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ABSTRACT AND LIST OF KEY WORDS

This report presents the Emergency Detection System (EDS) study results

and recommendations for the Saturn V (SA-504) launch vehicle. The

results include an assessment of the vehicle flight dynamics and

structural integrity for malfunctions during S-IC, S-II, and S-lVB burns.

Vehicle loss is assessed for various types of malfunction and inflight
wind conditions. EDS sensors and limit settings are defined for manual

and automatic abort modes. Crew safety is assessed for these EDS limits.
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SECTION 1 - SUMMARY

1 •0 INTRODUCTION

This report presents an analysis of the Emergency Detection

System (EDS) of the Saturn V/Apollo SA-504 launch vehicle for

the AS-504 D mission and the capability of the vehicle to

continue flight after malfunction. The baseline vehicle for

this study is described in documents listed in the Source

Data list. EDS limit settings are derived for automatic and

manual abort during boost flight.

This report complements results reported in Reference 3

This reference evaluated vehicle changes for S-IC flight to

improve malfunction flight capability for the SA-504 vehicle.

This document is based on the SA-503 EDS analysis of
Reference 2 . Differences between SA-503 and SA-504 results

will be noted and analyzed by considering vehicle differences.

The major differences between the SA-503 C' and the SA-504 D

launch vehicles affecting S-IC flight are:

a. 4 percent reduction in thrust-to-weight ratio at liftoff.

b. 8 percent reduction in maximum dynamic pressure (Max-q).

c. 5.5 second later occurrence of max-q.

The significant upper stage baseline vehicle changes from
SA-503 C' to SA-504 D are:

a. The SA-504 S-II stage at S-II ignition is 2.6% heavier.

b • The Flight Proqram presettings (AS-504 operational

trajectory) allow for a 0.4% less S-IVB performance.

The evaluations of this report cover vehicle and crew loss

probabilities, interpretation of Launch Escape Vehicle (LEV)

escape requirements utilizing launch vehicle explosion

information,preliminary Flight Dynamics Officer (FDO)

plotboard limits exceeded in malfunctioned flight and

contingency plan data. Malfunction coverage includes the

following:

a. Loss of inertial attitude.

b. Loss of inertial velocity.

c. Loss of attitude error signal.

d. Attitude error signal saturated.
e. Loss of attitude command signal.

f. Attitude rate signal saturated.

l-l
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1.0 (Continued)

q •

h

i

J
k

1

m

n

o

Loss of attitude rate signal.
One actuator fully deflected.
One actuator inoperative (null position).
Loss of both APS modules.
Loss of one APS module•
Loss of thrust, engine failure•
Sequence or staging malfunctions.
Failure to jettison launch escape tower•
P.U. System malfunctions.

The above malfunctions are described in more detail in
Section 2.3.

L
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1.1 SUMMARY OF EDS LIMITS

EDS abort parameter and limit recommendations for this report
are summarizes in Tables l-I and l-II.

1.2 MALFUNCTION FLIGHT CAPABILITY

Figures l-l, I-2, and I-3 show, for S-IC, S-II, and S-IVB

respectively, times of powered flight for which the listed
malfunctions may cause vehicle loss. Malfunction occurrence

probabilities shown are totals across the stages noted. Not

all malfunctions occurring in the indicated time span will

cause vehicle loss due to the capability of the vehicle to
sustain safe fliqht under most malfunctions. Probabilities
of vehicle loss shown account for both this fact and the

time span where vehicle loss can result.

The following vehicle loss cases are considered:

a. Structural failure resulting directly from malfunction
dynamics.

b • Loss of control followed by consequent tumbling and
possible structural failure.

C • Structural failure because vehicle tension load is

increased by engine shutdown at abort•

d • Unsuccessful staging. This results when the malfunction

causes stage collision, or loss of control in the

following stage•

e• Tower collision or pad fallback because of early failures.

Included is interference with ground support equipment at
liftoff.

fo Guidance failures causing slow divergence from nominal

trajectory•

Spacecraft loads after engine-out were evaluated for vehicle

failure resulting directly from malfunction-induced dynamics

response (no loss of control). Maximum bending moment for
an engine out with 95 percentile wind is 4.8 x lO 6 in-lb at

Station lOlO. The structural capability at this station
from Reference 13 is 5 x lO 6 in-lbs.

I-3
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1.3 EDS EFFECTIVENESS SUMMARY

Crew loss may occur if the launch vehicle explodes before the

launch escape vehicle (LEV) achieves a safe separation distance

by abort action, or if the LEV angle-of-attack (LEV-_) limit

is exceeded prior to abort, making safe abort improbable. This

analysis makes the conservative assumption that explosion
results immediately when structural limits are exceeded or when

collision with the tower or ground equipment occurs.

Malfunction conditions leading to possible crew loss are
summarized in Figure I-4. Crew loss situations have been

reduced by improved malfunction flight capability described

in References l and 3. This improvement is due to:

a. Increase in tension load capability.

b • Bias the pitch program to minimize angle-of-attack for

winds expected during the launch month.

c. Redesign of the tilt attitude freeze schedule.

d. Cantinq the outboard enqines.

#
,wB
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1.4 RECOMMENDATIONS - S-lC FLIGHT

1.4.1 EDS Limits

Figure I-5 shows the recommended EDS abort parameters and

limits during S-IC flight. These limits will provide for
abort prior to structural failure. Safe abort is not

guaranteed since structural limits are exceeded in some
cases within 0.5 second after abort.

Automatic abort may be deactivated at 120 seconds flight

time for two engines out and angular overrate. Manual abort

provides sufficient warning time after 120 seconds. The
manual abort cues to be used are

a. Two engine-out lights, and angular overrate light

b • Angular overrate indicated by the attitude rate indicator

and the overrate light.

Further discussion of abort parameters and limits is presented
in Section 2.7.

1.4.2 Platform Backup

The platform backup system proposed in Reference 4 will not

be used for SA-504. The system is still under consideration

for subsequent vehicles.

In order to provide safe abort on two cues, the overrate

light is used as a redundant guidance failure light during
the time that automatic abort is active. After lO0 seconds,

attitude divergence is slow and FDO displays may be used to

indicate a platform failure. The crew should abort on the

guidance failure light and the abort request liqht.

q
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1.5 RECOMMENDATIONS - S-II FLIGHT

Figure I-6 summarizes the abort parameters and limit settings

recommended for S-II flight. The recommended manual abort

second cue is a ±lO°/second (±4°/second for S-II dual engine-
out) vehicle attitude rate (spacecraft indication) in pitch

or yaw or FDO limits. For rapidly diverging failures, the
first cue is the launch vehicle rate light (Instrument Unit

source). The L/V rate light comes on at 9.2 ± 0.8 degrees

per second. The vehicle did not have any cases of structural

failure for any simulated malfunctions investigated in this

report. Consequently, abort timing is not as critical as in

S-IC flight. These recommendations provide sufficient warning

time before the vehicle has progressed into gross loss-of-
control.

The rapidly diverging malfunctions use attitude rate for

both first and second cue. However, the first cue is from

the Instrument Unit (I.U.), and the second cue is from the

Spacecraft (S/C) System. Since there are two separate

sources, they may be used for abort.

For the slowly diverging malfunctions that use an attitude

deviation of ¢20 ° for a first cue, the crew must depend heavily

on ground instrumentation and communication because the

attitude deviation parameter will be displayed on the Flight
Director Attitude Indicator (FDAI) and will be difficult to

interpret as a malfunction condition. Guidance deviations

caused by malfunctions that do not require abort will appear
as attitude deviations on the FDAI. Also, the FDAI ball will

be difficult to read to close tolerances. For these reasons,

it is recommended that for slowly diverging malfunctions,

using attitude deviations as a first cue, emphasis should be

placed on the second cue of ground commanded abort based on
ground instrumentation (FDO limits, Section 2.9). The

first cue for inertial platform failure is the guidance failure

light which is based on the LVDC reasonableness test.

The first cue for S-II dual engine failure is the engine out

lights. The recommended second abort cue for the S-II dual

engine failure is ±4°/second attitude rate. Ground commanded

early staging to the S-IVB at chi-freeze plus 5 seconds is
recommended for cases that maintain control but will not

achieve orbit due to guidance problems. Early S-II/S-IVB

staging is not recommended for S-II loss of control cases

because discrimination of necessity for early staging and

reaction time could result in early staging with body rates in

excess of 3.5°/second which could cause guidance failure and
S-IVB loss of control.
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1.5 (Continued)

The time span for which a dual engine failure in S-II results
in loss of control is greater for 504 than for 503C'. This is
the case for both simultaneous and sequential dual engine
failures. The increase in loss of control region is a direct
result of the vehicle mass and loadings (See Table 2-VII ).
The S-II stage dry mass is less, but the fuel and LOX loadings
are greater. The net result is that the 504 vehicle CG is
farther aft than for 503C'. The greater vehicle mass also
results in larger moments of inertia, so even though the rates
do not build up as fast for 504 as for 503 the forces required
to null the rates are greater. These are the major contributing
factors causinq the increased loss of control region for 504.
The ma_or factor contributing to the increased region of
failure to achieve orbit is the decrease of the presetting
of T2i (second phase IGM burn time) from 81.5 seconds for
AS-503C' to 79.5 seconds for AS-504D.

An S-II actuator hardover inboard will not cause loss of
control but may cause overheating in the engine area. The
overheating may lead to fire and/or explosion and a need to
abort. Since no onboard EDS limits are exceeded, the S-II
actuator hardover inboard malfunction will be treated as a
special case. This malfunction will cause a roll rate greater
than 2.5 degrees/second for a short time before the vehicle
recovers. Because the crew may not detect the roll rate above
2.5 degrees/second and there is no indication of whether the
actuator went inboard or outboard, it is felt that the roll
rate can not be used as an abort cue. Therefore, the only
recommended abort cue for an S-II actuator hardover inboard
is a ground commanded abort.

Using the AS-504 D Initial Operational Trajectory, it is found
that the worst case of S-lC single engine out exceeds the
I00 second free flight to reentry FDO limit (300,000 feet)
as late as 140 seconds into S-II flight. However, the vehicle
is in this unsafe abort region for only a small part (approx-
imately 280-300 seconds from liftoff) of S-II flight.
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1.6 RECOMMENDATIONS - S-IVB FLIGHT

Figure I-7 summarizes the abort parameters and limit settings

recommended for S-IVB flight. For the single-engine case,

actuator hardover and saturated control error and rate signals

produce equivalent results with rapid buildup of attitude rate
and error. Actuator at null and loss of attitude error signal

produce gradual loss of control and departure from planned

trajectory. Manual abort based on a +.lO°/second vehicle
attitude rate (S/C) or FDO limits is recommended. Attitude

rate signal(I.U.) can be used as a first abort cue for the
faster malfunctions. For actuator at null and loss of

attitude error signal where rate buildup is slow, a first

cue of a 520 degree attitude deviation is required. The first

cue for inertial platform failure is the guidance failure light.

Abort must be initiated before the spacecraft platform tumble
limit is reached.

S-IVB loss of thrust, since it is total loss of propulsion,

will require staging to the spacecraft (CM/SM). An EDS

abort situation is not produced. Trajectory aspects of this
staging situation are covered by Reference lO. Cues for loss

of propulsion include engine-out light and acceleration.

Loss of the Auxiliary Propulsion System in powered flight roll
control is considered as an S-IVB malfunction. Simulation results

indicate that excessive roll rates do not build up as long as

no driving disturbance in roll occurs.

During S-II/S-IVB early staging the S-IVB may exceed the EDS

limit of lOdegrees/second during the recovery from a large

attitude error. Early staging from an S-II malfunction

condition which causes body rates in excess of 4°/second in

pitch and 3.5°/second in yaw at separation will result either

in subsequent loss of control and/or failure of gimbal reason-

ableness tests. Possibility of loss of control exists after

excessive coast period in early staging sequence. It is

therefore recommended that early staging not be relied upon as

a means of recovery from an out of control vehicle, but rather

as a means of avoiding inherent guidance problems resulting
from severe malfunctions which do not cause loss of control.
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SECTION 2 - ANALYSIS

2.0 INTRODUCTION

Digital and hybrid computer simulations were used to analyze

malfunction dynamics and evaluate the recommended changes.

The digital simulation was used to obtain detailed flight

dynamics and loads for final recommendations and the hybrid

was used to determine parametric data and the relative

effects of vehicle changes in S-IC.

A six degrees of freedom digital tower clearance program

was used to evaluate tower clearance and pad fallback. It
had dynamics models similar to the digital program above with

the exception of distributed mass. A dual six degrees of

freedom rigid body staging program (digital) was used to

analyze staging malfunctions and stage sever after abort.

Appendix A describes the features of the hybrid and digital

programs in more detail.

I

2-1
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2.1 CRITERIA

The criteria used to evaluate the baseline vehicle are"

a. Controllability.
b. Structural integrity.
c. Abort limits.
d. Minimumwarning time.
e. Staging limits.
f. Tower collision.
g. Liftoff interference.
h. Pad fallback.

2.1 .l Controllability

Controllability is defined as the ability to prevent excessive divergence
of the attitude error, i.e., tumbling.

2.1.2 Structural Integrity

Structural integrity is defined in terms of vehicle loads exceeding the
vehicle structural capability. The baseline structural capability
values for the Saturn V Apollo vehicle are presented in the source data.
These capability values serve as a tool for predicting relative
structural integrity of the Saturn V Apollo subject to various malfunction
loading conditions.

To facilitate the rapid analysis of a large numberof malfunction flight
load conditions, a simplified structural failure criteria has been
used. The following formulae define the criteria:

a. Compression

FS = NC

+ P [ (AP)R ]

_R2 2_R 2

(Use minimum differential pressure)

2-2
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2.1.2 (Continued)

b. Tension

FS = NT

M P + [(AP)R ]
_R2 2xR 2

(Use maximum differential, tank,

inter-tank, and interstage

pressure)

where FS

NC =

NT =
R =

M =
p =

AP =

factor of safety

ultimate compression capability - Ib/in

ultimate tension capability - Ib/in
vehicle radius - in

external moment - in-lb

total axial load - Ib

scheduled differential operating pressure - psi

A FS <l.O indicates failure of the vehicle for a given malfunction
loading condition. A FS > l.O indicates survival of the vehicle for

a given malfunction loading condition.

