in environmental control tempera-
ture of 1/7th of the maximum change is (is not) present.

An incremental change in environmental control tempera-
ture of 2/Tths of the maximum change is (is not) present.

An incremental change in environmental control tempera-
ture of 4/Tths of the maximum change is (is not) present.

The incremental changes due to B140 thru Bj42 result in
an increase (decrease) in environmental control temperature.

Sensor failures defined by B155 thru Bysg pertain to RCS-B
(RCS-A).

Sensor failures defined by B155 thru B159 pertain (do not
pertain) to helium reservoir pressure.

Sensor failures defined by B155 thru B159 pertain (do not
pertain) to helium reservoir temperature.

Sensor failures defined by B155 thru B159 pertain (do not
pertain) to fuel pressure.

Sensor failures defined by B155 thru B1s9 pertain (do not
pertain) to fuel temperature.

Sensor failures defined by B155 thru B159 pertain (do not
pertain) to fuel quantity.

Sensor failures defined by B155 thru B1s9 pertain (do not
pertain) to oxidizer pressure.

Sensor failures defined by B155 thru B159 pertain (do not
pertain) to oxidizer temperature.
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B152
Bi153
B154

Bis5
B156
B1s7
B158

B1s9

B160

Bis1

Bie2

Big3

Biea

Bi6s
Biee
Bier
Bies

Bi169

B170

Sensor failures defined by B1s5 thru Bysg pertain (do not
pertain) to oxidizer quantity.

Sensor failures defined by B155 thru Bjsg pertain (do not
pertain) to propellant manifold pressure.

Sensor failures defined by B1s5 thru Bygsg pertain (do not
pertain) to propellant manifold temperature.

The applicable sensor as defined by B144 thru B154 provides
(does not provide) a zero output.

An incremental error in sensor output of 1/7th of the maxi-
mum error is (is not) present.

An incremental error in sensor output of 2/7ths of the maxi-
mum error is (is not) present.

An incremental error in sensor output of 4/7ths of the maxi-
mum error is (is not) present.

The error in sensor output defined by B156 thru B15g results
in sensor outputs greater (less) than the true value.

Indicator failures defined by B1g1 thru B172 pertain to
RCS-B (RCS-A).

Pressure indicator displays (does not display) its minimum
value.

Temperature indicator displays (does not display) its
maximum value.

Quantity indicator remains frozen at its present value(is not
failed).

The applicable talk-back indicator defined by B;gs thru
B9 is failed on (off).

Talk-back indicator for the high pressure helium
solenoid valve in the primary branch is failed in accordance
with Bgo and B1g4 (is not failed).

Talk-back indicator for the high pressure helium
solenoid valve in the redundant branch is failed in accord-
ance with Bygg and Bjgq (is not failed). :

Talk-back indicator for the ascent engine propellant

feed valves is failed in accordance with B1g0 and Big4 (is
not failed).

Talk-back indicator for the main propellant shut-off
valve is failed in accordance with Bjgg and Bjg4 (is not
failed).

Talk-back indicator for the TCA propellant isolation
valves for Quadrant No. 1 is failed in accordance with
B1g0 and Bj1g4 (is not failed).

Talk-back indicator for the TCA propellant isolation
valves for Quadrant No. 2 is failed in accordance with
Bjgo and Bygg4 (is not failed).
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Bim

172

Bigg

Bjo3

194
Bigs
196
Bigr

198

B1gg

4.3.3

Bs01

Bs02

B503

B504

Bso5

Bs06

Crew Outputs

Talk-back indicator for the TCA propellant isolation
valves for Quadrant No. 3 is failed in accordance with B

. . 160
and Bjgy (is not failed).

Talk-back indicator for the TCA propellant isolation
valves for Quadrant No. 4 is failed in accordance with Bi6o
and Bjgg4 (is not failed).

Signal to extinguish the improper-valve-sequencing-light
is (is not) present.

Signal which enables the instructor to monitor fuel quanti-
ties, when the crew is monitoring oxidizer quantities, is
(is not) present.

Instructor activates (does not activate) momentary switch
to display propellant manifold pressures and temperatures.

Instructor activates (does not activate) momentary switch
to display oxidizer tank pressures and temperatures.

Instructor activates (does not activate) momentary switch
to display fuel tank pressures and temperatures.

Instructor activates (does not activate) momentary switch
to display helium reservoir pressures and temperatures.

Instructor activates (does not activate) momentary switch
to display true values (no sensor or indicator failure effects)
of all system display parameters.

Accelerated run signal is (is not) present.

Talk-back indicator indicates that the high pressure
helium solenoid valve in the primary branch of RCS-A
is open (closed).

Talk-back indicator indicates that the high pressure
helium solenoid valve in the redundant branch of RCS-A
is open (closed).

Talk-back indicator indicates that the high pressure
helium solenoid valve in the primary branch of RCS-B
is open (closed).

Talk-back indicator indicates that the high pressure
helium solenoid valve in the redundant branch of RCS-B
is open (closed).

Talk-back indicator indicates that both solenoid valves
connecting the ascent engine propellant tanks with the
RCS-A propellant manifolds are open (closed).

Talk-back indicator indicates that both solenoid valves
connecting the ascent engine propellant tanks with the
RCS-B propellant manifolds are open (closed).



Bs07
B508
Bgog
Bs10
Bs11

B512

Bs513

B514

Bgis

Bs16

Bs17

Bs1s
Bs19
Bs20

4,3.4

Bgo1

Bgoa

Bgog

Bgog

Instructor Outputs

Talk-back indicator indicates that both RCS-A main pro-
pellant shut-off valves are open (closed).

Talk-back indicator indicates that both RCS-B main pro-
pellant shut-off valves are open (closed).

Talk-back indicator indicates that both TCA iéolation
valves for thrusters #1 and #3 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #2 and #4 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #5 and #8 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #6 and #7 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #9 and #12 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #10 and #11 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #13 and #15 are open (closed).

Talk-back indicator indfcates that both TCA isolation
valves for thrusters #14 and #16 are open (closed).

Regulator caution warning light for RCS-A is on (off).
Regulator caution warning light for RCS-B is on (off).
RCS-A FAIL caution warning light is on (off).

RCS-B FAIL caution warning light is on (off).

Talk-back indicator indicates that the high pressure
helium solenoid valve in the primary branch of RCS-A
is open (closed).

Talk-back indicator indicates that the high pressure
helium solenoid valve in the redundant branch of RCS-A
is open (closed).

Talk-back indicator indicates that the high pressure
helium solenoid valve in the primary branch of RCS-B
is open (closed).

Talk-back indicator indicates that the high pressure

helium solenoid valve in the redundant branch of RCS-B
is open (closed).
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605

Bgog

Bgor
Bgos
Bgog
Bg10
Bg11
Bg12
613
Bg14
Bg15
Bg16

617
618
Bg1g

Bg20

Bgai

Bgaa
Bgas
Bgag
Bgas

Beag

Talk-back indicator indicates that both solenoid valves
connecting the ascent engine propellant tanks with the
RCS-A propellant manifolds are open (closed).
Talk-back indicator indicates that both solenoid valves
connecting the ascent engine propellant tanks with the
RCS-B propellant manifolds are open (closed).

Talk-back indicator indicates that both RCS-A main pro-
pellant shut-off valves are open (closed).

Talk-back indicator indicates that both RCS-B main pro-
pellant shut-off valves are open (closed),

Talk-back indicator indicates that both TCA isolation
valves for thrusters #1 and #3 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #2 and #4 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #5 and #8 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #6 and #7 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #9 and #12 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #10 and #11 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #13 and #15 are open (closed).

Talk-back indicator indicates that both TCA isolation
valves for thrusters #14 and #16 are open (closed).

Regulator caution warning light for RCS-A is on (off).
Regulator caution warning light for RCS-B is on (off).
RCS-A FAIL caution warning light is on (off).
RCS-B FAIL caution warning light is on (off).
Improper-valve-sequencing light is on (off).

Light indicating that the crew monitor select switch is
in the OFF position is on (off).

Light indicating that the crew monitor select switch is
in the H position is on (off).

Light indicating that the crew monitor select switch is
in the FUEL position is on (off).

Light indicating that the crew monitor select switch is
in the OXID position is on (off).

Light indicating that the crew monitor select switch is
in the MANIF position is on (off).
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Bgan Light indicating that the crew fuel-oxid monitor select
switch is in the fuel position is on (off).

Bgag Light indicating that the crew fuel-oxid monitor select
switch is in the oxidizer position is on (off).