This criterion is subjected to additional analysis. Failure of the

vehicle structure could occur for FS > l.O if the vehicle is subjected

to elevated temperatures or is exposed to large differential pressures

causing either collapse or burst. Other factors such as duration of
loading could cause failure not predicted by the above, criteria.

Temperature and differential pressure factors have been considered in

the vehicle loss analysis of this report.

2.1.3 Abort Limits

Abort limits for S-IC flight are described in terms of a Launch Escape Vehicle
angle-of-attack limit (LEV-:) at the altitude at which abort occurs. The assumed

limit for :his study is shown by Fiqure 2-I. The constraint is due to the limiting
over-pressure_ on the command module after separation from £helaunch vehicle.

For the upper stage, SPS mode IT aborts, the constraints are the S/C

platform tumble limits (gO° yaw), the 16 g re-entry limit, and free fall

lO0 seconds before reaching 300,000 feet altitude.

2.1.4 EDS Warning Time

For S-IC flight, warning time is defined as the time from abort to

exceeding the vehicle structural capability. This is to allow for the

.following typical sequence.

[OSWARNING TIME

START
ABORT

SHUTDOIWl

d_T EA_,kEs'_IIC_,M
._,.uAO_O.:_ v

L 0 i i _
REACTION CM/SM
DELAY BOLTS

0.3,0.5

STRUCTURAL

j_j CAPABILITY

EXCEEDED

7
6 ! I I I

TiME AFTER ABORT- SECONDS

2-3
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2.1.5 Safe Abort Lead Times for Saturn V Explosions

An explosion during the flight of AS-504 will require that

abort occur at some time in advance of the explosion. This
section defines the time prior to explosion at which the

abort vehicle must initiate escape to prevent damage to the

Command Module due to overpressure at the high-q region of
flight.

The lead time required to assure a safe abort for all

combinations of propellant mixing may be obtained in detail
from Reference 5. Figure 2-2 shows the lead time

required to insure structural integrity for the "worst"

case conditions during S-IC flight.

The Command Module and Launch Vehicle Trajectories following

an abort at 40,000 feet are shown in Figure 2-3. Reference 6

gives in detail the buildup of the curves shown in Figure 2-3.

2.1.6 S-IC/S-II Staging Limits

Staging limits used in this study to determine successful

S-IC/S-II first plane separation are from Reference 7 and

are shown by Figures 2-4 and 2-5. These limits were not

exceeded for regions shown as "no vehicle loss" in this report.

2.1.7 S-II/S-IVB Staging Limits

The S-IVB vehicle constraints during S-II/S-IVB staging are

±15.3 degrees attitude error, ±lO degrees attitude rate, and
±7 degrees engine deflection.

2-5
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2.2 PARAMETERS

The parameters which were varied in the analysis are discussed
below.

2.2.1 Malfunctions

Malfunction type is varied as a parameter. For engine-out
malfunctions this is described by engine number. For
actuator hardover it is described by axis (pitch or yaw) and
direction (up or down, right or left) of malfunction. Other
malfunctions are described by reference to a vehicle axis
(Ditch, yaw or roll). Detailed malfunction descriptions are
presented in Section 2.3.

Time of malfunction is varied as a parameter. This time is
defined as the time of initiation of the malfunction effect,
e.g., initiation of thrust decay for engine-out or initiation
of actuator velocity toward the hardover position.

2.2.2 Winds

Wind direction and magnitude are varied as a parameter.
Figures 2-6 through 2-9 present monthly wind velocity versus
probability percentile for both wind-biased and non-wind biased
trajectories as used in this document. These curves can be
used to relate wind velocity used in subsequent analysis sections
to percentile, for evaluating loss probabilities.

For example, if December is the launch month, the 5th
percentile head and tail wind component from Fiqure 2-9
is 0 m/sec. From the same figure, the 95th percentile head
and tail wind component is 61 m/sec. The 5th and 95th
percentile crosswind components are found from Figure 2-8
to be 33 m/sec and 14 m/sec, respectively. By inteqrating
the regions of vehicle loss within these limits, the probability
of vehicle loss can be found.

2-10
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2.2.2 (Continued)

An example of the construction of synthetic wind profiles, as a function
of altitude without the gust superimposed is shown below:

11

o|l 1!5 PIItC|mYlL( IO[&LII|D ST|&OY

|I |fill WIM |Pl|J |NV|LOP(

2_

" [
_0

14'

91} PIlIC[NIIL[ WINO IN|AllI | liUILOUP (NV[LOP[

I0

8

Ii
/' [II|[MSlON Of IIUILOUP li.1(

k, / |NV|LOP| fO SUIqFAC!

/

oe ,oJo _ sO ,0 10 oo _ oOe
WtNO SPIll) |N/SiC|

Example of Synthetic Wind Profile Construction

A gust is superimposed on the above quasi-steady-state wind profile to

The gust which isaccount for the high frequency component of the wind.
used for this purpose is shown below.

m.m
m
o,m

m

W
a

v

rST[Aliv iIA?| vim $P|[I) |IIV[LOP|

AMPLI Iuo[
Gust and Its Relationship to

the Steady-State Wind Speed

and Wind Shear Buildup Envelopes
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2.2.2 (Continued)

To obtain the worst condition of loads and controllability
for engine and actuator malfunctions, the wind types in
Figure 2-10 are evaluated. For malfunctions after 40 seconds
of flight time, it is determined that maximum loads and
minimum controllability occurred when a gust is initiated at
the time of the malfunction. For malfunction prior to
40 seconds, a gust in the region of maximum dynamic pressure
produces a more critical case. Critical phasing of the gust
and malfunction is used throughout this study.

2.2.3 Vehicle Tolerances

Operating vehicle tolerances were considered in this analysis.
The tolerances used are listed below:

PARAMETER TOLERANCE

a. S-IC

Center of Pressure
Pitch/Yaw Control Gains
Normal Force Coefficient
Thrust Misalignment

Pitch/Yaw
Roll

0.2 calibers
±10%
_+ 6%

± O.34°/engine

± O.4°/control engine

b. S-ll

Center of Pressure
Pitch/Yaw Control Gains
Normal Force Coefficient
Thrust Misalignment

Pitch/Yaw
Roll

+ 0.2 calibers
±10%
± 6%

± O.34°/Engine

± O.40°/Control engine

c. S-IVB

Control Gains

Thrust Misalignment
Pitch/Yaw

±10%

± 1.01 o

Regions of vehicle loss and EDS effectiveness shown in this
report include the above tolerances.

2-16
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2.3 MALFUNCTION DESCRIPTION

The following paragraphs document description of malfunction

modes and subsequent subsystem dynamics considered by this

study. Subsequent effects on vehicle and flight dynamics

for each critical failure mode for the various phases of

powered and coast flight are described in following subsections

of the report. Based on information in other subsections,

estimates for resulting vehicle loss factor are also given
for the stages indicated. These factors do not reflect

primary mission loss B-factors, which are in general, equal

to or larger than the vehicle loss factor. The criteria and

parameters described in the previous subsections are used

for each of the representative critical failure modes shown

in Figure 2-11. Vehicle loss factors are based on POI only.

a. Loss of Thrust

Loss of thrust for the study is the thrust decay resulting

from any component malfunction which causes dropout of the

thrust OK pressure switch (TOPS). Figure 2-12 shows the band
of the F-l engine thrust that corresponds to TOPS dropout

for the applicable fuel injection pressure. The band of J-2
engine thrust applicable to TOPS dropout is similar with the

only difference being level of thrust. All FOPS dropout

thrust decays were initiated for the worst control and load

conditions which correspond _o TOPS dropout at the maximum

value of I070 psi. No specific decay data is available

for the time from component failure to TOPS dropout, since

the rate of thrust loss is dependent on the component failure

and is not fully predictable. However, constant thrust decay
rates for 25 secs.and 20 secs. were assumed for the F-l and

J-2 engines, respectively, since these rates prevent signifi-

cant effects in vehicle dynamics. Engine data has indicated
that thrust decay, after thrust OK sensor de-activation, is

a function of the normal cutoff thrust deca_* and flight
time at which the malfunc_akes place. Thrust variations

for normal cutoff and TOPS dropout can be represented by
3 sigma limits and are due to dispersions in valve closing
time and in the absolute value of thrust. These thrust

values and dispersion can be normalized and statistically

combined to show that for the worst possible loads, the rate
of thrust decay for the normal cutoff and after thrust OK

sensor de-activation are nearly coincidental. Therefore, the

rate of thrust decay for an engine out would follow the -3

sigma curve because this portion of the 3 sigma band has
the greatest probability of causing loss of vehicle control.

Loss of thrust due to major explosions (explosion that leads
to structural integrity reduction and/or loss of thrust in

another enqi_) is near instantaneous thrust loss, as shown
in Figure 2- .

*See Page 2-22
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2.3 (Continued)

Simulation of loss of thrust (Figures 2-13, 2-14, 2-15) was
implemented by the following sequence:

l •

2.

Failed engine begins loss of thrust at a constant rate.

Engine thrust decays at this rate until the thrust

reaches a level low enough to cause dropout of TOPS

at fuel injection pressure of I070 psi.

• At TOPS dropout engine shutdown to zero thrust along
-3 sigma curves dependent on flight times. (Linear
interpolation is used to approximate curve for other
flight times not shown in graphs.)

4. At TOPS dropout the LVDC updates tilt arrest by the

length of the Chi-freeze. The Chi-freeze schedule

used in this study is shown in Figure 2-16 . This Chi-freeze
was recommended in Reference 8.

*Engine shutdown as a result of an electrical command

(abort sequence, CECO, OECO, etc.) begins immediate loss
of thrust on the curve applicable to that shutdown time

shown in Figure 2-13 .

VEHICLE LOSS FACTOR

S-IC S-ll S-IVB

I. LOSS OF THRUST - ONE ENGINE 0.023 0.02 l.O0

A failure as above which affects

only one engine, either a control **l.O0

or a center engine (S-lC and S-II).

A center engine affects vehicle

performance but does not require
abort•

2. LOSS OF THRUST - TWO ENGINES l.O0 0.6 N/A
Failures as above which affect

two engines•

3. LOSS OF THRUST - ALL ENGINES l.O0 l.O0 l.O0

A failure which affects all

engines• Not considered due

to low probability of occurrence.

4. FAILURE TO START - ONE ENGINE 0.00 0.00

A failure which results in not

reaching full thrust as indicated

by the thrust OK switch and subse-

quent engine shutdown. Failure to
start is included in the above one

engine failure cases.

** Engine failure as a result of major explosion.

1.00
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2.3

5•

b •

l •

(Continued)

FAILURE TO START - ALL ENGINES
Any malfunction resulting in
termination of the startup
sequence for all engines of a
stage. Stage startup failures
do not produce an immediate EDS
problem and are not considered
here. Direct staging and alter-

nate mission aspects are covered
by Reference I0,

SERVO ACTUATOR FAILURES

Failures included in this category

are those which cause a single

engine to be positioned incorrectly
or controlled in an undesirable

manner.

ONE ACTUATOR FULLY DEFLECTED

(Hardover)
This malfunction mode is the

result of a thrust vector control

(TVC) component failure that

causes a force to be applied to

a control engine actuator, causing
a fully extended or retracted

position in the plane of the

failure• This type of failure

mode can occur regardless of the B

command issued by the control com-
puter. The rate of an actuator

hardover and its corresponding

engine is dependent upon the pre-

vailing load conditions at the time

of failure• Maximum loads through-

out flight can be calculated from

the range of max S/C gimbal moments
(excluding aerodynamic) and SA-504

aerodynamic gimbal hinge moments.

Assuming the dynamic pressure at

the time of malfunction is approxi-
mately equal to the equivalent of

the SA-504 OT, the max gimbal
moments are an addition of both

types of gimbal moments. Since the

total moment is applied in the

actuator plane, the max actuator

loading can be calculated for each

time of flight. Based on the above
results of a max constant actuator

VEHICLE LOSS FACTOR
S-IC S-II S-IVB

0.00 l.O0 l.O0

0.024 .OOl l.O0

4
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2.3

l•

•

•

(Continued)

load of 75,000 Ibs., extreme values
of actuator rate limit can be cal-

culated. Results indicated the

engine rate limit was between 6 and

16.6 degrees/sec, with a nominal

value of 12.3 degrees/sec. The

rate of 6 degrees/sec, was for the

load opposing the actuator command

and the rate of 16.6 degrees/sec.

was calculated for the load moving
in the direction of the actuator

command• Rate of 12.3 degrees/sec.
was determined for no load.

VEHICLE LOSS FACTOR

S-IC S-II S-IVB

The rate of actuator hardover for

S-II engines and S-IVB engines have

been determined to be g.6 degrees/

sec. and 8.0 degrees/sec., respec-
tively. The rate was determined

using only a first order servo

system since the bending coupling
is not an input to the TVC system•

Simulation of the actuator hardover

malfunction was implemented in the

S-IC engines by using the extreme

engine rate limits of 6 degrees/sec.

and 16.6 degrees/sec. Rate of
actuator hardover in the S-II and

S-IVB stages were simulated with
the rates described above•

ONE ACTUATOR INOPERATIVE (NULL

POSITION)

Any failure which causes a single

actuator to remain at null regardless

of commands issued by Control

Computer or external forces placed

on the actuator by the engine. Does

not require abort except during S-IVB

flight• This malfunction is simulated

by commanding the failed actuator to
null position at the above maximum
rate.

<.OOl <.OOl l .00

ONE ACTUATOR OSCILLATORY

Any failure which causes the actuator

position to be modulated about the
desired commanded position. The

oscillation (modulation) may include

1.00
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2.3

•

•

•

•

c •

(Continued)

those which are low in

frequency (drifts). This mal-

function has been covered in pre-

vious analyses and does not result
in need for S-IC or S-II abort.

In S-IVB, loss of control results.

ONE ACTUATOR FAILS TO HOLD

Any failure which allows the

actuator position to be modulated

by external loads. Limiting cases
for this malfunction are bounded

by actuator-to-null cases (where
actuator remains near center) and

by actuator hardover cases (where

actuator is forced against stops),

hence separate analyses are not
supplied• In S-IVB, loss-of-con-

trol may result.

ONE ACTUATOR RATE LIMITED

Any failure which causes the rate

of change (velocity) of position

capability to be velocity limited

below the desirable capability•
This malfunction is bounded by the

above cases and separate analyses
are not included. Abort is not

required in S-IC or S-ll. Loss of

control may result in S-IVB.

BOTH ACTUATORS, SAME ENGINE,
INOPERATIVE

Any single failure which affects
both actuators of single engine

such as to cause any of the same

problems described for single
actuator above• Dual actuator
failures are not considered in this

analysis.

LOSS OF INERTIAL VELOCITY INFORMATION
Failures included here are those

which cause the velocity reasonable-
ness test to be failed (velocity
reasonableness failures due to iner-

tial platform attitude errors are

VEHICLE LOSS FACTOR

S-IC S-II S-IVB

l .00

l .00

0.00 0.00

(with
Reference 9

changes perigee
> 60 NMi

t

,i

Q
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(Continued)

VEHICLE LOSS FACTOR

S-IC S-II S-IVB

not to be included here).

The velocity reasonableness test

is performed in the Accelerometer

Processing Loop of the LVDC on the

change in velocity (AV) since last

test (a period which may vary from

0.6 to 2.1 seconds)• The reason-
ableness test is failed when:

a) the velocity change is zero for

five successive samples in the X-

channel;

b) the velocity change is zero for

five successive samples in the Z-

channel after to + lO seconds; c)

the velocity change does not satisfy

the following:

0.5(AVc) - RTC _ _V _ 1.5 AV c + RTC

where:

AV = measured change in velocity

AV c = calculated expected change
based on last used platform
acceleration value resolved

through present gimbal

angles•

RTC = reasonableness test constant

TIME RTC x RTC V RTC z

S-IC Burn 6 6 6

During Staging 50 6 50

& T7 to end
of mission

S-ll & S-IVB 6 1.5 6

burn

T_ + 4.7 to T4 20 20 20
(with one

S-II engine
out)

2-29



D5-15555-4 B

2.3 (Continued)
VEHICLE LOSS FACTOR

S-IC S-ll S-IVB

ST- 124 M
SYSTEM

L
_F" ATTITUDE

VELOC,TYI z=l GUIDANCEREASONABLENESS_ml CALCULATIONS V
TEST I L

STORED OR 3T

CA LCULATED
F/M VALUES

I. Measured velocity

2. Measured velocity after test

3. Calculated velocity from stored
values

4. Attitude correction command to

control computer

5. Attitude angle information from

platform

Loss occurs when velocity reasonableness
is failed and item 3 is substituted.

The attitude angles at 5 are not degraded
by failure.

There are four failure categories:
a) x body axis

b) y body axis

c) z body axis
d) Two or more axes

The primary contributor to this
system failure is an "Accelerometer

Servo Loop Failure" which is pri-

marily caused by an accelerometer
failure or a PEA failure.

The above problem does not affect

first-stage flight; however, failures

during S-IC flight affect navigation,

which may change initial conditions

for S-II IGM turn-on. Analysis is

presented in Referencel0.

o

i
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VEHICLE LOSS FACTOR

S-IC S-ll S-IVB

LOSS OF INERTIAL ATTITUDE

(Platform Failure)

This malfunction happens as a
result of the failure of ST-124

Inertial Platform which provides

attitude reference. The outputs

of the platform are monitored by
the LVDC and tested for reasonable-

ness. If the reasonableness test

is failed, the LVDC permanently

substitutes the last good signal
for error feedback.

The (RT) is performed in the LVDC

minor loop once every 40 milli-
seconds on each axis. An indicated

attitude change greater than 0.4

degrees in 40 milliseconds or a

non-explainable zero reading causes
the (RT) to fail and the last "good"

reading is used to provide attitude
error commands to the Control

Computer• Three (RT) failures during
a major loop will cause the coarse
resolver to be switched in at the

next minor loop and utilized through-
out remaining mission• After switch-

ing to the coarse resolver, the (RT)

increment becomes 0.6 degrees. Each

(RT) failure after switching in the
coarse resolver increments a counter

which is compared at end of major

loop with 15 times the nominal major
loop time. If the (RT) failure counter

is larger the guidance failure discrete

is set but further processing of
that axis occurs. The attitude error

command to the Control Computer is

"frozen" to last good value• If the
RT count was less, then the counter is

reset to zero and normal processing

is continued into next major loop.

Depending on when the malfunction

occurred during the major loop and
the major loop cycle time, the time

between malfunction and guidance failure

discrete may be a maximum of 1.72 secs.

in pre-IGM flight and 2.68 secs. in IGM
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•

(Continued)
VEHICLE LOSS FACTOR

S-IC S-II S-IVB

flight• The minimum delay will

be .76 secs. in pre-IGM.

The primary contributors to this

system failure is a "Gyro Servo

Loop Failure" which is primarily

caused by: a) gyro torque motor
failure, b) battery DID failures,

c) PEA failures, d) gas bearing
supply failure, e) Platform AC

Power Supply, f) 56 volt power

supply failure, g) miscellaneous
small contributors.

LOSS OF INERTIAL ATTITUDE REFERENCE

(VELOCITY NOT AFFECTED)
Failures which cause attitude reason- l.O0
ableness test to be failed but do

not lead to a platform stable element

reorientation causing erroneous

velocity information.

l.O0 l.O0

IST-124M _ REASONABLENESS ___ CONTROL _SYSTEM TEST COMPUTER

I

I. Measured attitude (vehicle to

inertial reference)
2. Attitude error or correction

command

"Loss" occurs when the reasonable-

ness test is failed such as to

freeze the attitude error signal as

described above• The following
categories of failures can occur:

a. Pitch axis only
b. Yaw axis only

c. Roll axis only

d. Two or more axes (from a single

failure, whether simultaneously
or not)

The final consequence of all of the

above cases will be freezing of
attitude error signals in the axis
or axes affected.
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(Continued) VEHICLE LOSS FACTOR

S-IC S-II S-IVB

LOSS OF INERTIAL ATTITUDE REFERENCE

WITH VELOCITY INFORMATION DEGRADED

Failure which results in stable

element reorientation such as to

cause the attitude reasonableness

test to be failed.

e T- TEST CONSTANT

l .00 l .00 l .00

X
COMMAND ANGLES

I 0 _ ATTI_ FANOuRE[ IRT(__
! ST" 124 M I---_ REASONABLENESS _::>_-i_ ATT E ]-_

SYSTEM I - TES_..__ _- .. L DETERMINATION _]"' - LU.E
I VELOCITY IREASONABLENESS
I TEST /

e - Measured attitude (vehicle
to inertial reference)

OT - LVDC test constant utilized
for LVDC major and minor loop

@EC - Attitude error signal or correc-
tion command to the Control

Computer.

*Eventually the velocity reasonableness

test may also be failed, resulting in
loss of inertial velocity information.

"Loss" occurs when the Attitude

Reasonableness Test is failed such as

to result in freezing (¢EC) to the
value current at final test failure.

This is demonstrated in the following

procedure•

ATTITUDE REASONABLENESS TEST PROCEDURE

Test platform gimbal angle readings

for pitch/yaw attitude rate greater
than lO degrees/second.

First Fine Resolver Reading Fails Test:

A° < I BFINE

* tm
0.4 deg. fine g bal

angle
reading

BOLD J

gimbal re_ading

from previous

minor loop
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(Continued) VEHICLE LOSS FACTOR
S-IC S-II S-lVB

Retain last good value of

attitude error sent to flight
control computer• If three

consecutive readings fail as
shown above, then -

Switch to coarse resolver.

Accept first coarse resolver if

change is less than 18.5 degrees.

Change test constant to 15 degrees/
second• If any 15 coarse resolver

readings fail during major loop
cycle - Guidance failure discrete

signal is sent to guidance fail
lights in spacecraft•

Attitude error signal freezes•

CEC

+
freezes

6) - ×

There are four failure categories:

a. Pitch axis only
b •

C.

d.

Yaw axis only

Roll axis only

Two or more axes - perhaps
not simultaneously but from

a single failure.

All of the above cases result in

freezing the attitude error signal
in the affected axis. This malfunc-

tion is simulated in the same way

as the preceding loss of platform
without velocity failure• An addi-
tional critical malfunction which

fits in any of the above four failure

categories is a failure of a gyro
torque motor which results in an

open servo loop. Subsystem effects
of this malfunction is an unstable

inner gimbal platform. Results give
rotation of this platform at a con-

stant rate of l rad/sec. (57.3°/sec).
This malfunction is simulated in a

similar way to the above malfunctions

except the attitude error signal freezes
with a possible input step function of
±0.48 degrees every 3.14 secs.

t

2-34



D5-15555-4 B

2.3

e •

(Continued)

LOSS OF ATTITUDE ERROR SIGNAL
A failure which causes a "Loss of

Attitude Error Signal" is defined
as one for which the desired

command is not being received by

the Control Computer Summing

Amplifier (i.e., changes in
desired command could not cause

changes in signal utilized by

Summing Amplifier where rate and
attitude error are combined.

(Degraded signals are not to be

included here). The failure

does not preclude rate feedback

control (i.e., it does not saturate

the Summing Amplifier).

The failure would occur somewhere

between the LVDA ladder output and

the summing amplifier input and would

be such as to open or block the atti-

tude error signal path.

VEHICLE LOSS FACTOR

S-IC S-II S-IVB

l.O0 0.667* 0.533*

ATTITUDE

CORRECTION

COMMAND

DETERMINATION

3

I. Attitude Error Correction

Command - Single Axis
2. Conditioned Error Command

3. Actuator B commands

* Assume roll failure will not cause vehicle loss.
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(Continued)

"Loss" is any failure which results

in signal at 2 not following command

at l (i e the path has opened or
has been blocked) and the resultant

signal at 2 is not sufficient to

saturate the summing amplifier (thus

is still varied by rate feedback).

VEHICLE LOSS FACTOR
S-IC S-II S-IVB

There are four failure categories:

a. Pitch axis only

b. Yaw axis only

c. Roll axis only
d. Two or more axes

Loss of the attitude error signal is

simulated by setting this signal zero
at the time of malfunction. This

results in loss of dynamic attitude

feedback to the control computer and

introduces an initial transient. Only

single axis failures are considered.

f. LOSS OF ATTITUDE COMMAND l.O

The major contributors of this failure

are: a) LVDC memory failure, b) LVDC

logic failure, c) LVDA power supply

failure, d) LVDA logic failure. Failure

categories include:
a. Failure to the current command value.

b. Failure to zero or a large offset
value.

0.667* 0.567*

The former case results in flying with

a premature tilt arrest and might use

manual control as a backup. The latter

case has results equivalent to a satu-

rated attitude error control signal.

This is principally a pitch plane
problem.

g. LOSS OF ATTITUDE RATE INFORMATION l.O0
A failure which causes a "loss" is

one which precludes any useful rate

information being supplied to the
Control Computer Summing Amplifier.

l.O0 0.733

* Assume roll failure will not cause vehicle loss.

o

w
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(Continued)

(Degraded rate information

is not to be included here.)

The failure does not preclude

attitude feedback control (i.e.,

it does not saturate Summing

Amplifier). Diagram is same as
above with attitude error and

attitude rate interchanged.

VEHICLE LOSS FACTOR

S-lC S-II S-IVB

The major contributors of this

system failure are: a) control

computer rate channel circuitry,
b) control rate gyros and control

signal processor. The expected
consequence of this malfunction

is divergent vehicle attitude

oscillation. Failure categories
include:

a. Failure in pitch axis

b. Failure in yaw axis
c. Failure in roll axis

d. Failure in 2 or more axes

from the same malfunction•

SATURATED CONTROL SYSTEM

Any failure which saturates

Summing Amplifier (thus precluding
any rate or attitude feedback) or

causes all actuators of single

plane to go hardover.

l .00 l .DO l .00

Major contributors of this failure

are: a) flight control computer
failure in rate or attitude error

channel which saturates summing
amplifier, or a summing amp (mag.

amp) failure, or an output stage
failure which commands actuators

hardover.

ATTITUDE' ATTITUDEI r",.
|CORRECTIONI--I-IIA_3 _ "_

VEHICLE/ VEHICLE/ It,,. I /
ATTITUDE.--_ATTITUDE l-2_A_-_4.e I /

RATE I RATE | L

5
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(Continued)

l •

2.
3.

•

•

Attitude Error command
Measured vehicle rate
Conditioned attitude error
command

Conditioned measured rate
signal
B command to actuators

Saturated Control System is the
result of failures which cause the
summing amplifier to saturate such

that the command at 5 is no longer
a function of either rate or attitude•

The failure can fall into four cate-

gories:

a. Pitch axis only

b. Yaw axis only

c. Roll axis only
d. Two or more axes

NOTE: Saturated Control System
covers both "Attitude Error
Command Saturated" and

"Attitude Rate Signal
Saturated. "

A saturated control signal is

simulated by a step function

corresponding to 15.3 degrees
of the pitch attitude error

signal to the control computer.

The same result is obtained by

a step input of the maximum pitch

rate signal to the control computer•

This results in all control engines
gimballing to the hardover position

and rapid vehicle divergence.

NULL CONTROL SYSTEM

Any failure which removes attitude

and rate control in any plane

results in the command (to actua-

tors) in that plane going to "near
zero." "Near zero" is defined as

within I0% of null position.

Major contributor to this system

failure mode is the Flight Control

Computer causinq a siqnal

VEHICLE LOSS FACTOR

S-IC S-II S-IVB

l.O0 l.O0 l.O0

2-38



D5-15555-4 B

2.3

i.

j •
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failure from Summing
Amplifier to output which
results in a residual

signal within 10% of null,

SEQUENCING FAILURES

There are several "sequences of

events" which are determined by
the mode selected. The mode

selection and initiation is

accomplished through one of three

actions: The successful completion
of a previous mode, computer switch-

ing to a new mode based on real time,
or an event occurrence. In addition

to these internal mode selections

which the Astrionics system makes,

mode switching is accomplished by

the I.U. Command System, or the
Apollo Spacecraft.