The following quantities are defined in Figure 21:

Boolean Quantity Block Number
Bgoy thru Bgg, 11-5
Bgps thru Bgpg I1-4
B809 II-12
Bg10> Bg11 2k
Bg12’ Bgis i=2
Bgy4 thru B817 II-10
Bgig thru Bgay II-8
Bgao 1-12
B823 thru B834 II-10
Bgss thru Bgsg II-13
B840 thru B845 II-13
B846 thru B853 II-12
Bgs4 thru Bgg; I1-4
Bggg thru Bgqg -3
Bgqy thru Bggg II-1
Bggg thru Bgo1 III-2
Bgoa m-7
Bgo3 II-16
Bgo4, Bgos I-3
Bgog thru Bggs K
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SECTION I - INPUTS | | e
ju-1 INDICATOR READINGS WITH NO SENSOR OUTPUTS TO CREW-(IV-1)
o-3 CREW-INDICATOR INPUTS-(III-1) By THRU B,, OR INDICATOR FAILURE-(II-5) S
n-2 : BOO
= b/ PRESSURE REGULATOR FLOW RATES-LBS/SEC-(II-3 ‘ -
LIUM REG =$#& P Bgor B, . tors
CREW INPUTS-(I-1) | HELIUM RESERVOIR-(II-1) HE RESERVOIR RATES-(1I-2) ‘ A,B w (1-1) 50 51 PRESSURE - PSIA Bspy thru Bgog4 (High pressure helium solenoid valves, talk-back indicators)
TEMPERATURE RATE-°R/SEC P, ’ = M vT B4y THRU B = P A4 P Ascent propellant feed solenoid valves, talk-back indicators)
B, (RCS pressurize) PRESSURE-PSIA B/ REGA,B wREGA M’l"A PHeA AREGA/ Hep (1-3) 144 159 pHeIIA = Ag0g [PHey + Ag74 Kaq €5 | P = A3g PHey + A3g PFUEL, + A40 POXIDA + A41 PMANFUEL, Bs05, Bsog (Ascent prope d :
=L i 7 . K P B B (Main 1lant 8/0 solenoid valves, talk-back indicators
5 ' 07, Bsog prope
B (Cross-feed valve command) Phe, = (K10 Wy, The,I” - K1} w T w Kyg (T - T, e R :
2 A o 2 HeAvB HeA, B A 12 THeA Hea e & HeA) Where! MTA =h (P'“A/PREGA) Heaee PHQHB = Ag07 [PH"B + Agr5 Kag es ] Bg0g thru Bspg (TCA isolation solenoid valves, taik-back indicators)
High heli lenoid valves, ''open-close' commands) -1 <X ‘ T = o
BS o R R Mhensii : I-’H"B = (K10 wHeB THeBI 3 K“} X WHeA ; K“ o MTA ks PFUELA B POXIDA B Fp= AsyiPien = Ass FROKEG A FOXIDy & o pMANOXIDB B517, Bs1g (Reg-A fail, Reg-B fail; caution-warning lights)
(— 5 i y e 'y ’
By, thru B, (Ascent propellant feed solenoid valves, "open-close'' commands) ! THBHA = Agog [THeA + Agrg Kq5 €5 ] » B§ e
5 v =M A /T - T ° B B (RCS-A fail, RCS-B fail; caution-warning lights
By g thru Byg (Main propellant /O solenoid valves, "open-close' commands) TEMPERATURE-"R w3 Ky THeB wH'B + Kyqg (Tg - THeB) WREGB MTB PHeB REGp Hep g PH'A,B TH'A,B " i s D FUELA,B TomA,B TEMPERATURE - °F : 519, B520 H
. 20 B e : B e eqlg = eB ,
; > o T =T + (.50) T (2/sec) 101 102 “108 T = W, + K o B
Byg thru Bay (TCA isolation solenoid valves, "open-close' commands) HeAn HeAn-l l'[eA ’ Hepg Hep 14 PHQ TH, siheie: M’I‘B =q (PHeB/PREGB) VR se¢ FA 2 OA » T = Asp THeA s TFUELA W TOXIDA 3 e TMANFUELA ¥y ANALOG \
Bgg thru By,  (Selector switch position, H-FUEL-OXID-MANIF) - i + (.50) Ty (2/sec) : | X HELIUM QUANTITY RATE-LBS/SEC A,B A B __» : , PFUELuA Ag10 [PFUELA + Agrg Kyg €s] (11-9) = PCREWA [y peaNah Sk T SbN msNciE wALEY)
Hey ~ THe : e m-11) w < =
’ B B B He; oay Te 3 : \ 0=Mp_ =.21 AN
B (Propellant [fuel or oxid| display selection) n n-1 I CAK X % % A A W, B FUEL E e K40 TOXIDA K41 THMAN - Ky -
a2 — WHe, = - WREG, - A101 A103 Ag12 WHe PFUELy.. = Ap11 [ PFUELR + As79 K46 €s] 2 Tp = A3g THep *+ A39 TFUELp + A40 TOXIDp + A4l 0XIDg e
HELIUM QUANTITY-LBS A A LEAK AREG (m-5) 1Ig B TMANFUELA PCRL'WB (Sys B pressure as per cr.
* > H G A, B 2 h
& 2he O SR R e - K P,
wHeA = wHeA + (.10) wHeA (10/sec) PHEA 3 T“BA . wHeA 5 WH,B WREGE - 4102 A103 As13 Hep pak REGULATOR COMMAND PRESSURE - (II-5) : TrUELy, = A912 [ TFUEL, + A880 K45 es] MANOXIDB S| TeREW, (878 A temperature as per crew selector switch)
- » il il -
; g : (10/sec) » LEAKAGE RATE CUTOFF DISCRETE P1op P11 COMMAND PRESSURE-PSIA : tien) TMANGx1p,
; = . - - A 5 €8 B
INSTRUCTOR INPUTS-(1-2) wHe WHe L) wHe Lsgee -t B,,, THRU B i PruEL P TFUELH Ag13 TFUELp * 4881 s * T, (Sys B temperature as per crew selector switch)
R Ba Bp1 B 0Py, =0 EFFECTIVE REGULATOR FLOW AREA-(II-4) s 112 1T gl Pe, = 8L ahsg APe A APC . A,B TOXIDA,B B (1-13) = " Qa = Ks0 Ag2 FA + Ksy Ajp OA CREWp
o A He He
MIU b P ZERRCTIVE Mo Po. = 181 + Aggy PG+ Ajgy AP, el i X Fuip = Ao14 [Fa + Assa Kar 5] my—n® MB ol Qp=KsoAg Fp+ K5y AL 0B DIGITAL
a1y en % TR . chiE 802 4Pc 802 “PCpp FoB OB = '
Biop thru Bjgg  (Helium leakage rates for helium storage tanks, fuel tanks, €A, B > AREGA = [AI;OS A;(Yl A;KEG + Agor Ko | Agog B BP ¥ ) 8 A QemEw, (Sy8 A fuel o oxidizer quantity, crew selects)
and oxidizer tanks) 0if Py, =0 o , ‘ ; 4 At COMMAND PRESSURE INCREMENTS-PSI (0-9) ———————————— P Frg = Ag15 [ Fp + Agg3 K47 es fitos ] A
B, ., thru B ® lator) T Bgig = s P109 THRV Byy Arecp = [Ag0s Ad0s Arecy * “808 Kol Ao . % Poxipyy, = A916 [Poxm, * Aess Kae ] —INDICATOR READINGS AS PER Q (Sys B fuel or oxidizer quantity, crew selects)
ressure re & -(O-" -
109 thru Byyg gu CHECK VALVE FLOW RATES-LBS/SEC-(II-7) ol 14 Py >0 sl : 5B, = Alos Alto (@PO A ICATOR § e e v mt) CREWS
Bjyq thru B (Fuel and oxidizer leakage rates) 3 3 v VT D .2) —————— P MODIFIED REGULATOR AREA-IN P l = P A €
119 thru Bros Wevr, = %16 PreG, MTFA/ THep (1-2) e CaB = o o POXIDpr Ag17 [ PoXIDg + A885 K46 €s] IR
Byog thru Bygg  (High pressure helium solenoid valves) ‘ 5 ARec, * A;(EGA +(0.10) Aggg, (10/sec) i 8P p = A109 Ay (4Pc) FUEL, ] PRESSURR - =2
= v n -1 = Ay T + A K45 € 1 P
Biai, B (Main propellant shut-off solenoid valves) wCVFB K16 pREGB MTF 4 THeB ; > L v " TMAN TOXanA 918[ OXIDA 886 45 €S, PSEL, = Aggg [ A197 PHEIIA + A196 PFUELHA + A195 OXIDHA
e B - e Ko Mg w0l K (10/sec) sPc, . = Alop Atg (RQ) FUEL, By
i : y e B, Bp. G e e
Byasthru Bygg (TCA propeliant solation solenoldivalves) Wcvo, * K16 Precy, Mo / The, -————— REG, p REGULATOR OUTLET PRESSURE-PSIA-(II-6) . 5 ] e n-1 T . A ToXIDy = A919 [ Toxmp + Aser Kas es] (1-1)  Atos PuAlipUELy,]
By thru By43  (Environmental temperature control) g b & PREGA,B B pREGA + Kpg [WREGA s WCVFA = WCVOA] (10/sec) REG, o A;ZEGA = A;REGA + (0. 10) AREGA in?/sec (10/sec) APCBR = Ajog Aqp0 (@PQ) l MA oxi, : | {OUTPUTS TO INSTRUCTOR-(IV-2)
W =K P Mp_ /VT An n-1 ; n n-1 Omp = Ag20 [OA + Aggg Kag €5
tit cvo, 16 “REGg To. He . 2 ! ’ A BOOLEAN
By44 thru Bysg (Pressure, temperature, and quantity sensors) B B B B 2 . s . a ©.10) e ey (10/sec) COMMAND PRESSURE INCREMENT - PSI TMNOXIDB ey e 1) o pHeu + A1gs PFUEL,, + A195 POXanB BOOLEAN
P t ture, quantity, and talk-back indicators) ! Precp_ " Precy  * K15 [Wrecy - Wovrg - Wovog! (10/sec) ARecy - Apgcy  * 1% Arecy . . ] B B B s P i e s o TRk
Bjgg thru By7p TERAUFE, |ERIPEFALUDE, i % where: - o n n-1 IR -1 : APc = Ky [1/7 - Agpq ¢ 2/7 - Apyg + 4/7 ° Apgl [Aqg7 - Anrl @-19) » Ong = Ag21 [ OB + Aggg Kag €5 S
}OJT = f; (Prpe/PryEL) YV R/sec CVF, p CVo, 5 Argc, - - K4 A;RBGA - Kg AREGA =Ky [PREGA ® pCA] +Algq PMANoxmuB] Bgos, Bgog (Ascent propellant feed solenoid valves status
; .
EWITCHUMEMENTARY) 3 a 2 2 +Kg Ajp + K3 Ajyg pMANFUELnA = Ag22 [pMANFUELA + Agg0 Kyp sl Bgo7» Bgog (Main propellant S/0 solenoid valves status)
- i i i 5 = K, in“/sec = 5 i [FRPU
Bgs Umptoper:vaive-sequencing it extinguish) M1, = f1 (Prec/Poxm’ V"R/sec Ky Prigy -+ R8 & Py Agzs [ PMAN, + Ago1 Kap €s] —— g ~Bygq THRU Bygy |~ TEMPERATURE - °F Bgog thru Bgyg (TCA isolation solenoid valves status)
1c . s Aﬂoxmn = OXIDg %
= t t & : LOGIC (1-2) ————— P ’
Bio3 (Alternate fuel-oxid quantity select) 2 o oo O-8 | RELIEF VALVE FLOW RATES-(II-8) A;ZEG =Ky A;IBG - K5 A;(EG - Kg “"REGB o PCB] . B TSEL = Aggg [A197 THEIIA + Ajgg T]-"UELHA + A195 TOXID]]A Be17, Bgyg (Reg-A fail, Reg-B fail; caution warning lights)
i = e = — B = B
Bjgq thru Bigy  (Helium tanks-fuel tanks-oxidizer tanks-manifold select) | | | — e = = — s - FLOW RATES-LBS/SEC B B Bgor = Bgag (Bgar * Bgos) TMANFyELy, ~ A924 [TMANFygL, * A892 K45 es] A Bayg, Bezo (RCS-A fail, RCS-B fail; caution warning lights)
B (Troe-value select) 3 s FUELL B : - Ky Pgen, * K in?/sec? * A + A194 TMANFUELy, ~ Kqg] + Aggg K52 Pl :
. = '
198 Poxin WRVFA = Agig Kig PFUELA B Bgoz = Bgag (Bgag + Bgog) TMANoxIDn = Ag2s [TMANoxxDB* Agg3 K45 €8] Bg21 (IMPROPER-VALVE-SEQUENCING LIGHT 'ON')
A8 B i ion, OFF-H- FUE L-OXID-MANIF)
SWITCH | " L PFUELA B 1"ox]:l)A B w N Sirs w i Ap i T oR C P TFUELHB 2+ Xips TOXIDnB Bgy2 thru Bggg (Crew selector switch position,
— ., » ) = =
T 0 18 " FUEL,; * * L C C B lecti
B1gg (Accelerated run select) PROPELLANT TANK-(II-9) o B B Bgos = Baas Bear * Bloo [Bu1s * Biut (Biig Bgas + Bl1o Bear)| + Bato Bggs = i g AR e Bg27, Bgzg (Crew propellant quantity display selection)
. FRACTIONAL SEN! *
= 0 AP A194 TMAN, - K4g] + Aggg K52
PRESSURE-PSIA WRVOA = Agio Kig POXIDA A : 5 S 2 )]+ B if APCAP < (s + 4194 TMANOXID[1g 899 s nl
Bgos = Bysp Baag * Broo [Bris * Bii1 (Biio Baas + Bi1o Bgag 811 ARie o e ANALOG ‘
K17 WHepygL, TFUEL, : SARTEE T 14 aPc_ = APCpy es= (A159 - A1sg) [7° A156 + 7 A157+ 7" Alse PiNsT, (878 A pressure as per crew or instructor selection)
P s Pt o Wrvop = 421 ¥1g Poxmy * B.:: [Baga B+ Bagr Blan] Bgos = S LOGIC (A1 P'S, T'S, F'S, and O'S) QUANTITY - %
FUELA HepygL Byor = Brog Pri2 Biis [Paas Brio * Bgar Brio i s SR —> oy .