Changes in modes and flight sequences

are made by changing the instructions

and programs in the LVDC memory•

Thus flight sequences may vary for
each flight.

Sequencing malfunctions are, there-

fore, defined as any malfunction

which causes an erroneous sequence

to occur, or a sequence which occurs
at the wrong time. The sequences
for a 504 launch are defined in

Document lOM30524B.

The hardware involved are: LVDC,

LVDA, I.U. Command Receiver,

Control Distributor, Auxiliary
Power Distributor', and Switch

Selector and Stage Control Circuitry

of each stage.

Some specific sequencing malfunctions

resulting from failure of Switch

Selector outputs are:

a. fails to give sequence command
b. gives command in error (random

time during launch)

VEHICLE LOSS FACTOR

S-IC S-II S-IVB
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(Continued) VEHICLE LOSS FACTOR
S-IC S-II S-IVB

C •

d •

generates multiple erroneous
outputs to relays in control
distributor

loss of all outputs.

Sequence failures (other than

those for staging covered below)

simulated for this analysis

consist of those affecting control

system gain switching. Specific
cases include:

a. Early gain switching

b. Late (or no) gain switching

STAGING MALFUNCTIONS

Staging malfunctions are defined as
any malfunction which causes pre-

mature staging, lack of staging or

complications during staging•

0.9 0.8

Items which are included follow:

I. Lack of down stage retrorocket

firing

2. Lack of S-IC first plane

separation

3. Lack of S-II second plane

separation
4. Partial S-II second plane

separation

5. Lack of S-II/S-IVB plane

separation

6. Partial S-II/S-IVB plane

separation.

Separation device failures are

covered under the contingency and

analysis section of this report•

PROPELLANT UTILIZATION SYSTEM MALFUNCTIONS

Propellant Utilization (PU) system
malfunctions are defined as those

causing the PU valve in S-II or S-IVB
to assume some position other than that

determined by propellant tank loadings.

Principal causes are failures in the
PU valve servo or bridge-balancing

servos. Failure categories are:

I
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(Continued)

a •

b.

C •

d.

e.

PU valve to null position

PU valve to upper limit

(no second MR shift)
PU valve to lower limit

Early MR shift
Late MR shift•

The range of thrust variation

covered by the PU valve travel does

not result in any immediate vehicle
dynamics problem and these malfunc-

tions are not analyzed by this

report. Trajectory effects of some
of the above failures are covered

in the analysis section.

APS SYSTEM FAILURES

Any failure in APS system which

causes loss of control of the

S-IVB stage• Failures prior

to control computer output are
not considered here.

LOSS OF ONE APS NOZZLE

"Loss" is defined as any failure

which prevents turning on of one

APS nozzle in a module. Remaining
nozzles are not affected.

LOSS OF ONE APS MODULE

"Loss" is defined as the result of

a failure which results in problems

in turning on any reaction jet of
one APS module when desired•

LOSS OF BOTH APS MODULES

"Loss" is defined as above except
here both APS modules are affected.

APS ULLAGING FAILURE

APS ullaging failures are defined as

malfunctions resulting in failure to

turn on an APS ullaging nozzle• Only

single failures are considered.

VEHICLE LOSS FACTOR

S-IC S-II S-IVB

0.33

<I0-4

<I0-3

2-41



D5-15555-4 B

2.4 MODES OF VEHICLE LOSS

The following types of vehicle loss transients are encountered
in simulating the malfunctions described in Section 2.3. Wind
effects as described in Section 2.2 are included in the S-lC
simulations:

Structural failure resulting directly from malfunction-
dynamics.

Loss-of-control, followed by consequent tumbling and
structural failure.

Structural failure resulting from vehicle tension load
increase due to engine shutdown at abort.

Unsuccessful staging. This results when the malfunction
causes the vehicle to exceed staging limits.

Tower collision or pad fallback because of early failures.
Included is interference with ground suDport equipment.

Guidance failures causing slow divergence from the nominal
trajectory.

These vehicle failures and the events leading to them are
described in more detail in the following paragraphs. Separate
analyses are not included for malfunctions not producing
significantly differing results (a saturated attitude rate
signal, for example, has consequences similar to a saturated
attitude error signal).

2.4.1 Sudden Vehicle Breakup Resulting from Malfunction Dynamics

This mode of vehicle failure is an engine-out problem and
results directly from dynamic responses driven by the malfunction.
Sudden breakup has been eliminated by wind biasing, increased
load capability, and engine cant.

2.4.2 Vehicle Loss-of-Control After Malfunction

Fiqure 2-21 illustrates a typical loss-of-control sequence
following a malfunction at high-q. Inability of the vehicle
to recover results from the malfunction moment in combination
with winds.

In loss-of-control cases, vehicle tumbling and structural
failure will occur and abort is required. Consequently, in the
subsequent vehicle evaluation sections, vehicle loss is indicated
for all loss-of-control regions.

2-42



D5-15555-4 B

m

2.4.3 Abort-lnduced Tension Breakup

For abort after 30 seconds of flight shutdown of the mainstage

engines is Derformed as part of the abort sequence. Consequently,

engine compressive forces are suddenly removed. In cases

requiring abort, this sequence rapidly increases the vehicle

tension loadinq and may produce sudden failure.

The following is the typical abort sequence of events

associated with the tension breakup problem.

START
ABORT

SHUTDOWN

EDS ALL FIRE ,--CM/SM SEP
LIMIT ENGINES LES |

V__o_o., , , , , , , ,
o .iy .z .3 .4 .5 .6 ._ .e .9

= TIME AFTER ABORT-- SECONDS
,__.,_o_,,,o, CMISMCREW REACTION BOLTS

DELAY

i1.0

,w

At high-q, the vehicle is in a state of high moment loading
due to angle of attack (including winds), slosh, flexibility

and control enqine forces. Moments are further increased if

a malfunction exists such as outboard engine failure, actuator

hardover or control/guidance failure. With enqines thrusting,

the loads on the tension side of the vehicle are reduced by

the compressive thrust forces. At abort initiation +.03 second,
shutdown of the mainstage engines is initiated to provide

faster abort vehicle separation. Subsequent decay of thrust

forces results in rapidly increasing load on the tension side
of the vehicle with structural failure occurring in as little

as 0.5 second after the abort signal. Due to this sudden

breakup after abort, the abort vehicle may not be at a safe

separation distance at the time of propellant explosion.

Figure 2-95 illustrates a typical sequence of events during

an abort tension breakup transient. The transient shown was

initiated by a high-q engine out; however, abort tension breakup

cases can result for any of the malfunctions listed in Section 2.3

requiring high-q abort. The malfunction here occurred at
80 seconds of S-IC flight time, resulting in the vehicle

exceeding an abort cue with abort occurring at 86.2 seconds.

The rapid buildup of tension load causes structural failure
at 0.44 seconds after abort.
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2.4.4 Staging Requirements

Improved vehicle malfunction flight capability allows successful completion
of stage flight in manymalfunction cases. In somecases, however,
subsequent recovery of vehicle attitude is not sufficient to allow
successful staging. S-IC/S-II staging requirements applied for this
study are shownby Figure 2-4 . In addition the limits of _lO°/second
attitude rate, ±15.3° attitude error and ±7° engine deflection were
applied for S-II/S-IVB staging. These limits were not exceeded for
regions shownas "no vehicle loss" in this report.

2.4.5 Tower Collision and Pad Fallback

Engine malfunctions, actuator malfunctions or saturated control system
• occurring shortly after liftoff can result in launch vehicle collision

with the tower or ground equipment (hold downarms). In addition,
engine malfunctions can cause hovering or fallback in the launch site
area. This study examines these malfunction conditions to derive flight
parameters which might be useful to indicate the need for abort action.
Regions of failure for these malfunctions are shown in the following
vehicle evaluation sections.

2.4.6 Launch Vehicle Angle-of-Attack (LEV-_) Limit

The vehicle angle-of-attack from which the LEVcan successfully abort
is limited as indicated in Figure 2-I , particularly for aborts in the
high-q region. In the subsequent analysis, crew loss is noted for
regions where this requirement is not met. As indicated in Figure 2-17
the LEV-_ capability shownin Figure 2-I is sufficient for all
malfunctions.

2.4.7 Guidance Failures

Guidance failures, which include any malfunction that causes an incorrect
or no attitude error signal to be sent to the Control Computer, require
an abort. These failures do not result in rapid rates or divergence and
are not critical with regard to warning time in mnst cases. However, the
slow divergence, as shownin Figures 2-I_ and 2-19, makes this type of
malfunction difficult to detect. Guidance failures prohibit successful
parking orbit insertion unless the malfunction occurs just before
(within 15 seconds) parking orbit insertion.

,m

m
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2.5 CONTINGENCY PLAN

This section outlines the contingencies in tabular form. The bases for

the contingencies shown in this section are analyzed in detail in other
sections. The Mission Rule Data column of these tables is shown as a

general guideline only and further information may be obtained from the
"Abort and Alternate Mission Plan" Reference lO. The "Flight Mission

Rules Final" for AS-504 (NASA documentation to be issued) will be the

governing document for the Mission Rules Data.

e,
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2.6 EVALUATION OF THE BASELINE VEHICLE

Table 2-11 compares the SA-503 vehicle as analyzed in
Reference 2 and the SA-504 vehicle that is the baseline

vehicle for this analysis. The effects of the differences

are summarized in Table 2-11 and discussed in more detail
in the following sections. Characteristics that are not

in the tables do not cause significant differences between

the SA-503 and SA-504 EDS Analysis results.
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2.6.1 Actuator Hardover Capability - S-IC

For winds between the 5th and 95th percentile, single

actuator hardover produces loss of control only during the

maximum dynamic pressure (max-q) region. Both long and short
throw malfunctions as defined in Figure 2-20 can cause loss

of control. Figure 2-21 shows the typical dynamic responses
that result from a single long throw actuator hardover in the

max-q region.

Loss of control regions for actuator hardover are shown on

Figures 2-22 through 2-39 . Each polar plot of Figure 2-22 is

a composite loss of control plot for all short throw malfunctions
occurring at that flight time. Shaded regions denote loss of

control. The wind rose on each time plot represents the 5th to
95th percentile winds of February for the nominal altitude

corresponding to that flight time. Therefore, total blackened

regions represent winds between the 5th and 95th percentile that

cause loss of control. Figure 2-23 presents identical information

for all long throw actuator malfunctions.

Staging problems as defined in Reference 7

single actuator hardover.

do not occur for

LEV-_ limit is not exceeded prior to abort for this malfunction.

Figures 2-95 through 2-98 show tension loads resulting

from an actuator hardover that requires a high-q abort.

Sudden vehicle tension loads that result from mainstage engine

shutdown at abort may cause structural failure for actuator
hardover malfunction between 70 and 93 seconds flight time.

The recommended EDS limit settings for this malfunction are:

(1) 4 degrees/second attitude rate for automatic abort, and

(2) 5 degrees roll attitude error (first abort cue) and 3.2 psi

q-ball pressure after 50 seconds (second abort cue) for manual

abort. Manual abort cues occur prior to exceeding automatic

abort limits for most high-q malfunctions.

The probability of vehicle loss due to an actuator hardover
in the high-q region is lO0 x I0-6 The probability of crew
loss after these malfunctions is lO0 x lO _6.
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2.6.2 Actuator Hardover Capability - S-II

No vehicle losses resulted from simulation of single actuator
failures during S-II flight• In addition, no cases exceeding
FDO limits were encountered. Near nominal parking orbit
insertion was attained in all simulations of actuator hardover
during S-II flight. The maximum rates in pitch and roll,
respectively, were: 2.6 deg/sec and 3.6 deg/sec. Maximum
yaw rate was less than l deg/sec. Maximum attitude errors
were: pitch 4.1, yaw <!, roll 4.5. Yaw actuator hardover
results are symmetric to those of pitch actuator hardover
cases.

A single actuator hardover inboard causes a large inboard

deflection of another control engine, as shown in Figure 2-40.

This deflection of two control engines will expose the base

of the S-II vehicle to excessive radiation from the engine

plumes. Presently available information indicates the

following potential results for this malfunction:

I. Collapse of thrust structure due to induced thermal stress.

• Loss of engine thrust and/or S-II/S-IVB separation

capability due to wiring harness damage.

The damage to the S-II thrust structure may occur within 15
to 25 seconds from failure of the flexible curtain portion of

the base heat shield• These consequences of excessive inboard

engine deflections may cause abort or early staging. Abort

cues would necessarily be ground initiated, since there is

presently no onboard display which violates EDS limits as a
result of this malfunction.

2.6.3 Actuator Hardover Capability - S-IVB

S-IVB actuator hardover produces immediate loss of control.
Since results are identical to S-IVB saturated control, these

cases are covered by the saturated control discussion.
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2.6.4 S-IVB Restart with Actuator Hardover

The following are considered in analyzing S-IVB capability to restart

with an actuator in the hardover position:

a. Ability of APS to control attitude with torque resulting from j-2

lead thrust during restart preparation.

b. Ability of APS to recover attitude control after the J-2 burn is

terminated. Recovery must be to a rate from which a successful

abort to the SM or spacecraft can be made.

Assuming -900 pounds J-2 lead thrust, J-2 restart preparation will develop

about 3900 newton-meters torque when hardover. Since pitch APS develops
about 4470 newton-meters, pitch attitude control is marginal. With two

APS nozzles available in yaw, yaw attitude control can be maintained

with about 43% APS duty cycle during the 8.0 seconds of restart

preparation where lead thrust is developed. This will consume 0.6 percent
of APS fuel'in addition to the 70 percent (approximately) used for

powered flight roll control, orbital attitude control and APS ullaging.

For recovery after termination of the J-2 burn, APS must operate for

240 seconds for each second of J-2 full-thrust burn with a pitch hardover,

or 120 seconds for a yaw hard,vet. For a 2 second J-2 burn, 9.7°/second

rate (about lO°/second, allowing for thrust buildup and decay) would be

generated. This would require 500 seconds in pitch or 250 seconds in

yaw for full recovery by APS, About 45 percent APS fuel would be

consumed in either case. Even in yaw, where recovery is more rapid,

the vehicle would complete 3-I/2 revolutions before recovery, hence

spacecraft platform tumble limits (assumed to be 90°) would be exceeded.

Consequently, S-IVB restart for even two to three seconds would have to

be terminated by abort to SPS. Consequently, it is recommended that

S-IVB restart not be attempted after actuator hardover has been detected

in parking orbit.

.J
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2.6.5 Inertial Platform Failure - S-IC

Loss of inertial attitude reference in S-IC flight caused
by rapid tumbling of the stable platform described in
Reference II results in the consecutive failure of the attitude

reasonableness test. This malfunction can create steps in
the attitude error signal of 0.48 degrees each 3.14 seconds.
Rapid divergence of vehicle attitude causes loss of control
for this malfunction at any time during S-lC flight.
This rapid divergence results in tumbling in the high-q
region, leading to structural failure for all winds.

i

The recommended EDS manual abort cues for loss of inertial
attitude reference are listed in Table 2-111.

TABLE 2-111 RECOMMENDED ABORT CUES FOR LOSS OF PLATFORM

TIME OF FAILURE

0 - 50 seconds

50 - I00 seconds

I00 - OECO

ABORT RULE

Abort at 50 seconds

Abort at abort cue

Abort at abort cue

ABORT CUE

Guidance failure
light and L/V
overrate light

Guidance failure

light and L/V
overrate light

Guidance failure

light and abort
request light

The recommended EDS automatic abort limit is 4 degrees/second
pitch or yaw rate. Manual abort cues occur prior to exceeding
automatic abort limits for all times of flight.

The probability of vehicle loss due to this malfunction is
2100 x lO-6;however, safe abort can be accomplished throughout
flight.
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2.6.6 Inertial Platform Failure - S-II

Loss of inertial attitude in S-II flight results in failure

of the attitude reasonableness test and subsequent freeze of

the attitude error signal. There are two categories of
inertial platform failures:

FAILURE CATEGORY A - failures which do not result in a

reorientation of the platform stable
element.

FAILURE CATEGORY B failures which will result in a

reorientation of the platform stable

element (tumbling).

Vehicle loss occurs for all S-II flight times since guidance
to orbit is not possible. Structural failure will not occur

immediately followinq the malfunction due to negligible

aerodynamic forces in the nominal S-II trajectory region.

Failure category "A" simulates gimbal angle resolver failures

and platform power supply and electronics assembly (PEA)

failures which produce large step inputs for gimbal angle
readings. Also included in this category are those failures

which produce incorrect gimbal angle readings of zero. Zero
failures during intervals of flight when the commanded attitude

in the particular plane is less than 0.06 ° will not be

detected by the reasonableness test. This will occur for the

roll axis throughout S-II flight and for the yaw axis until

IGM turn-on at approximately 200 seconds of flight time. The

results of those zero failures which are not detected by the
reasonableness test are similar to results for loss of error

signal. For the roll axis failure, parking orbit insertion

may be achieved, but off-nominal roll disturbances of any
magnitude could result in vehicle loss. For those zero

failures detected and for the other failures in this category,
the result is an immediate and permanent freeze of the
attitude error at the last correctly calculated value. In

most cases this produces a gradual divergence from the nominal

trajectory and an attitude eventually requiring abort.

However, during periods of fliqht where high attitude error

siqnals nominally occur, such as after IGM turn-on in S-If,

S-If 2nd mixture ratio shift, and IGM turn-on in S-IVB, rapid
divergence can occur.

Failure category "B" simulates a failure in which the stable

platform beqins to physically tumble. The primary contributor

to this type malfunction is a "Gyro Servo Loop Failure." This
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2.6.6 (Continued)

is the more severe of the two types of failures, the primary
reasons being:

a • Accumulation of a large attitude error signal prior to
failure of the attitude reasonableness test.

b • The large reasonableness test constant (RTC) used for
switchover from fine to coarse resolver which contributes
to an even larqer attitude error signal after the first
reasonableness test failures•

C • The continued use of the attitude reasonableness test
after the guidance failure discrete is issued which allows
changes in what should be a frozen attitude error signal.

A more detailed explanation of each of these may be found in
Section 2.3.

Figure 2-41 gives two cases of platform failure type "B".
The slowly accelerating platform tumble malfunctions, those
with an acceleration less than approximately 30°/second 2, are
the more rapidly diverging since they accumulate a large
attitude error signal before the failure of the attitude
reasonableness test. The changes in direction of pitch
attitude for the rapidly accelerating platform tumble are due
to reason "C" given above.

Safe abort should be obtained with both types of platform
malfunctions if the guidance failure light, 20 ° attitude
deviation limit, and exceeding of FDO limits are used for
abort cues. The guidance failure light should be used for the
first abort cue and exceeding of FD_ limits as the second cue.

2.6.7 Inertial Platform Failure - S-IVB

Consequences of this malfunction in S-IVB flight are similar
to those in S-II fliqht. If failure cateqory "A" occurs
within approximately the last 50 seconds of S-IVB flight,
the vehicle may be inserted into parking orbit. As in S-II
flight, parking orbit insertion may be achieved for zero
failures of the roll axis if off-nominal roll disturbances are
not present. However, all cases will probably result in
ultimate abort after POI due to tumbling•

Q

2-98



D5-]5555-4 B

t

m

.I

tl.

t,

Jl

c)

CE,
;E
I,-,I

I,--

olJ..j
LIJI:_
_j_-
W=)
CJI--
t,J

>'-0
,_.ILl..
:_l.-
c_r.
_J,..i
If}P,

LT.)
eo

I-.

I
z
I-..I

I-.

e,..
i,i
,,..I

(j.-,
(JI--

>_m,.
.-,.IO

_-,I--
tier.

_.o..

/
/

,...,j
_r

___ \
,_ ".,

,,.,,.I

(,0 i I

/,I.

\

I
I

o o E:)

I I I

!

/
/

i oi

\ 21

...JJ

/
(

I

' )l

1
!

.N-

I

/I

T i
I 1

o o o

533_930

-3GnII±±V H3lld

r

o

0

o
'c_

-00

z

Lm.l
c_ (/)

I

I--

l.--
-r-

.C'_l m,

cs)
.Q

o
,¢0

GO

Z

l_l.J

CS)
r,,..
,---I

I----
,,::z:

z

l--
c._)
Z

U_
.._I

C_
LI._

'l.m

--.--I
th

U--

C_

I'--"

l.J--
l--l.--
IJ--I

I"--I

I
C"J

I..I.--

2-99



D5-15555-4 B

2.6.8 Saturated Control System - S-IC

Saturated control system causes all actuators in the
affected plane to go hardover and results in rapid tumbling
as illustrated in Figure 2-42 • Loss of control occurs at
all flight times for all winds.

An example of the tension loads that result for a saturated
control system in the high-q region is shown in Figures 2-103
throuqh 2-106

The recommended EDS automatic abort limit settings are:
(I) 4 degrees/second pitch or yaw attitude rate and (2)
20 degrees/second roll attitude rate. After automatic abort
is deactivated, the recommended manual abort cues are (I) launch
vehicle overrate light, and (2) spacecraft rate indication
exceeding above rate limits.

For saturated control signal automatic abort can be deactivated
at 120 seconds. As with dual engine out, this time was
selected on the basis of launch vehicle loads only.

The probability of vehicle loss due to a saturated control
signal is 230 x 10-6. The probability of crew loss after
these malfunctions is 90 x 10-6.
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2.6.9 Saturated Control System - S-II

a) Saturated Error Signal

Saturation of pitch or yaw error signal in S-II causes
actuators hardover in the affected plane; actuators
hardover causes the vehicle attitude rate to increase
so that the control equation (B = ao_ + ale) will become
balanced; when the equation becomes balanced, the
actuators will be near the null position; the attitude
rate will reach maximum value and remain at that value
balancing the equation• Shown below are the values
used to calculate the maximum rate for S-II saturated
error signal for the first set of S-II gains (Typical
S-II Case):

0 = (I.12)(15.3) + (I.89) CMAX

CMAX = -9.1 deg/sec.

This maximum vehicle rate does not violate the EDS rate

limit of lO°/second; the EDS error limit of 20 degrees,
however, is exceeded within 5 seconds after time of mal-

function. Saturated roll error signal causes a large

engine deflection in both pitch and yaw planes; as in

pitch and yaw, the vehicle rate reaches a value which

stabilizes the control equation; this value is calculated
below:

0 = (.25)(15.3) + (.2) CRMAX

CRMAX = -19 deg/sec

b) Saturated Rate Signal

Saturated pitch or yaw rate signal in S-II causes the

actuator in the affected plane to go hardover. The
attitude error then increases until it reaches the limit

of 15.3 degrees. The maximum value of the error requires
the actuator be hardover in order to balance the control

equation; the figures below show that during S-II the

actuator must remain positive hardover to balance a
saturated rate signal.

B = (I•12)(-15.3) + (1.89)(20.0)

B = 20.7 (limited to 6.0)
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2.6.9 (Continued)

b) (Continued)

Saturated roll rate signal in S-II results in large
deflections of both pitch and yaw engines. For the

same reason described above for saturated pitch and

yaw signals, the control engines are forced to main-

tain large deflections• Figure 2-43 presents a time

history of vehicle rates for saturated rate signal
and saturated error signal in S-II.

2.6.10 Saturated Control System - S-IVB

a) Saturated Error Signal

Saturated Error Signal in S-IVB produces the same
effects as those described above for S-II. Because

of the difference in control gains ao and al, however,
the EDS rate limit of lO deg/sec is exceeded for

pitch and yaw malfunctions•

0 = (.81)(15.3) + (.97) CMAX (pitch and yaw)

CMAX = -12.8 deg/sec

0 = 15.3 + CMAX (Roll)

b)

CMAX (Roll) -- 15.3 deg/sec

Saturated Rate Signal

Saturated rate signal in S-lVB is similar to S-II

saturated rate signal. A sample calculation of the

required engine deflection is given below:

B = (.81)(-15.3) + (.97)(20.0)

B = 7.0

Figure 2-44 presents a time history of vehicle rates for

saturated rate signal and saturated error signal in S-IVB.
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2.6.11 Loss of Inertial Velocity

Failure of the accelerometer reasonableness test will follow

the loss of inertial velocity malfunction, with the result

that the LVDC fliqht program will revert to pre-stored thrust
and mass flow rate profiles. This malfunction can occur in

all stagesbut will produce trajectory deviations only during

S-II and S-IVB flight since velocity information is not used

in S-IC guidance. However, failures in S-IC can produce

navigator errors which may result in even greater trajectory

deviations in S-II and S-IVB flight.

Loss of inertial velocity malfunction in S-II and S-IVB flight

will result in a higher than nominal trajectory since the

pre-stored constants used for the backup F/M calculation yield

a 3-sigma low value. During S-IC, the loss of inertial velocity

may result in a sub-nominal trajectory because the pre-stored
values for the backup F/M calculation do not take into account

thrust force variation due to atmospheric pressure decrease with

increased altitude. Further analyses of the S-IC type failures

are presented in References 9 and lO.

The loss of inertial velocity malfunction does not result in

loss of vehicle or an abort situation. It may affect mission

objectives since it does produce off-nominal parking orbit

insertion conditions. Reference 12 shows that reignition after

an X or Z accelerometer failure during boost to parking orbit
may result in atmospheric reentry. Therefore, the EDS

recommendation is that reignition not be attempted after an

accelerometer failure in boost to parking orbit flight.

.l

m

d
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2.6.12 Single Engine Out Capability - S-IC

For winds between the 5th and 95th percentile, single engine
out produces loss of control only during the max-q region,
Figure 2-45 shows the typical dynamic responses that result
from a single engine out in this region.

Loss of control regions for single engine out are shown on

Figures 2-46 through 2-50 Each polar plot of Figure 2-44

is a composite loss of control plot for all single engine

outs at that flight time. Shaded regions denote loss of

control. The wind rose on each time plot represents the 5th

to 95th percentile winds of February for the nominal altitude

corresponding to that flight time. Loss of control does not
occur for winds in the 5th to 95th percentile reqions.

Figure 2-16 shows the chi-freeze equation used for this

analysis.

Staqinq problems as defined in Reference 7

single engine out.

do not occur for

LEV-_ limit is not exceeded prior to abort for this
malfunction.

For single engines out before 50 seconds, high q-ball pressure

is present, however, no loss of control results. A false
abort will result if 3.2 psid is used as an abort cue.

Figure 2-140 shows a typical example of this malfunction.

Results of an analysis to determine loads at the Command

Module/Service Module (CSM) joint resulting from an S-IC

single engine out are shown in Figure 2-51. Figure 2-52

presents a typical time history of bending moment at the CSM

joint after an engine out. The rapid buildup of bending

moment is due to structural dynamics resulting from the
malfunction.

A tabulation of vehicle loads for the launch vehicle is

presented in Table 2-1V Spacecraft loads are presented
in Table 2-V . These tabulations qive the peak vehicle loads

which can occur within l.O second following a single engine

out that does not lose control. Envelope curves of vehicle

and spacecraft loads, tabulated in Tables 2-1V and 2-V ,

are presented in Figures 2-53 throuqh 2-56

Figures 2-99 through 2-I02 show tension loads resulting from

a single engine out that recuires a high-q _bort. Sudden

vehicle tension loads that result from mainstage engine

shutdown at abort may cause sudden structural failure for

single engine out.
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2.6.12 (Continued)

The recommended EDS automatic abort limit setting for this
malfunction is 4 degrees/second attitude rate. Recommended

manual abort cues for engine out after 50 seconds are:

(1) engine out light and (2) 3.2 psi q-ball pressure. Manual

abort cues occur prior to exceeding automatic abort limits
for most high-q malfunctions.

The probability of vehicle loss due to an engine shutdown in the
high-q region is l x lO -6. The probability of crew loss after

these malfunctions is <l x I0-6.

The probability of vehicle loss due to catastrophic engine

failure is 61 x I0-6. This is also the probability of crew

loss for this malfunction, since catastrophic engine failure

results in spacecraft breakup at all times of flight.