SUBSYSTEM INPUTS-(I-3) A O . 0 if APCBP < APCBR Beti= Bi4d Biss Bgog = B155 + Bg14 QSELA = Aggo [ Ks0 AZz FIip + K51 Ag2 O11,) PINs Ta (Sys B pressure as per crew or instructor selection)
$&C SIMULATION Ky, W T Bgog = Biog Briz Buis (Baas B1io * Bgas Brol R Bgog THRU By, T T :
ST e HEFUELB FUELB e PFUEL g Bam LRy BM9 5“5 i Bl“ Bl45 590'1 S N SELB 8l 3 B TINSTA (Sys A temperature as per crew or instructor selection)
5t,, Btp (Thrust rating time over the last 1/2 seconds) e e = ¥l X o .

A+ Otp (Thruster ope '4 PFUELB vHeFUEL Bgig . ¥ 1if AREGA Bg7e = B14q B14g Bgog = B1s5 + Bg1e P
= 0P =280 810 * * A,B s B temperature as per crew or instructor selection)
FUEL, BroriiByzn B By = Biss+ Bir7 TinsTg (57 B
ASCENT ENGINE SIMULATION " OifAL . 20 877 = B1a4 B14g 09 b B
o TR G o Ki7 WHe, OXID, A n-12 o =B BA A B
P . P (Ascent propellant tank pressures) 17 OXID, A 1if Poyip, = 250 PSIA IO Bgg = Bi44 B147 Bg10 = Byss + Bg1s ) ey
FUELpge' ~OXIDyge Poxip, = v B Ll <0 VALV LOGIC- e ey
HeOXIDA 819 e i REGg B, THRU Byq e T Bgrg = B14q B147 Bg11 = Byss + Bgrg QSELA B QINST, (Sys A fuel or oxidizer quantity, crew or instructor selects)
TRUELpge TOXID,ge (AScent propellant tank temperature) Ui Pown, | S Bgyy = (1-1) —————— % PRESSUR 5Q Bt P S ;
'
g 17 Wite TOXID g AREG e 4 pa FaRi l b4 * VARIABLE OUTPUTS TO INSTRUCTOR-(III-7) PA, B TA B QA B Q (Sys B fuel or oxidizer quantity, crew or instructor selects)
17 OXIDg B 14 P > 250 PSIA B 809, ~ 809 , Bgs1= Bi4s Bl4s Bg13 = B1ss + Bgg1 ) ) INSTg
Bgo4» Bgos (Propellant deplete) POXIDB = 7 FUELp . = 88 144 o
€, = * - —————
OXIDy Bgag 2 T Bm S CROSS FEED SQUIB VALVES Bgg2 = Bi44 Brag Bg14 = Biss + Bgg2 B193 THRU Bygg ] +Ag8 P
0itr * x * o xY P + Ago2 PSELA) + A198 PA
FUELp 846 849 =B By (Biso + Biss) (B§s1 + Bgsa) (Bgsz + Bysg) b O = BYss+ By 1-2) —————————— PINST, = Al98 [ AS02 PCREW, + Ag0 A
TEMPERATURE-'R Bgaoi= g2 .t P2 (Bgso + Bgsa) (Bgsy + Bas2 8 Bggs = B144 Brag Bgis :55 x.aaa (1-2) PmsTA 5
N T e e o sy - = P
Toue. * Trombe 499 Trups, (2/8ec) 1 i Poyypy = 250 PSIA o-11 s Byyg THRU B, g, 3 SR Bggs = B144 B1so Bg1g = B1s5s + Bgs4 CREW, PiNsTp - Ales [A302 PCREW * Agoz PSELg) + A108 PB | 1
A Bgoy = - LIUM * * i A, B
A, n-1 i 821 VARIABLE INSTRUCTOR CONTROLS-(II-11) = ‘ Tty Bgas = Braa Biso Bo17 = Biss + Bdss CREW, 5 2 ) e T STEVE )
=T + (.50) T (2/sec) 0 if Poyyp < 250.PSIA T BB“ = [Blzs A 81281 [B4 (B + Baﬁn_l 126 ©127 . . . QCREW INSTA B
TruELp FUELp FUELp =B HELIUM LEAKAGE RATE-LBS/SEC Hey o un? TG n Bgge = B144 B151 Bg1g = B1s5 + Bgge AB TEMPERATURE - °F L ‘ :
: 50) T sl VRvr . : e Bgy = [Byag + Biso) [BS (Bs + Baar ) + Bizs Byl Bag7 = Bias Bisi Bo1g = Biss + Bger ’ R il ins (Iv-2) | |S&C SIMULATION
Toxi, - Toxmy  * 59 Toxm, AB W = Kgg [Ajgq (/1) + Aygy (2/1) + Aygq (4/T)] ¥ L . i TINSTA = Alos [ Aoz TCREWA + A902 TSELA]-+ A198 o
An n-d ; 2 Heppaicit 03C 100 . o e s R T j Bggs = B14q B152 Bgao = Biss + B8gs | BaEE
. - .50) T (2/sec) RVO Bgsg = [Bygg * Biogl [Bg (B + Beag ;) + Brog Pr27 " . e Atog[AL Ago2 T +A198 TB i Bgea thru Bgey (True status of TCA isolation valves)
NOTE: Toxing_ Toxmg_, * (-30) Toxmy 0-10 A8 1 PROPELLANT LEAKAGE RATE-LBS/SEC B, og THRU Bgg 848, & ; Bggg = B144 B1s2 Bg21 = Biss + Bgeg TINSTg = A198 [ A302 TCREWp + A902 TSELp] i 854 861
the existence of a Boolean TANK RATES-(II-10) * * * . e *
SR el e ULLAGE QUANTTPY-LBS bl wcvrA 5 5 A G Ny () + Ay (40D Byg9 THRU Byag By = [Byag * Bysol [Bio (Bg + Bggg ) * Bize Bizgl [ Bggo = B144 B1sa Bg2z = Biss + B89o ASCENT ENGINE SIMULATION
- e e o 4 Q = + Aoy 125 n o - -
quantity’ By: w W + (.10 W, (10/sec) TEMFERATURE RATES: B REC 5 ; W E Fa i By40 THRU Byggy SCENT FEED SOLENOID VALVES Bgg1 = B144 B1s3 Bg23 = B1ss + Bggl QUANTITY - % AFpsc, A0pgc (Ascent propellant rate due to RCS)
i * < H T He 4 He . 3 o Koy Fp P ) cvo ; % A . ELLLELLE S
where: By = 1, if By = 0; and By = 0, if By = L. eFUELAn FUELAn_l FUEL, TFUELA = {Kyg (Tc Truer,) * ¥20 Wovr, THe, * (K31 Fa FUELA/ A G AB CONTROL TEMPERATURE-°R i3 » . gt Brey)] Bggz - Bl44 Bysy Bgp4 = Biss + Bggz i Y i
= +
(i) Each Boolean quantity B, implies the existence of an Arithmetic L * 5 . o ¥ 5850n = 812 m”"’%-l + Byy) [Bgsy (Bggg 853 L AN s B;55 ‘Bl QINsT - Alog [A193 QCREW, * A193 QSELA] + A1gg QA WEIGHT AND BALANCE
< . W, * ‘ /1) | ‘ 5 i
w =W + (.10) W (10/sec) T [Wevr, * K22 Wryr HepygL 23 TA 2 < Aggn) [Agag (1/7) + Ajgq (2/7) + Aggg (4 o .
He He He FUELy A A A T = 530 + Kgg (Ayg3 - Ara3) [Ay40 141 g . Fa, Fp, 04, Op (Propellant Quantities)
quantity A, FUELp, EUELRL Y FUERD ) ; = = Bgs1, ~ B, (Bgsy_, * Bya) [Bgss (Bygp + Beso)] ‘ QINsTg = Al9s [A193 QCREWp + A193 QSELg] + A198 QOB AL
where: Ay = 1, f B, = 1;and Ay = 0; if By = 0. Wite = Wye + (10) Wy (10/sec) TrugLy 519 TC - Trypry) * %20 Wovry, THeg * %21 FB PruELy Prp) (ALL P'S, T'S, F'S and O'S) %