W
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2.6.13 S-II Single Engine Malfunction

Parking orbit was successfully achieved for all cases where a
single S-II engine malfunctioned. Simulations were performed
at the following critical times:

I. S-II ignition

2. Loss of thrust at IGM initiation

3. Loss of thrust during the period of PU valve activity

4. Loss of thrust near end of S-II burn.

For this study two types of engine thrust decay profiles were
used; a TOPS shutdown which simulates a gradual drop in thrust
until the thrust OK switch issues a cutoff signal, and a
regular shutdown which simulates an electrically commanded
shutdown.

The TOPS shutdown produces less severe dynamics transients
than the regular shutdown, since it has a gradual initial
decay, until the engine is commanded to cut off by the thrust
OK switch•

The following chart shows the maximum body rates, engine
angles, and error signals for single engine out early in S-II
(190 seconds) and late in S-II (500 seconds).

J

MALF.

Eng. #I
@190"

Eng. #I
@500

¢
P

1.2

1.2

BODY RATES

(DEG/SEC)

CX Cr

0.4 0.4

I.I 0.6

ENGINE

ANGLES

(DEG)

Bp By

3.8

2.3

P

3.4 2.2

1.8 2.2

ERROR SIGNAL

(BEG)

*$

2.4

1.8

1_ r

0.4

0.4

* Maximum values occurred after IGM turn-on following
the malfunction.

This analysis indicated that for all cases considered for a
single S-II engine failure, IGM logic always detected mixture ratio
shift at the time MRS occurred. In the previous analysis it was
found that an engine malfunction could cause IGM to be unable to
detect a mixture ratio shift. The original 504 study duration of
decreasing thrust due to mixture ratio change was about
15 seconds less than the 504 update duration (Operational
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2.6. 13 (Continued)

Trajectory thrust data). With the longer period of
decreasing thrust the mixture ratio detector has time to

reinitialize after an engine malfunction has zeroed the

detector coefficients. It should be noted that the possibility
of a failure to detect mixture ratio shift exists if the

period of decreasing thrust is less than 15 seconds. The

result of such a failure is operation of IGM in an artificial

tau mode during phase two IGM, and also an early initiation

of the chi-freeze during the S-II/S-IVB staging period.

This extension of the chi-freeze period amounts to approxi-

mately 25% of the T2i presetting. The consequence of this
extended chi-freeze is a larger than nominal deviation in

the IGM attitude command when IGM is activated again after
S-IVB ignition.

Figure 2-57 shows a pitch command envelope for single engine

malfunction in S-ll. In each case considered for single
engine failure in S-II, restart capability exists as shown
in Reference lO.

Structural failure was not encountered for S-II single engine
out. The minimum load indicator is 1.51

d

D

An S-II single control engine malfunction 2 to 4 seconds

prior to second plane separation will cause a col]ision

between the interstage and a J-2 engine bell. A detailed

report of this problem is presented in Reference 14 No
S-II/S-IVB staging problems were encountered for an S_II

single control engine malfunction just before S-II/S-IVB

staging. The maximum body rates, errors, and engine angles
were well below the staging limits.

2.6.14 S-IVB Engine Malfunction

S-IVB engine failure produces total loss of thrust but no

structural failure. Subsequent attitude control can be
maintained by the APS.

Staging to the SPS is required for abort. CSM insertion

using SPS is possible after approximately 600 seconds of
flight time (Assume SPS AV = 500 meters/second).
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2.6.15 Early S-IC/S-II Staging Capability*

The upper-stage hybrid flight simulator described in Appendix A

was used to perform the study of early S-IC/S-II staging

capability. All cases studied that achieved staging without

loss of control reached parking orbit insertion, indicating
adequate performance in guidance. Premature S-IVB shutdown

will occur due to depletion if staging is attempted earlier

than approximately 85 seconds of flight time. Figure 2-58

gives the terminal payload possible with each early staging
time.

Early staging was commanded in approximately 10 second

increments from 90 to 150 seconds during S-IC flight time.

All cases prior to 100 seconds failed to successfully complete

staging. The 100 to ll0 s o re o s dered one of

possible successful staging, since the 100 second cases

included both successes and failures. Table 2-VI provides

more detail on the results of early staging during the 90 to
ll0 second time span.

Since the 100 second and llO second cases were borderline

cases, the effects of winds were studied for these cases.

95 percentile nose, tail, quartering, and crosswinds with gusts

for the month of February, and an average of the 50 percentile
winds for February and March, referred to as the nominal wind,
were considered. All ll0 second cases flew with the worst

wind case causing an increase in maximum angle of attack of

approximately 2 degrees. For the 100 second staging time, the

additional aerodynamic moment created by the tail, quartering
tail, and crosswinds caused these cases to lose control, but

the quartering headwind, headwind, no wind, and nominal wind
cases did not cause loss of control.

All unsuccessful staging cases were caused by loss of control

in S-II flight shortly after S-IC/S-II separation. These cases

occurred during the region of S-IC flight where the dynamic

pressure was still high. This resulted in a large aerodynamic

moment which exceeded the S-II control moment, causing a

rapidly increasing attitude rate and attitude divergence in
the affected axis. For no wind, nominal wind, and tailwind

cases, the divergence occurs primarily in the pitch plane; for
quartering and crosswinds the divergence occurs primarily in

the yaw plane.

Does not currently exist but above analysis could be used as

a guideline if capability were available.
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TABLE 2-VI RESULTS OF EARLY STAGING IN 90 TO llO SECOND
TIME SPAN

WIND TYPE

Nominal Wind

No Wind

95% Headwind

95% Quartering
Headwind

95% Crosswind

95% Quartering
Tailwind

95% Tailwind

S-IC/S-II EARLY STAGING TIME

(3t_
Jv

L/C

L/C

L/C

L/C

LIC

LIC

LIC

(SECONDS)

IUU

POI

POI

POI

POI

LIC

LIC

LIC

"I It_
I lU

POI

POI

POI

POI

POI

POI

POI

LIC

POI

Loss of Control Case

Parking Orbit Insertion
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2.6. 15 (Continued)

To summarize, the earliest time that staging capability exists

for all cases is llO seconds. However, the possibility of

successful staging still exists from lO0 to llO seconds, but

is highly dependent upon the atmospheric conditions encountered.

If winds of large magnitude are present, then successful

staging during this time is unlikely due to the additional

aerodynamic moment created by the winds. Any early staging

attempt prior to lO0 seconds should result in loss of control

shortly after S-IC/S-II separation.

For the loss of control cases, the EDS rate limits are exceeded

in from 4 to 8 seconds after separation. None of the cases

that successfully completed staging exceeded EDS or FDO limits.

For reference, an FDO plotboard is presented in Figure 2-59 ,
for t_e lO0 second nominal wind case. Figure 2-60 shows the

response of the vehicle to the command pitch attitude for
this case.

It should be noted that there were assumed to be no constraints

upon the issuance of early S-IC/S-II staging during the time

interval of the study. Tilt arrest was begun with the shut-

down of the S-IC engines. All S-IC engines were commanded
to shut down simultaneously. The sequence of events, as

referenced to S-IC/S-II separation, remained the same after

staging as the nominal, except for events connected with

the guidance shutdown of the S-IVB engine.
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2.6.16 Dual Engine Out - S-IC

Loss of thrust on two engines causes loss of control at the
times indicated on the bar chart below.

MALFUNCTION LOSS _F CONTROL

TWO ADJACENT ENGINES

TWO OPPOSITE ENGINES

LOWER AND CENTER ENGINE

UPPERANDCENTER ENGINE

0 20 40 60 80 I00 120 140

TIME OF MALFUNCTION - SECONDS

POSSIBLE LOSS OF CONTROL • CERTAIN LOSS OF C_NTROL

The region of loss for center engine and one control engine
out between 78 and 83 seconds flight time is identical to

the single engine out loss of control region.

Automatic abort will be initiated if the thrust OK pressure

switches on two engines drop out. These switches drop out if
the thrust on the associated engine falls below 80 percent of

the nominal thrust. Automatic abort on two engines out may
be inhibited manually by the crew. The recommended time to

inhibit automatic abort is 120 seconds. Automatic abort

deactivation time was selected on the basis of launch vehicle
loads only.

,l

D
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2.6.17 S-II Simultaneous Dual Engine Failure

This section presents the results of the AS-504 simultaneous
dual S-II engine out analysis. Figure 2-61 indicates the
capability to achieve orbit after failure of various engine
combinations. The cases that fail to achieve orbit are
separated into three categories:

a • Fuel depletion - this category covers the cases which
would have made at least a 75 N. mile orbit if additional
propellant were available.

b • Loss of control - this category includes cases in which
the actuators are against the limits and the vehicle
continues to diverge from its commanded attitude.

C • Failure to achieve a 75 N. mile orbit - this category
includes cases in which cutoff criteria for IGM are not

met and no guidance commanded shutdown occurs•

The analysis reveals that the capability to attain orbit after
a dual engine malfunction in S-II is much less than indicated
in the previous analyses of AS-503 C' and AS-504. The increase
in the regions of loss of control for AS-504 is typical of the
response of a heavier vehicle• Table 2-VII gives a comparison
of dry mass and propellant loadings. The extensions of the
regions of S-lVB guidance problem are caused predominantly by
the presetting for T2i, second phase IGM burn time. This
presetting is presently 79.5 seconds, which is about 8.5 seconds
less than for the previous 504 analysis, and 2.0 seconds less
than for AS-503 C' The effect of this smaller presetting is
an earlier freeze between S-II and S-IVB. Entering this freeze
period earlier means arresting the attitude in a slightly more
nose up position. The result of these two effects is that the
commanded Ditch attitude rides the limit longer when IGM is
initiated in S-IVB. This is shown in Figure 2-62

The region in which a dual engine failure causes fuel depletion
is reduced because the S-II stage for the 504 has more propellant
on board than the 503. This additional propellant increases the
burn time approximately 14 seconds for the nominal case. This
increase in S-II performance gives the vehicle enough additional
velocity so that the S-IVB can meet cutoff conditions prior to
S-lVB fuel depletion.

Figure 2-63 shows typical pitch rate histories for dual engine
failures causing loss of control and a case in which control is
regained in S-ll. Figure 2-64shows the pitch command for a dual engine

o

q

P
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TABLE 2-Vll AS-503C'

D5-15555-4 B

AND AS-504D MASS DIFFERENCES

S-IC Dry Mass

S-II Dry Mass

Adapt Dry Mass

AS-503 C'

146025

465380

4445

.00

,00

.00

AS-504 D

138008

42475

4060

.5O

.30

.60

LES Dry Mass

S-IVB Dry Mass

S/C *

S-IC Fuel

S-IC LOX

S-II Fuel

S-II LOX

Total S-IVB

Total S-IVB

Fuel

LOX

4026

15889

39780

615023

1411209

69542

358738

18336

86642

.00

.00

.00

.00

.00

.00

.00

.00

.00

4023

14007

43091

646201

1499714

71516

374427

19731

85154

.40

.80

.20

.20

.80

.50

.90

.20

.20

* Includes fuels, LEM, etc.
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II

v

2.6.17 (Continued)

failure in the loss of control region. Figure 2-65 shows
the actual attitude for this same case. The divergence
between actual and commanded attitude for this case is shown

in Figure 2-66 . Figure 2-67 gives a time history of the
engine actuator displacement for a dual engine failure which
regains control. Figure 2-68 shows the flight path angle for
a case in which IGM was unable to steer the S-IVB into parking
orbit. The divergence in T3i,third phase IGM burn time, for
this case is shown in Figure 2-69 Also for the same case
the S-IVB guidance commands are shown in Figure 2-62

P
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2.6.18 S-II Sequential Dual Engine Failure

The vehicle response to a dual sequential engine failure is
similar to the response of simultaneous dual engine failures.
Figure 2-70 defines the regions of loss of control, fuel
depletion, and failure to achieve a 75 NM orbit. These
categories are defined in Section 2.6.17. Because of the vast
number of cases possible, the following method for establishing
the bounds of the problem areas was used. For all sequential
engine failures the first engine failed at 165 seconds from
liftoff and the second engine failure time was varied to find
the regional bounds. The region of loss of control for
sequential engine failure can be extended from 50 to 80 seconds
beyond the region of control loss for simultaneous dual engine
failures, depending on the particular engine which malfunctioned.

Since the location of the CG is a major factor in the
controllability of the vehicle, it follows that the reduced
flowrate resulting from an engine failure impedes the forward
progression of the CG as propellant is expended. The retarded
CG motion extends the period during which a second engine failure
could cause loss of control. Thus the overall loss of control
region is extended.

The region for failure to achieve a 75 N mile orbit is larger
than previous AS-503 and AS-504 failure regions because T2i,
IGM second phase burn time, is reduced. Figures 2-71 through
2-74 show guidance profile, actual attitude, flight path
angle, and trajectory response for loss of control subsequent
to the second engine failure in S-II. Figures 2-75 through
2-78 give the guidance profile, vehicle response, flight
path angle, and trajectory deviation for an S-II sequential
engine failure resulting in failure to cut off in S-IVB.
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2.6.19 S-II/S-IVB Early Staging

The SA-504 S-IVB performance analysis in Reference lO

indicates that the S-lVB can achieve parking orbit from
early staging at 360 seconds flight time (with an SPS burn,

as early as 310 seconds).

For malfunctions which cause rapid loss of control, such as

dual adjacent engine malfunctions, approximately 3 seconds

are available to initiate early staginq. Staging later than
three seconds after malfunction can cause loss of control in

S-IVB. In cases of dual engine malfunction, the first cue

will be engine out lights. Additional cues and limits that

may be used are attitude rate greater than 3 deq/sec., roll

attitude error greater than 20 degrees, and FDO limits. Since

dual engine malfunctions do not in all cases cause loss of
control, the available cues must be used to discriminate

between cases of engine failure resulting in loss of control

and engine failures causing guidance problems in S-IVB flight.
Malfunction cases that do not cause loss of control but

exhibit guidance problems in the S-IVB stage, preventing
satisfaction of cutoff conditions, can make nominal parking

orbit by early staging at 5 seconds after start of the freeze
period between S-II and S-IVB. Absence of dual engine out

logic in the flight program results in an inadequate update

of Tli and T2i, first and second phase IGM burn times. This
results in initiating chi freeze as much as 50 seconds early.

During this extended freeze period trajectory deviations develop
which can cause failure to meet cutoff conditions.

Staging at chi freeze plus 5 seconds degrades performance

but enables the S-IVB to achieve parking orbit. Further

analysis of this problem can be found in Reference 15.

For dual adjacent control engine malfunctions resulting in

gradual loss of control, the abort cues to initiate immediate

S-II/S-IVB staging must satisfy the two cue requirements

normally used for abort. No reliable second cue is available

which will provide sufficient warning time before body rates

become large enough to prevent staging.

The problem of S-IVB control recovery after early staging

subsequent to a dual engine failure in S-II was investigated

as early as 300 seconds flight time. Body rotational rates

as large as 5.5 deg/sec at S-II/S-IVB separation were used

to determine recovery transients and effects on the gimbal

reasonableness test in both pitch and yaw planes.

For the case of staging with a body rate of 5.5 deg/sec, a

pitch rate recovery transient of more than 15 deg/sec was
encountered. This was sufficient to fail the fine resolver
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o

2.6.19 (Continued)

limit of lO deq/sec, and the coarse resolver limit of

15 deg/sec, setting the guidance failure discrete and causinq
loss of control.

Staging with a yaw rate of 4 deg/sec caused failure of the

fine gimbal resolver, and failure of the coarse gimbal

resolver, setting the guidance failure discrete and causing
loss of control. The rate from which successful S-IVB

recovery can be anticipated after early staging should not

exceed 3 deg/sec. The maximum pitch rate recovery transient

after early staging from a rate of 3 deg/sec is II deg/sec
in pitch and 12 deg/sec in yaw. This is sufficient to cause

permanent switchover to the coarse gimbal resolver and

degradation of attitude information but not large enough to
cause a guidance failure, or loss of control.

The largest body rate from which early staging can be

initiated and not fail the fine gimbal resolver test is
approximately 2 deg/sec.

Since the buildup of body rates after a dual S-II engine
failure is rapid, early staging from a malfunction condition

which will result in loss of control is not recommended. For

the cases studied, body rates exceeded 2°/second within
1.25 seconds of dual engine malfunction. Discrimination

between dual engine failures which require early staging and
those which do not will probably require more than 1.25 seconds.

Under these conditions, early staging could result in a loss

of S-lVB control, guidance failure indication, or some
compromise of the mission.

Figures 2-79 through 2-82 give the results of the worst

case in which early staging was initiated with a body rate

of 5.5 deg/sec. Figure 2-79 shows the body rates about the

pitch axis. It can be seen that rates large enouqh to fail

the coarse resolver limit of 15 deg/sec occurred during the

S-IVB recovery period. Figure 2-82 shows pitch actuator
deflection. Figure 2-80 shows the pitch attitude error, and

Figure 2-81 shows a comparison between actual and commanded
attitudes.

Figures 2-83 through 2-86 show early staging data with a

pitch rate of 4 deg/sec at S-II/S-IVB separation. Figure 2-86

shows a recovery transient of ll.8 deg/sec with no resulting

guidance failure. Figures 2-84 , 2-85 and 2-83 show pitch
actuator deflection, pitch attitude error, and actual and

commanded attitudes respectively.
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2.6.19 (Continued)

Figures 2-87 through 2-90 show data for early staging with
initial rates of 4.4°/second in the yaw Diane. Fiqure 2-90
shows yaw rate. It is seen that the recovery transient well
exceeds the 15 deg/sec limit for the coarse gimbal resolver.
Figure 2-87 shows the S-IVB actuator going hardover for an
extended period causing loss of control. Figure 2-88 shows
attitude error, and Figure 2-89 compares actual and
commanded attitudes.

The next case also presents data for early staging rates
of the yaw plane. Figure 2-94 shows yaw rate. The recovery
transient does not exceed the coarse resolver limit.
Figures 2-91 through 2-93 show actuator deflection, yaw
attitude error, and a comparison of commanded and actual
attitude.

d
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2.6.20 Abort Tension Loads - S-IC

The abort tension breakup problem is described by 2.4.3
under the vehicle modes of failure section. Examples of
this form of vehicle structural failure are shown in Figures 2-95
through 2-106. Termination of engine compressive forces due
to mainstage engine shutdown at abort suddenly increases
tension forces. The vehicle is already stressed by the
malfunction dynamics transient. Sudden structural failure
can result after abort, without sufficient time to gain
safe LEV escape distance. This may occur for any S-IC
malfunction requirinq abort in the high-q region. The bar
chart below indicates flight times in which a sudden tension
breakup can follow abort due to the noted malfunction.

MALFUNCTION

i

SI NGi.l[ ENDINI[-OUT

SINqi.l[ ACTU&TON NARDOVI[R

SATURATI[D CONTROl. $1QNAI.

PROIA DiD.STY 01 w

Vl[NICi.l[ i.OGS OUNItHD

OCCUNRI[[N¢I[ OF SUDDI[N Ol_l[dllcUP AFTl[R &GONT $*1¢ Fi.ItHT
i i

i 61 x 1 0 -6
73 x 1 0 -6

-6
140x I0

I i| | I I I Io ,o lid :o _ DO do ;Po _ _ ,+o 'II0 ISO

TIM[ OF MALFUNCTION -- II[CONDI

The followinq table summarizes worst-case time-to-breakup
simulation results for higher probability S-IC malfunctions.
These results reflect test results of critical joint
structural capability,

TABLE 2-VI 1 t SUDDEN BREAKUP AFTER ABORT

STATION

2832

2746

1760

1564

MINIMUM TIME FROM ABORT INITIATION TO BREAKUP-SECONDS

ENG I NE- OUT

.83

.94

.44

.44

ACTUATOR
HARDOVER

1.18

1 .II

.95

.65

SATURATED
CONTROL

.46

.48

.47

.48

No sudden breakup after abort from nominal flight is encountered
with winds up to 95th percentile.
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2.6.21 Abort Tension Loads - S-II

No abort tension structural failures result from simulation of any

S-II malfunctions covered in this report. Lowest load indicators result

from the saturated control system and dual adjacent control engine-out
malfunctions. In all cases, these were greater than 1.4. A summary of

worst-case S-II loads is presented in Figure 2-I07.

2.6.22 Abort Tension Loads - S-!VB

No cases of abort tension structural failure resulted from simulation

of S-IVB malfunctions covered in this report. Lowest load indicator

obtained was 1.87 for any S-IVB malfunction. (See Figure 2-IN7).

Q
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2.6.23 Pad Fallback and Tower Collision

Malfunctions occurring at liftoff or when the vehicle is in
the pad area can cause pad fallback, collision with the
holddown posts, or collision with the launch tower. Since
several analyses have been made on each vehicle and only
small changes have occurred in the times to collision, an
attempt was made to derive a set of equations to predict
Ull_a_ & Ilfl_ I UI V_ | IUU3 II1_1 lUIIbblUII3.

By assuming the partial differential equations are linear,

the followinq general equation can be applied for various
malfunctions:

T = TRC + BTcI AM + aTc2 AT + aTc3 ANR

aM aT aNR

T = the predicted time of collision for some malfunction.

T
RC

TC l

TC 2

TC 3

= time of collision of the reference.

= change in time of collision for variable mass.

= change in time of collision for variable thrust.

= change in time of collision for variable number of

slow release rods.

AM = change in mass between the reference and new vehicle.

AT = change in thrust between the reference and new vehicle.

ANR

MR

TR

= change in number of slow release rods between the

reference and new vehicle.

= mass of the reference (2.782 x lO 6 kilograms).

= thrust of the reference (6.8018 x lO 6 newtons/engine).

NRR number of slow release rods for the reference (Twelve

slow release rods were used for all cases except pad

fallback for a single engine out. For pad fallback
16 rods were used).

variation in mass for reference (latest times of

collision were determined for the reference +5000 kg.
and reference -5000 kg.).

t
p
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o

2.6.23 (Continued)

T I variation in thrust for reference (Thrust was raised

I% and lowered I%).

R variation in number of slow release rods for reference.
(Same as above except 8, 12, and 16 S.R. rods were
used).

The reference referred to above was the 503 C prime vehicle.

An example of the above equation is given below for a single
engine malfunction. The predicted time will be the latest
time of holddown post collision.

TL/0 = .72 + .02 (M-MR) -

lO,O00

.07 (T-TR) lO0 + .09 (N R - NRR )

2 T,, 8
K

TL/0 = .72 + 2 x IO-6(M-MR )

Hence the coefficients are:

aTc1 - 2 X l0 "6

aN

- 3.50(T-TR)__ + .OI125(NR-NRR )

T
R

aTc2

aT

= 3.50 and

q,

aTc3 = 1.125 X lO "2

aN R

By substituting known values into the equation for the
variables we have:

LIO
= .72 + 2 x I0"6(2.9033 x lO 6 -2.782 x lO 6)

- 3.50 ( 6.8679 x lO 6 ' 6.8018 x lO 6 ) + .01125(8-12)

6.8016 x lO 6
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2.6.23 (Continued)

TL/O = .8826, the predicted latest time of liftoff
interference for a single engine out.

Table 2-1X contains the coefficient for each malfunction and
each collision that might occur. Table 2-X presents the
results for the reference (503 C prime), the predicted 504
results_ and the actual 504 results. Figure 2-!07.! shows
the probability of vehicle loss for early malfunctions.

Figure 2-I08 shows expected envelopes of typical dynamics for
a No. l or No. 2 engine out prior to 5.25 seconds, the latest
time of collision for this malfunction. Thedynamics shown
are yaw attitude, yaw rate, yaw lateral displacement, and
yaw engine deflection.

Figure 2-I09 presents the time to collision for a single
engine failure. No collision occurs with the holddown posts
after .97 seconds or with the tower after 5.25 seconds.
Figure 2-110 shows the vehicle motion due to a single engine
failure.

Figures 2-111 through 2-I13 are the phase plane plots for a
No. 2 engine out at .97 seconds, the latest engine out time
which causes the engine bell to collide with the holddown
posts for a single engine failure.

Some expected envelopes of typical dynamics are presented in
Figure 2-I14, for a No. 2 actuator hardover in the positive
yaw direction prior to 2.7 seconds. This is the latest time
this malfunction causes the fin tip to collide with the tower.
The dynamics presented are the same as those presented for
the corresponding engine out figure. Figure 2-I15 shows the
time to collision for a single actuator hardover. If a
malfunction occurs after .59 seconds the vehicle does not
collide with the holddown posts. If the malfunction occurs
after 2.7 seconds, the vehicle will clear the tower with no
collision.

Figures 2-I16 through 2-I17 show the phase plane plots for a
No. 2 actuator hardover in the positive yaw direction at
.59 seconds, the latest time of liftoff interference for this
malfunction.

Figures 2-I18 through 2-123 present the phase plane plots for
two saturated control signal cases. The first case, presented
in Figures 2-I18 through 2-120, is a saturated control signal
in the positive yaw direction at 1.2 seconds. After 1.2 seconds
no collision with the holddown posts occurs for this malfunction.
The second case is a saturated control signal in the positive

2-190



D5-15555-4 B

iP 2.6.23 (Continued)

o

pitch direction at 5.9 seconds. This data, representing

worst case phase plane relationship, is useful to align the

pitch control motor on the launch escape tower. Figures 2-121
through 2-123 present this case.

2-191



D5-15555-4 B

TABLE 2-1X COEFFICIENTS FOR SA-504 PREDICTIONS FOR LATEST
TIMES OF COLLISION

o

MALFUNCTION

Sinqle Engine Out

Pad Fallback

Liftoff Interference

Tower Collision

Actuator Hardover

Liftoff Interference

Tower Collision

Saturated Control Signal
(+ Yaw)

Liftoff Interference

Tower Collision

Saturated Control Signal
(- Yaw)

Tower Collision

aTc I

aM

1.5 x 10 -6

2 x 10 -6

1 x 10 -5

3 x 10 -6

1 x 10 -5

2.5 x 10 -5

1 x 10 -5

1 x 10 -5

aTc 2

aT

4,50

3.50

17.5

2.0

15.0

6.0

15.0

15

aTc 3

aNR

1.44 x 10 -2
-2

1.125 x I0

2.5 x 10 -2

1.375 x 10 -2

-2
l .875 x l0

1.88 x 10 -2

1.875 x 10 -2

2.50 x I0
-2

c
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o

TABLE 2-X SUMMARY OF NEAR PAD MALFUNCTIONS

o LATEST TIMES OF COLLISION

TYPE OF COLLISION SA-503C'

TIME-SEC

SA-504

PREDICTED

TIME-SEC

SA-504

ACTUAL

TIME-SEC

SINGLE ENGINE _UT

PAD FALLBACK

LIFTOFF INTERFERENCE

TOWER COLLISION

(NO. l OR N0.2 ONLY)

None

0.72

4.50

0.137

0.88

5.40

.165

0.97

5.25

ACTUATOR HARDOVER

PAD FALLBACK None None None

LIFTOFF INTERFERENCE 0.34 0.63 0.59

TOWER COLLISION 2.00 3.00 2.70

(+ YAW ONLY)

SATURATED CONTROL SIGNAL

PAD FALLBACK >30 >30 >30

!LIFTOFF INTERFERENCE l.O0 1.17 1.20

TOWER COLLISION 2.30 3.28 2.80

(+ YAW)

FOWER COLLISION 5.40 6.36 6.00

(- YAW)
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2.6.24 Loss of Attitude Error - S-IC

Loss of attitude error causes exponential divergence of

vehicle attitude for failures throughout S-IC flight.

Figure 2-124 shows typical dynamics for loss of attitude
error at 75 seconds.

In the high-q region, structural failure occurs within
0.63 seconds after abort.

The recommended EDS limit settings for this malfunction are:

(1) 4 deqrees/second attitude rate for automatic abort,

(2) 5 degrees attitude error (first abort cue) and 3.2 psi

a-ball pressure after 50 seconds (.second abort cue) for
manual abort.

In the high-q region, manual abort cues occur before the
automatic abort limit is exceeded. After the high-q region,

the abort request light may be used as a second cue.

The probability of vehicle loss due to this malfunction is
70 x I0-6.