d "n-1" refer respectively to the S OXIDX =y ki e MAIN PROPELLANT §/0 VALVES b INTERMAL LOGIC
(1), ‘The gubgcripts U'nand i Srefer s : ; /{w, + Ky F . b gl e . e CREW ASSOCIATED
bl ; O7sse) - TrueLg [Wevrg * Ko wRVFg]}’{ HepueLy Kp3 Fol P Bgs, = Byg (Bgsy  + Bys) Bisy [Bgso (Bgyy + Bgsy Bgsa) m-2 & A,B
“anticipated' and "stored" value of the subscripted variable. Wie = wHeOXID + (.10) wHeOXID (10/sec (I1-10) i LEAK n-13 n n-1 VARIABLE OUTPUTS TO CREW-(L1-2) CREW, 5 Bgo2 = Byos + B19s + B1ge + B1g7
OXIPg, Bp-1 5 ; ; Qeax Tc PROPELLANT MANIFOLD-(II-13) - B e ; e : - == Q ; A
-9) : B Bgsy = Byg (B + Byq) Brap [Bgsy (Bgaa + Bgso Bas CREW,
(I T ={Ky4 (Tc - Toxipa) * ¥20 Wevo, THex * Kag CA Poxip,/Po,) | 822 853 ~ 18 17853, ; y i
ULLAGE VOLUME-IN® OXID, ~'“24 OXIDA VO, “Hep A ¢ PRESSURE-PSIA B, THRU B, - PRESSURE - PSIA (-
e e e : . T * " 850 = s |
C = A Agor Agsy P + Agaa Agag Ags3 PFUEL; P = Aggg [ A38 PHeyy, + A39 PFUELY, + A40 POXIDyp, + A4l PMANFyEL,
Vite oo = Fag = (EAMR) - Toxin, [Wevo, * ¥22 WRVOA]}/{WH"oxmA + Kgg Opl —S i PuaNpyg, 840 {Aga7 Ags2 PrugL, * sz 853 B ' CREW, = Agos [ A38 PHerr, 1, i e
FUELp n ] .
: .
Acoe B - Fa (6 Ppygp,/Fal} By g, THRU B 11-8
v = Kog - (Fp/PFy) ; . 2 (Basa) Bags, Bacs) * "g35 “FUEL,gc y A 160 163 4 P Agqy P ®
Hegyprpts W20 Toxipg ={K, (T - Toxipg) * K20 ¥cvog Thep * (Ky; OB Poxipy/Pop) 822 7852 "g53’ | b 3 I S (1-2) —————————————| PCREWp = Ago7 [ A38 PHeyy, + A39 PFUELyr, + A40 POXIDyy + A4l PMANOXIDY ) DISCRETE OUTPUTS TO INSTRUCTOR-(III-8)
FUEL OXID, :
v = Ky - (04/Pp,) . Ve = 8 + Aggo Agas PMaN A,B A, THRUST AVAILABLE-LBS-(II-15) Bgo1 = Bg46 B1os + B5o1 Blog
He, 27 A’ T0p e W + Kpg Opf FUEL 601
0XID, - Toxipg [Wevog * K22 Wayoy)! Heoxipg 25 Ap-1 ‘ i
i = Ky7 - 09/ Pop) * Aen 1P Pa = 1y Pyan )+ &5 PMANGD )]+ g (15 (PMANoxmAYu (pW‘"FUELA)] TEMPERATURE - °F ST | A {
Heoxig PraAN = Agag {Agyg Ags3 PrueLy * As22 As2r Ass2 PruEL, FUEL, A ! o s e e g e hedete s e S i :
ULLAGE RATES-LBS/SEC FUELBn > ) o Via (P ) CREW,, = 4898 [ £38 THery, s 10 1p X
PROPELLANT QUANTITY-LBS . . . : 4 & B = [14 (Pyan )+ 15 (Praangyrny) " 16 (5 (PMAN x4 PMANEyg, Bgo3 = Bgag B19s + B5o3 B19s
W =Wove, =W - Ato1 Aro4 2814 WHe + Agss PruEL, o - ¥B [*PrueLy/Fal} FUELp Dy B s
Fp =Fa  *+ (50 Fy (2/sec) HeruEL, A RYEY LEAK AS + Aggg Ks2 X
n n- ; 3 . . - Bg04 = Bg4g B19g + B504 B198
S 3 > P R i 604 = Bgag
Fp = Fp,_, *+ (50 Fg (2/sec) Miteyupt, ” VOVP © WavE, - Aoz A104 Apts Wite, o * Az Aoas PrANpys 1 0 so Bs1 s | Pion Proe
. n- - = —-—-——-"
Ok, = Oh o+ (50).0f (2/sec) . : : . 4 B, THRU By, TcREWp = As99 [A38 THEHB. A3g TFUELy, *+ A40 ToXIDyg + A41TMANoxmuB 49 (1-2) Seas Haso Bing + Bhls Bies
n n- . : w -w -w A R A B
815 "H ; )y— P
O, + (5008 i) e e “LEAK P = Agy; {Agag Agsz Poxi, * As22 Ag3o Aes3 Poxm (1-1) : .
B MAN, B + Aggn Ki
n n-1 Fy» Fg, 04, Op v E = 7 o " 5 OXIDp (IV-3) 899 ~52 Bgos - Bas1 B1os + B506 B19s
PROPELLANT DENSITY-LBS/IN’ P (1v-3) wHeoxmB = Wevog - WRvog " 4102 4105 “817 VHe oy Sy, St Mo o » Ry /6411 | :
. = B, B B B
Pr, = f2 (TruEL,) @1 — PROPELLANT RATES-LBS/SEC Boots Bass R Bgo7 = Bgs2 B1gg + B507 Bigg
He, g Fa == Aoy {ATgs [Agsg Aggy (Fx + Aggy FhI s A, 1001 Quak] *A199 Kgeh Bl e + Agay Agyq PMANomAn : QUANTITY - : ; R
, - 5
pFB =1y (TFUELB) ; ASC A mAsC QCREWAn = Agoo [ K50 Agq2 Fiip + K51 Ay OIIA] + Agoo QA 608 853 B198
2 * * Ay >y 2 ,
P FUEL OXID * | THRU B *
i, b Rl Fp = - Agys 1 Argg [Agsg Agag (Fig + Aggy Fi) + Argo Aty Qupag] *+ Aree Kogl a8 ASC ASC PuAoxpg, A48 {Ag30 Asss Poxmpy, *Asz2 Aszs Assz Poxm, : By 520 e Biigar B B8
0 *
Op ~ '3 1 OXIDy A A o o 2 o A ¢ LT} QcREWg, = A901 [K50 A42 Fiip + K51 A2 Ongl + Ag01 QB _;
Oa = - Agyq 1A1gg [Agsp Aggg (Op *+ Aggy Op) + Ajyg Ajgp K30 QuEak] * Ar99 K2e + Agsg Poxip, .. - %8 [2 Poxing/OB R R | R
= = 510 B198
Pog = s Toxipy) Bio1, Bioz: Bio4, Bios, ASC Tk ASSOCIATED INTERNAL LOGIC ‘ 610 = 855 B108
2 * * 2y = 2 % &
Byig THRU By Op = - Agys { A g [Ags3 Ag30 (OB * Agap On) * A120 Appp K30 eax! * Aree Kaek + Agqs Agas PMANGxino : PROPELLANT MANIFOLD RATES-(1I-14) Bggs = B160 + B1g1 Bg11 - Bgse B198 + Bs11 B19g ‘
e
B 5 C
199 =g ' N PROPELLANT RATES-LBS/SE P W g
=Ml foa v T T :
(1-2) 1C PRESSURE LOSS FACTOR-SEC/IN MANFUELA' ¥oxipg R : Bgg7 = B160 + B1g1 Be12 - Bgs7 B1og + Bs12 B198
N - . 2§ * 2 MAN,
9 U Peypy, T ToeR [2PryELs/FAl = Agaz (K31 Agso + K3z Agsp] + Agaa K33 Agsr + Kag Agag) £ ) Al A FUEL, . ¢ ’
Bgig = ] S MANpyEL,' MANo)m)B e e ) Bgog = B160 + B162 | Bg13 - Bgss B1gs + Bs13 B1og
: I 4
1 Ppygy, » Spaia (PpygLy/Fpl = Agay [Ks1 Agst + Kaz Agsy) + Agza (K33 Agar + Kag Agag) 5 Bt B4 MAN Rl il i Bg14 = Bgsg B1gg + Bsi4 Bigg B, |
3 3 MANpUEL, 5 MANoxiD, 5 & s ) Bggg = B160 + B1g2 2 By Byg 2 THRU :
K Roxmy > sl [4Poxmp,/O4] = K35 [APFUELA/F-"\] A" TA s T MANoxin, b Big: Biy Bg1s = B860 B1gg + Bsis Biog | Bex ‘
B 5 : B =B +B
815 Y 900 = B160 + B1g3 = »
i : : (-14) Op = Oty fs (P ) Bgg THRU B, * (Iv-2)
LilRoyin, ~ peia (*Poxip,/OB] = K35 [APpygy,/Fp] € BiZ B S MANGx . (1) —2—— 42 p B616 = Bge1 B198 + B516 B19g
S AR R s Bgo1 = Bigo + Bl63 Bgaa Bg17 = Bs17
A PruRLy O Poe ACTUAL TEMPERATURE-°R sy, ot TEMPE ; 1117y 2246 TRV Pasg Betd ~ Biy
Bgig = : T = Kgq (T - TMAN )
816 T, =T + (.50) T (2/sec) L "MAN K36 MANgpyEL FUEL, m-3
B,,. THRU B MAN MAR MAN (1-3) FUEL, A Haro =B
1if PFUELB > 5 psia 823 830 » FUELAn FUELAn-l FUELA s A ’ ; DISCRETE OUTPUTS TO CREW-(INI-3) Bgs 4 THRU Bgg, 519
= T = L
CitE = 6inete : TmuomB K37 (Tman,, MANGxp,, o A leat B620 = Bs20
X o = OUlIrvUis Sl S e MG s . it e
OXIDg TMAN,, = TMANox1p + (-50) Tygan (2/sec) Xy Bygo .
Bg17 = % ) aE ~Bisp.i B Bg21 = Bi1g2 {Bz [ Bgso Bgs3 + Bgs1 Bgs2 + Bgsa Bgss)
1 if Poxipy > 5 psia s Bgq THRU Bygg Bso1 = (Bgg2 + B1gs) (Bgss + Bggq B165) | Bee2 = B160 + Bieg
- STEADY STATE TEMPERATURE-°R 1-2) » % 5 + By [Bgs2 + Bga2 Bgsa) + By [ Bgss + Bg22 Bgsz]
14 Fy = = = L =B +B
: : ' 8 Bsg2 = (Bgg2 + B1ge) (Bg47 + Bge4 Biee) | U863 = B1go + B164
03 Y G, >0 TMAN, o0 = A840 {As27 Agsy Trugr, + Aszz Asze Asss TFUELR ' + B15 [ Bgs0 + Bg22 (Bgs1 + Bgsa)]
A ‘A . ¥ )
Bso3 = (Bge3 + B1es) (Bgag + Bees Bigs) | Dae4 = B16o B1e4 + B17 [ Bgs1 + Bg22 (Bgso + Bes2)] + Be21,_q |
Yit by 5 * Ag3s TRUELygo} */Ase0 Tc J
Ll
B = = =B B i . * .
824 5 . Bs04 = (Bgga + B1ge) (Bg4o + Bges Biee) | Baes = B160 Bisy Bg22 = B3zg B3g Bgg B4y
01if 0y, 2.0 TMANGxqp, = 4843 {Ag30 Asss Toxipg *+ As2z Aeas Ass2 Toxmp, l
B . 5 1 if PREG, < Kq0 Bg23 = B3g
Bsos = (Bge2 + B1g7) (Bgs0 + Bggg Brer) | Bees =
1if Fg =0 + Ageg T, P ailagae T I 5 {0 i P > J
l Byas = 836 ~OXIDpgc 843 "C n-16 T Bgyg THRU Bggg A S REG, > K40 Bg24 - B3g
i >0 LOG ROPELLANT RATES DUE TO RCS-(II-
0if Fg 1c ASCENT ENGINE P! @17 ———————P Bsog = (Bgea + Bygy) (Bgs1 + Bges Bygy) Bg2s = B4o
I 1if O = 0 Bgss = Paso * Paaz Pesy RAYE GEREMBNTS LIGRE. el IS SR DL B2 = By
2. * &y ' = * 5 =
= % F 507 = (Bgg2 + B1gs) (Bgs2 + Bgea Biss -
8% 7| 4y op >0 B 2Fasc ~Asos [Agso Fa * Agsi FB ]+ Agos [Fa * P PREG ! 01 PREGR > K40 Bg27 = By
l ) Bass = Pgs1 * Paza Paso B2z Basor Past A e ( Brga). (Bazs.+ Bhss. Biga) :
. * o o' ' ! _ > Bsog = (Bge3s + B1gg) (Bas3 + Bges Bies. Bg2g = B.
= B B AOASC =A903 [ABSO OA + ABSI Op %3 A903 [OA + OB] (1-6) ! 3
AR Bezr, = Pezn, ) * Paat Bgar = Bgso + Bgs1 A 3 11 PREG, 2 Ky
Fa,B % Bsog - (Bgg3 + Bygg) (Bgsa + Bggs Bigg) | ©868 = )
‘ AB AB Bggg - B +B o LOGIC et B oo (0 1f PREG, < K41
——— Baas, " Bazs, * Benz Bgss = Bgsz + Bgsa Fo,B O ; -
* 12 AB ol Bggy = Bgso Bast + (Bgso * Bast) Paze Bs10 = (Bge2 + B1g) (Bgss + Bgea B16g)
= * * *
Bazsn Bezsn_ T Bgas Bggo = (Bgso + Bgog) (Bgsy + Baay + Baas) [ Bgga + (Bgsy + Boga) (Bgss + Bgog + Bgas)] s - - e {11f PREGp 2 K41 111-4 e e )
Asc’ “asc G Bsyy = (Bge2 + Byqq) (Bgsg + Bggyq Byyo) | 869 = lou Ble G Ka TRUE STATUS OF TCA ISOLATION VALVES-(III-4)
= * * * % 4 ’ B = -
BBEOH Baaon-l * Bgss ! Bgyy = (Bggg + Bggs) (Bgsa + B;n‘ + Bgag) [Bgpp + (Basl + Bgos) (5353 + Bggp + Bgae) (mn-g) ———————— . Bjg THRU Bgy M A %
Bs12 = (Bge3 + By70) (Bgs7 + Bggs B170) ey B = By (B, + Byg) (B135 + By3g)
“ % + . (I-1) 854, 0 (Bgs4,_; + B19) (B135 + By3g
= .
i L Py = W0 Bgaz = (Bys; + Byoy) (Bisy + Bygg + Byas) [Byy + (Bgso + Bos) (Bgsa * Bazr + Bazs)] (v-3) . o O EA > Ky . .
I BT 0t pygy, < 150 peia X A SR Bsia (e + Bt (Boke « Bags RN S0 1, o e g Bgssy - B2z (Bess,,_; + B21) (Byas - Byge)
e * * * “ .
PryEL, p Poxim, Bgay = (Bgs1 + Bogs) (Bysy + Bgyg + Byag) (Bgg + (Byso +Bgos) (Bgsz + Bas + Bgze)) Bs14 = (Bge2 + B171) (Bgsg + Bgsa B171) . .
14 P > 150 psia FUELp B A, B %
By * OXIDp o e : Bgse,, = B24 (Bgsg,,; + B23) (By3s + B13n) e
s ,
0 i Poyp, < 150;psia o O S V17 PR it hit Bss = (Bgez + Bi72) (Bggo + Bgga Byr2) L {11 Op/Fp 2 Ky2 By35 THRU By39 3 A : 854 861
844 146ty =0 ¥ '0i0g/Fp < Kg2 B 1-2) P Bes7, = Bag (Bgsy, , + B2s) (Byas + Byg7) P (Iv-3)
=
ot Reng = Sumi Bsi6 = (Bge3 + B172) (Bgs1 + Bags B172) 110y /Fa < Kag THRU . Be iy 1
833 0if P < 150 psia 0 if Sty > 0 Bsyq = Bgee + Bgeg (Bgag + Baan) = B Bgsg,, = Bag (Bgsg,_y + B27) (B35 + Bi3g)
L B 517 = Bgee + Bges (Bgag + Bgyr 872 520
| FUELp 5845 = R B ‘O“OA/FA > K43 |——P (IV-1) ‘
= 5 . .
1 if Poyypy = 150 psia E Bs1g = Bgg7 + Bggg (Bgsg + Bgag) Bgsg, = B3o (Bgsg _, + Bag) (B13s + Bi3g)
B =
834
0 if Poxp, < 150 psia 1if Oy /Fp < Kq3 Lo .
I % Bs1g = Bgro + Bg72 Bg73 = 5 Bgeo,, = B3z (Bggo,_; + B31) (Bygs + B1ag)
{0 if Op/Fp > Kq3
. . .
l Bs20 = Bg71 + Bgr3 Bg61, = B34 (Bge1,_; + B33) (B13s + B13g) ,, l
' Bgsq THRU Bgg,

Figure 21 LMS Reaction Control System Equations



5.

TRAJECTORY DATA FLOW, LMS INTEGRATED OPERATION

Kysooes Kog

AogrccaniAe

A , , A

A A A
XFBogm'  YFBegm' | ZFBegm

®

A1 29 213
3210 329 323
31» 2390 233
b11s Pgys Py
By Pggs D3y
18’

117 19’ dis

d21, d

dgys dgg, d33

(2] e e e
losm’ “2csm’ 3csM’  4csm

Boolean quantities used in LEM RCS thrust and
moment transform to AMS, equal to zero or one as
determined by orientation logic.

Boolean quantities used in LEM weight and balance
transform to AMS, equal to zero or one as determined
by orientation logic.

LEM B-frame X, Y, Z components, respectively,
of the distance vector measured from the LEM B-
frame origin to the LEM FB-frame origin. LEM
B-frame origin coincident with LEM center of
gravity. (ft)

CSM FB-frame X, Y, Z components, respectively,
of the distance vector measured from the CSM FB-
frame origin to the LEM center of gravity. (ft)

Magnitudes of the respective projections of a unit
vector along the LEM B-frame X axis on the X, Y,
Z axes of the IE or I -frame.

Magnitudes of the respective projections of a unit
vector along the LEM B-frame Y axis on the X, Y,
Z axes of the Ip or IM-frame.

Magnitudes of the respective projections of a unit
vector along the LEM B-frame Z axis on the X, Y,
Z axes of the Ig or IM-frame.

Magnitudes of the respective projections of a unit
vector along the LEM E-frame X axis on the X, Y,
Z axes of the Iy or IM‘-frame.

Magnitudes of the respective projections of a unit
vector along the LEM E-frame Y axis on the X, Y,
Z axes of the IE or IM-frame.

Magnitudes of the respective projections of a unit
vector along the LEM E-frame Z axis on the X, Y,
Z axes of the Ig or IM-frame.

Magnitudes of the respective projections of a unit
vector along the I-frame X axis onthe X, Y, Z
axes of the J' -frame.

Magnitudes of the respective projections of a unit
vector along the I-frame Y axis onthe X, Y, Z
axes of the J'-frame.

Magnitudes of the respective projections of a unit
vector along the I-frame Z axis on the X, Y, Z
axes of the J'-frame.

CSM quaternion parameters (See WADC Technical

Report 58-17, ""On the use of Quaternions in the
Simulation of Rigid-Body Motion' by A. C. Robinson).
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elL, ezL, e3L, e4L

Fxp Py Fz,

I I I
XXpp. ' ‘YYpp,' ZZ
FB; ' YYFB;’' 4ZFBy,

I I
XYrBy’ 1YZFBL’ XZpp,,

x

Ly I
’ ’ ZZ
FBcgm FBcsm FBosm

I I I
XY Y7 » Ixz,
FBcsm FBcsm FBogm

Corresponding LEM quaternion parameters with
LEM attached to CSM.

Allowable deviation from -1 for K33 and K23 and

from 1 for K31 and K21 to allow for computer round-
off, etc.

Magnitudes of the projections of the LEM' s total
applied force vector in the X, Y, Z axes of the
LEM E-frame.

LEM moments of inertia about the X, Y, Z axes
of the LEM FB-frame. (slug-ft2)

LEM products of inertia due to a nonsymmetric mass
distribution about the XZ, XZ, XY planes of the
LEM FB-frame. (slug-ft2)

LEM moments of inertia about the X, Y, Z axes
of the CSM FB-frame. (slug-ft2)

LEM products of inertia due to a nonsymmetric mass
distribution about the XZ,2XZ, XY planes of the
CSM FB-frame. (slug-ft<)

Magnitude of the projection of a unit vector along
the Z axis of the LEM B or FB frames on the Z
axis of the CSM B or FB-frame.

Magnitude of the projection of a unit vector along
the Z axis of the LEM B or FB frames on the Y
axis of the CSM B or FB-frame.

Magnitude of the projection of a unit vector along
the X axis of the LEM B or FB frames on the Z
axis of the CSM B or FB-frame.

Magnitude of the projection of a unit vector along
the X axis of the LEM B or FB frames onthe Y
axis of the CSM B or FB-frame.

The angle of latitude with respect to the Ig-frame
or the J' -frame. (rad)

The LEM angle of latitude with respect to the Ig-
frame or the J'-frame updated by IMCC data. (rad)

Absolute value of distance from origin of LEM FB-
frame to origin of CSM FB-frame in Orientations 1
and 2. Measured along X axis of LEM FB{rame.
Attachment thru upper docking tunnel. (ft)

Absolute value of distance from origin of LEM FB-
frame to origin of CSM FB-frame in Orientations 3
and 4. Measured along Z axis of LEM FB-frame.
Attachment thru forward docking tunnel. (ft)

The angle of longitude with respect to the Ig-frame
or the J'-frame. (rad)
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)‘R The angle of longitude with respect to the surface
of the earth or moon. (rad)

)\CORR The LEM angle of longitude with respect to the
Ip-frame or the J' -frame updated by IMCC data.
(rad)

R The LEM angle of longitude with respect to the
CORR surface of the earth or moon updated by IMCC
data. (rad)

, Mg Magnitudes of the projections of the LEM RCS
LEM FBLEM total moment vector about the LEM FB-frame
origin on the X, Y, Z axes of the LEM FB-frame.
(1o-ft)

M M
X » Y
FBr gMm FB

= » My , MZ B Magnitudes of the projections of the LEM RCS

CSM FBcosm FBcsm total moment vector about the CSM FB-frame
origin on the X, Y, Z axes of the CSM FB-frame.
(1b-ft)

my, or m LEM mass. (slugs)
Magnitudes of the projections of the absolute

rotational velocity vector of the CSM B-frame
on the X, Y, Z axes of the CSM B-frame. (rad/sec)

, ©
Poosm’ Tocgy’ Pesm

Py qb » Ty Magnitudes of the projections of the absolute
L L L rotational velocity vector of the CSM B-frame
on the X, Y, Z axes of the LEM B-frame. (rad/sec)

P, dn, T Magnitudes of the projections of the absolute
B’ BB
rotational acceleration vector of the LEM B-frame
on the X, Y, Z axes of the LEM B-frame. (rad/sec)

t,l/H Heading angle of the LEM or CSM velocity vector.
The angle between the X axes of the E and H
frames. (rad)

r Magnitude of the projection of the LEM or CSM
velocity vector on the local radius vector. (ft/sec)

r CORR Distance from the center of mass of the earth or
moon to the center of gravity of the LEM updated
by IMCC data. (ft)

Magnitudes of the projections of the LEM RCS
total thrust vector on the X, Y, Z axes of the LEM
FB-frame. (lb)

T T T
XFBrLem  YFBrpwm'  ZFBrpum

Tx . TY y Ty Magnitudes of the projections of the LEM RCS
FBesM™  *FBegm  “FBesm total thrust vector on the X, Y, Z axes of the CSM
FB-frame. (lb)

Uy Magnitude of the projection of the LEM or CSM
velocity vector on the XY plane of the E-frame.
(ft/sec)
Ugr Ver Wg Magnitudes of the projections of the LEM or CSM
velocity vector on the X, Y, Z axes of the E-frame.
(ft/sec)
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Xy, Yp 2

Xy, Yy, 2

Xp Yp 2

Xy

s )CORR

v

B-T

CORR’

Y
( I)CORR’

(Y,
»d )CORR’

9B->I’ ¢B-)I

(Zy)

Z5")

CORR

CORR

Magnitudes of the projections of the LEM's total
acceleration vector on the X, Y, Z axes of the LEM
E-frame. (ft/sec?)

Magnitudes of the projections of LEM or CSM
position vector on the X, Y, Z axes of the IE or
Iy-frame.  (ft)

Magnitudes of the projections of the LEM or CSM
velocity vector on the X, Y, Z axes of the I or
Iy-frame. (ft/sec)

Magnitudes of the projections of the LEM's total
acceleration vector on the X, Y, Z axes of the Ig
or Iyr-frame. (ft/sec?)

Magnitudes of the projections of the LEM's
position vector,updated by IMCC, onthe X, Y, Z
axes of the Iy or Iyj-frame.  (ft)

Magnitudes of the projections of the LEM's position
vector,updated by IMCC data, on the X, Y, Z axes
of the J' -frame. (ft)

Standard Euler angles, due to yaw, pitch, and roll

rotations, between LEM or CSM B-frames and the
Ig or Iyg-frame.  (rad)
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LEM POSITION

B LEM TO B CSM
DIRECTION COSINES

X1, Yy, Z; DIRECTLY AVAILABLE IN LMS

LEM VELOCITY

_ﬁ__—

ka3
k31

k]

LEM RCS THRUST AND MOMENT TRANSFORM
E TTACHED TO CSM

ORIENTATION LOGIC

A1=A4=Ag=A10=A13 =1

THRUST AND MOMENT COMPUTATION

k33 = - 1*5, ORIENTATION 1

Al1=A5=A7=Ag=A14=1

kg3 = - 16, ORIENTATION 2

Ag=Ag=Ag=A11=A16 =1

k3y = 1%, ORIENTATION 3

1*5, ORIENTATION 4

Ag=A3=A7=A12=A15 =1

k21 =

(a) LMS TO AMS TRAJECTORY DATA FLOW

™XFBLEM’ TYFBLgm' T2FBLEM

MxrBLEm’ MYFBLEM® MZFBLEM

uyg ue . X1 u

——————— Ue=UfHCOSV¥H X] = ue byy + ve b12 + we b3 ——
VH v g Y1

—————=%{ Ve=UuHsinyy £ YI = ue b2] + Ve b22 + we b23 |—— = TO
r we - 7]

——— we=-k Z] = ue b31 + Ve b32 + we b33 =

LEM B TO I DIRECTION COSINES
a1y, .., agz DIRECTLY AVAILABLE IN LMS

AMS

TO RANGE RATE
COMPUTATION

mL, AXpr, AYpp, AZbp

IXXFBr, IYYFBy, 12ZFBL

LEM WEIGHT AND BALANCE TRANSFORM

4
ZA
08 —_—
m O
z -
s
[ e
=0
=)
A | ka1
=
mAa

(LEM ATTACEED TO CSM)

IXYFBy, IYZFBy, IXZFBp,

A21 = A23 = A26 = A30 = A31= A34

ORIENTATION LOGIC

= A36 = A38 =

Ag42 = Aq3 = Ag5 = A4q7 = A5] = Asg

k33

ka3

k21

- 1%, ORIENTATION 1
- 1%, ORIENTATION 2
15, ORIENTATION 3

1 %6, ORIENTATION 4

= A6l = A64 =

= A36 = ASB:

| A21= A23 = A27 = A29 = A31= A35
A41 = Agq3 = Ag5 = As50 = A5z = Agy

Agg = Agq = Agp = Aog = A32 = A3y

= Asg = Ag3 =

= Ag7=A3g =

K40 = Aqq = Agp = Agg = Asg = Ass

Agp = A24 = Ags = Agg = A3z = A33

= Aga = Ags =

= Ag7 = A31 =

1

A4) = Agq = Agg = A49 = A5z = Asg = Agp = Agp = 1

ALL A's NORMALLY = O

TXFBcsm = A1 TXFB M -~ 42 TZFBLEM
TYFBcsm = A3 TXFBLgm * A4 TYFBLgm - A5 TZFBLEM

TZFBcsm = A6 TXFBLem - A7 TYFBLgm - A8 TZFBLEM
MXFBcsm = ~A1 MXFBLEM ~ A2 MZFBLEM

MYFBogy = A3 MXFBLgm * A4 MYFBLgM - A5 MZFBLEM
+1X [A9 TYFB M * 210 TZFBLEM]

+1z [-A11 TXFB gy * A12 TYFBL M)

MZFBcgy = A6 MXFB gy - A7 MYFBL gy - A8 MZFBLEM
+1x [A13 TYFBy gy - A14 TZFBLEM!

+1z [A15 TXFBL M * A16 TYFBLEM!

TXFBCsm
TYFBCcsM

TZFBcsm

WEIGHT AND BALANCE COMPUTATION

AXFBCSM = A21 IX + A22 17 + A23 AXp; + A24 AZpp,

AYFBcsM =-A25 AXby, - A26 AYpy + A27 AZp,

Az FBCSM = -A28 AXpp, + A29 AYpy, + A30 AZpg,

IXXFBgy = 431 IXXppy, + A32 12ZFp

IYYFpogy = A33 IXXFBy, + A34 IYYFBy, + A35 IZZFBy,

+ Agg [mL 1x%] + Ag7 [mp 122

+Azg [2mL 1X AXpy| + A39 (2mL 12 AZp; ]

12Z FBogy = A40 IXXFBY, + A41 IYYFB, + A42 12ZFB],

+ Ag3 [mL 1x?] + Agq [mL 1z

?)

+ Ag5 [2mL IX AxbL] + Agq [2mL 1Z AZp |

IXYFBCSM = -A47 IXYFBL - Agglyz FBL, ~ Ag9 IXZFBL + As0 IXZ FBL

+mL IX [-A51 AYpy + A52 AZyy ]

-mL 1Z [A53 AXpy, + As4 Aypy]

IYZppogy - A55 IXYFBy, - 456 IXYFB, + A57 IYZFB - Asg IYZFBy,

IXZpBogy - 459 IXYFpp, * 460 IYZpp; + A61 IXZpp - A62 IXZFpy,

+mL 1X [ A63 AYpy, + A64 AZpy ]

+mL 17 [ -Ag5 AXpy, + A6 AYpy |

ALL A's NORMALLY = O

mi,

AXFBogy

AYFBcsm

| AZFBcsm

IXXFBcsMm
| ~T7OCSM
IYYFBcsm
e . ad

12ZFBcsm
| ‘ZZFBcsm

XYFBcsm -

| 'YZFBesm o

XZFBcgm

MX FBcsm
MYFBcsm

MZ FBosm

| TO
AMS

TO AMS

(b) AMS TO LMS TRAJECTORY DATA FLOW

CSM H-FRAME VELOCITY

(LEM ATTACHED TO CSM)

CSM ATTITUDE RATE & QUATERNION TRANSFORM

(LEM

ATTACHED TO CSM)

LEM ATTITUDE RATES & QUATERNIONS

ORIENTATION 1

Pbp,= -PbcsM» by, = dbcsm:» TbL = ~TbCcsMm

€1y, = e3CSM» €2[, = -€4CsM» €31 = ~€1CSM» €4L = €2CSM

ORIENTATION 2

Pbp, = -PbcsM» AbL = -TbcsM:» FbL = -9bCcsM
e1, = e2csM - e3csM/ V2, e2L, = e4csM - elcsm/ V2

e3p, = elcsm + edcsm/ V2, edr = -e2cgm - e3csM/ VT
c

ORIENTATION 3

PbL = rbCsM» 9bL = dbcSM, TbL = -PbCSM
el = elcgm * e3csm / V2, e2L = e2csM - edcsm/ V2

€3, = ~elcgm * e3csm / V2, e4r = e2csm + edcsm/ V2

ORIENTATION 4

Pbr, = dbcSM» AbL = -TbCcsM» 'bL = -PbcSM
1

e1r, = g [elcsm - ©2csm * ®3csm * e4csm
1

e21, = 2 [elcsm + e2csM + €3csM - e4csml
1

€31, = 3 [~elcgm ~ 2csm * ®3csm - C4csm]

1
e4r, = 5 [-elcgm + e2csMm + e3csM + e4csm )

(AR)CORR

sin L cos L="1- sinzL sin L, cos L E-FRAME
TO
sin A, cos A I-FRAME bl 5 - x B33
e
DIRECTION ORIENTATION 1
COSINE
b11, ..., b33 COMPUTATION
dit, ..., dsg [}
X1 |ue = XIbi1l + YIb21 + Z] b31 Ue |UH Ue” + Ve UH
¥1_|ve=X1b12 + Y1b22 + 21 b32 ve | v VH ORIENTATION 2 |
— € € &{sin Yy = é —
21 |we = X1b13 + Y1 b23 + Z1 b w r
L. ]We 13 33 e v
COS YH = ﬁ
. ORIENTATION LOGIC
r=-we a
= Z k33 st —
B%G| —— kyg = - 1, ORIENTATION 1
m O k23 ot
CSM ATTITUDE RATE AND QUATERNION TRANSFORM ozl T, ® koq = = 1 5, ORIENTATION.2 ORIENTATION 3
~ (LEM ATTACHED TO CSM) =9 31 +£ -
55| ———® ky; = 17", ORIENTATION 3
[ =] k21
Sl —— k- 1*%, ORIENTATION 4
ALL OTHER AMS TRAJECTORY DATA USED DIRECTLY AS SUCH IN LMS L
(c) LMS TO IMCC TRAJECTORY DATA FLOW
ORIENTATION 4
LEM TRANSLATIONAL ACCELERATIONS by by - e
F er . 3 & ws o .
Xe Ko = —r 2 X1 = Xe b1l + Ye b12 + Ze b13 X1
Fye . Fye Ye . .. .. ¥1
Ye="m = Y1 = Xe b21 + Ye b22 + Ze b23 . TO IMCC
Fze Ze Z1
Fze
el o . . .
Ze = Z] = Xe b31 + Ye b32 + Ze b33
LEM ATTITUDE ACCELERATIONS
PB, 4B, rg DIRECTLY AVAILABLE IN LMS
LEM POSITION
X1, Y1, 2] DIRECTLY AVAILABLE IN LMS
LEM ATTITUDE N 5 5
0 g v DIRECTLY AVAILABLE IN LMS SEORA S (X IEORR /(X JNGORR = (& $0aen
Bel PB+D VB ol r
CORR
) (Z j)corr LEGRR
LEM POSITION CORRECTION sin (LCORR) = “rconn
ACORR
(XpPcorr | (X ;)corr = (XDcorr d11 + (YDcORR 921 + (ZDcoRR 931 | (X j)corr 5 5 "
X Y
FROM _| (YPCORR (¥ 7)conR | cos (Loomi- (X J)CORR + (Y ;)CORR
IMCC (Y J)CORR + (X)CORR d12 + (Y)CORR d22 + (ZI)CORR d32 FCORR
(Z1)CORR (Z ;" )corr
®1 (Z J')CORR + (X)CORR d13 + (Y)CORR d23 + (Z)CORR d33 )
(Y y’corr
sin (\corr) =
dygs ss o d p)
11 33 (X J')CORR + (YJ"%ORR
CSM_POSITION ACORR (RICoRR = R+ [ Acorm - 1] |
X1, YI, Z] DIRECTLY AVAILABLE IN LMS &)
JCORR o
CSM ATTITUDE cos (\CORR) = v—— : b !
(X 7")CORR + (Y J')CORR
0p a1 #3 sl ¥pe) DIRECTLY AVAILABLE IN LMS

Figure 33 Trajectory Data Flow, LMS Integrated Operation
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