2.6.25 Loss of Attitude Error Signal - S-II

Loss of pitch or yaw attitude error signal in S-II flight

results in slow divergence from the nominal vehicle flight

path and an attitude eventually requiring abort. Due to

center of gravity offset and engine misalignment the rate
for the failed axis does not approach zero as expected but

stabilizes at a small rate. For the pitch axis this value

can vary from 0.015 to 0.04 deg/sec depending upon the

attitude rate gain being used at the time. For the yaw axis

the value can vary from -0.04 to -0.13 deg/sec.

Loss of roll attitude error does not result in an abort. For

all cases studied the vehicle was placed into parking orbit with

the roll attitudu error not exceeding 13.5 deg at insertion for

the worst case.

2.6.26 Loss of Attitude Error Signal - S-IVB

Results of loss of pitch or yaw attitude error signal in
S-IVB are similar to S-II results. If the malfunction occurs

within the last 30 seconds of S-IVB flight, orbital insertion
can be obtained.

As in S-II flight, loss of roll attitude error in S-IVB does not
result in abort. In all cases studied the vehicle was placed

into parking orbit.
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2.6. 27 Loss of Rate Signal - S-IC

Loss of rate signal causes oscillatory divergence of vehicle
attitude for failures throughout S-IC flight.

In the high-q region structural failure occurs within

0.90 seconds after abort.

The recommended EDS limit setting for this malfunction is

4 degrees/second attitude rate for automatic abort. The
automatic abort limit is exceeded prior to the q-ball pressure

limit in the high-q region. After automatic abort is
inhibited the recommended manual abort cues are (1) launch

vehicle overrate light, and (2) spacecraft rate indication of

4 degrees/second.

The probability of vehicle loss for this malfunction is
40 x I0-6.
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2.6.28 Loss of Rate Signal - S-II

Loss of the pitch, yaw or roll rate feedback signals during S-II flight

produces vehicle instability in the axis affected. Divergent attitude

oscillations result which can be used as a first cue for abort. Frequency

of oscillation varies from approximately 0.08 Hertz early in S-II flight

to approximately 0.13 Hertz late in S-II flight in the pitch and yaw

axes. Since atmospheric perturbations to drive the oscillation are

absent in S-If, divergence is not as rapid as in S-IC.

Oscillations in the pitch plane reach EDS limit values earlier than in

yaw. This appears to result from larger driving disturbance due to pitch
attitude commands and does not reflect any greater oscillatory instability

in pitch than for the corresponding malfunction in yaw. Simulator results

in Figure 2725 give a worst-case amplitude doubling time in pitch of

approximately 13 seconds. This occurs with the initiation of IGM early in

S-II flight. Time to reach the abort cue will vary with time of flight

and driving disturbances (mainly guidance commands) but may be as short as

20 seconds after malfunction if phased wi_h a large change in guidance

command. Structural failure does not occur prior to abort and manual

abort actuation with engine shutdown initiated at a lO°/secondattitude

rate provides safe abort. Assuming no further rate buildup after engine
shutdow n , this would be the worst rate from which a subsequent SPS abort
would be initiated.

If loss of rate signal occurs within 40 seconds of staging, S-II/S-lVB

staging should be reached before abort. Rates at staging in pitch or yaw

may be as high as 9" per second but successful staging should follow, assuming
a lO° per second staging limit. It is probable, however, that the

malfunction will persist into the S-IVB burn and abort will occur, at

best, shortly after S-IVB IGM turn-on. (See following S-IVB analysis).

As noted, yaw axis results are similar, except that times to reach EDS

limits are longer due to reduced disturbances from guidance attitude

commands. In roll, loss of rate signal produces divergent oscillations

with a typical frequency of about 0.25 Hertz in S-II and time to double

amplitude as short as 4 seconds. In the simulator results of Figure 2-126,
time to reach the EDS limit was 43 seconds, but this resulted from the

small magnitude of driving disturbances (roll attitude commands). Any

roll disturbance of appreciable magnitude might reduce this by as much
as 15 seconds.
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2.6.29 Loss of Rate Signal - S-lVB

As in S-II, loss of rate signal produces vehicle instability with

divergent attitude oscillations in the affected axis. The average
frequency of the pitch attitude oscillations during S-IVB flight is

approximately 0.13 Hertz with divergence more rapid early in flight.

In pitch, where the oscillations are usually initiated by changes in
guidance attitude command, an EDS limit can be reached in as little as
27 seconds.

For loss of rate signal as late as 45 seconds before S-IVB first shutdown,

parking orbit insertion may be reached with residual pitch or yaw rates

less than lO° per second. Even though orbit is obtained, it is expected

that, at best, SPS will be initiated shortly after insertion since the

loss of rate signal malfunction persists into orbit with APS control.

Typical simulation results of this malfunction with parking orbit

insertion are given in Figure 2-127.

Since APS is used for S-lVB powered flight roll control, a separate roll

axis analysis is not presented.

D
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2.6.30 Failure to Jettison Launch Escape Tower

The following analysis was performed to obtain best available

estimate of SA-504 stability for the launch escape tower (LET)

failure to jettison condition. Vehicle mass, center of

gravity, and flexibility characteristics for the tower-on
condition were used.

Results of the analysis show no stability prob! om4,,,a,,_nn......_ _-TT_..

and S-IVB flight. The worst degradation of stability margin

occurs during S-IVB flight, Figure 2-128 Using the latest
available S-IVB data, Reference 16 , the first bending mode

gain margin for the tower-on condition is reduced to 9.5 db

at the worst time point. Application of 3_ scatter reduces
this gain margin to 1.4 db.

Reentry cannot be attempted with the LET and boost protective

cover preventing deployment of the drogue and main parachutes.

Emergency procedures are required to allow the crew to remove

the LET and boost protective cover during earth parking orbit.
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2.6.31 Failure to Jettison S-IC/S-II Interstage

Sequencing failures or sever device malfunctions causing

failure to jettison the S-IC/S-II interstaqe will lead to

exceeding the thermal environment limits in the S-II boattail

area.

No recommendations are made to eliminate this problem. Engine

shutdown and abort are required priu, to gene,=_,on of
excessive temperatures. Due to the short time between nominal

interstage jettison and exceeding temperature limits, the
mission rule is to abort at TB3 + 46 seconds, Reference 17

I
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2.6.32 Sequencing Failures - S-IC

a. Early Gain Change

A sequencinq failure which causes a gain change prior to

85 seconds will cause vehicle loss because the vehicle

attitude is unstable in the max-q region with low qains.

The first cue for this malfunction is 5° attitude error.

If an abort is initiated at a AP_ of 3.2 psi, sudden
breakup at abort occurs for the baseline vehicle.

b. Late Gain Change

A sequencing failure which produces a late gain change

does not require abort even if no gain change occurs
during S-iC flight. The attitude is unstable because of

slosh, but more than 50 seconds is required to cause loss
of control from this instability.

c. Early CECO

Early center engine cutoff does not require abort during
S-IC flight. Staging parameters are within limits in

Figure 2-4 for the worst case.

2.6.33 Sequencing Failures - S-II

a. Early Gain Change

A sequencing failure which causes early gain change does

not cause an abort even if the second gain change occurs
before S-II ignition.

b. Late Gain Change

A sequencing failure which produces a late control gain

change does not require abort even if no gain change occurs

during S-II flight.

c. Early CECO

Early center engine cutoff does not require abort during
S-II flight. Staging parameters are within limits.

d. Failure to Start - All Engines

Since failure of all S-II engines to start prevents the
S-IVB from achieving parking orbit (Reference lO), an LES
abort is recommended.
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2.6.34 Sequencing Failures - S-IVB

Gain change and early CECO are not applicable to S-IVB flight.
An S-IVB failure to start will cause an abort.

_m
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2.6.35 Retrorocket Failures at S-IC/S-II Staging

One retrorocket out will not cause a requirement to abort. Figure2-129

shows that successful staging will occur for one retro failure. Sequencing

malfunctions resulting in not issuing firing commands for the S-IC

retrograde rockets will produce delayed stage separation and a possible

period of local deformation where the stages remain in contact after the

sever ordnance is fired. Thrust tailoff forces of the F-l engines will

tend to keep the stages in contact and precise structural consequences

are not known. Analyses presented in Reference !8 which may be applied to

SA-504 show that stage contact is maintained for approximately 2.5 seconds

after OBECO, or 1.8 seconds after nominal firing of separation ordnance.
Approximately one additional second is needed for the 0.4 meter (16 inch)

separation required for the J-2 engine bell plane to clear the S-IC

separation plane. This event occurs in about 0.4 second for normal

separation. These results are shown in Figure 2-130. Clearance between the

center J-2 engine bell and the top bulkhead of the S-IC LOX tank is only

0.178 meter (7.00 inches). Any extensive local deformation or relative

side motion during the period of contact might allow these components to
interfere.

In addition, the following result from slow separation stages:

a. J-2 chilldown propellant might be trapped in the interstage and

create an explosion hazard at J-2 ignition.

b. Only about one-half meter separation will exist at J-2 ignition.

Approximately 7 meters minimum has been estimated as a requirement

for S-lC LOX tank dome integrity.

No concrete recommendations are available in the above situation. The

following are suggested for feasibility evaluation:

a. Investigate making firing of separation ordnance dependent on

detected retro firing. This would prevent interstage "grinding" in

case of no retrofire. Ordnance might be fired at a still later

time (~ 3 seconds) after more complete F-l thrust tailoff, with J-2

startup further delayed. (No J-2 startup would be allowed if

separation ordnance is not fired). Gradual stage separation will
follow without thrust assistance (but interference is more probable).

The nominal flight reliability of such a system should be carefully
considered, since a failure might inhibit separation ordnance firing

and result in wasted retro thrust.

be Investigate delay of J-2 startup by a separation wire approximately

nine meters in length. If this wire is not broken in approximately
3 seconds after OBECO, a further J-2 ignition delay of 8 to lO seconds

would be applied to prevent exceeding S-lC LOX tank dome environmental

limits. This system should not affect normal staging. Nominal

flight reliability again should be carefully considered.
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2.6.35 (Continued)

In case of retrofire failure, J-2 startup delays caused by the suggested
system would cause considerable loss of payload into orbit. Propellant

reserve depletion might prevent completion of the out-of-orbit mission.

2.6.36 Retrorocket Failures at S-II/S-IVB Staging

Sequencing malfunctions resulting in not issuing firing commands for the

S-II retrograde rockets have similar consequences to the corresponding
S-IC malfunction and separate discussion is not included here.

Separation distance information for this case is shown in Figure 2-131,
Figure 2-132 shows that successful staging occurs for one retrorocket
failure.

t
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b 2.6.37 Propellant Utilization System Malfunctions

The following investigation of Propellant Utilization (P.U.)

System failures and variations on IGM performance was made to
determine if any possible EDS abort situations result.

During most of S-ll and S-IVB first burn flight, the propellant

utilization (P.U.) system is placed "against stops" by the

selected propellant loadings and variations are not possible
without malfunction. Some variation in time of MR shift is

expected and trajectory consequences are covered in the

Saturn V dispersion analyses. Malfunctions consisting of
(a) failure of P.U. valve to null position, (b) failure of

P.U. valve to lower stop and (c) failure of P.U. valve to

upper stop are presented. These failures will be investigated

in detail for trajectory deviations in the Reference lO series
of documents.

None of the S-II P.U. malfunctions studied required an abort

of the vehicle, nor did any of the cases exceed EDS parameter
limits. Therefore, it is not expected that any abort will be

required for a P.U. malfunction or that a false abort signal
will be issued. The primary effects of S-II P.U.malfunctions

are trajectory deviations requiring extra S-IVB burn time ana

off-nominal parking orbit insertion conditions. Parking orbit

insertion (POI) can be obtained with all S-II P.U. system

malfunctions, but off-nominal vehicle performance may result in

guidance being unable to reach its cutoff conditions for the

worse cases (P.U. null at unlock).

Failure of S-II 2nd mixture ratio shift to occur (failure of

P.U. to upper limit) does not cause the extra S-lVB burn time

experienced in the other two types of P.U. malfunctions. It

does give slightly off-nominal parking orbit insertion conditions.

S-IVB P.U. malfunctions are less severe than those in the S-II

stage causing very little deviation from the nominal trajectory.
No excessive S-IVB Ist burn is experienced with P.U. malfunctions

in that stage. As in the S-II stage, none of the malfunctions

considered exceeded any EDS limits; therefore, no false abort

is expected.
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2.6.38 Auxiliary Propulsion System Failures

The following failures in the Auxiliary Propulsion System
(APS) were considered:

a • Loss of one APS yaw thruster, one APS module and both APS

modules in S-IVB powered flight roll control.

b . Loss of one APS yaw nozzle and one APS module in parking
orbit coast.

c. Loss of one APS ullaging thruster in parking orbit coast•

An analysis of these malfunction situations follows:

a • Loss of one APS yaw thruster during S-IVB powered flight

produces very small deviations from nominal flight with
no disturbances present. With the introduction of a

5.6 degree roll error, recovery was accomplished in
13 seconds. A further discussion on the effects of loss

of a single yaw thruster in orbit is presented in part (b)
of this section.

Loss of one complete APS module (with roll forcing as above)

produces the same recovery rate as one yaw thruster. The
introduction of a one degree roll error into the simulation

at the time of malfunction produced very little change in

vehicle rates; a near-nominal parking orbit insertion followed.
The loss of one APS yaw thruster or one APS module in

S-IVB powered flight will not cause an abort. The S-IVB
has sufficient control with either malfunction to recover

from small roll perturbations and achieve near-nominal

parking orbit insertion.

Loss of both APS modules in S-IVB powered flight produces
total loss of roll control. Simulation results do not show

buildup of excessive roll error; however, in-flight disturbances

that might contribute to roll rate are not present in the
simulation. To represent these unknown effects and to

determine permissible roll deviation, a roll error of one
degree was introduced into the simulation at the time of

the malfunction. Guidance disturbances were encountered when

roll attitude deviation reached 90 degrees. This disturbance

does not result from stableplatform tumbling but instead

appears to be due to limitations in the flight program
inertial-body axis transformations.

o

p

2-230



D5-15555-4 B

2.6.38 (Continued)

b • Loss of a single APS thruster in orbit causes eventual

loss of control• With thruster #3 failed in the diagram

below, it can be seen that any attempt to move the vehicle

in the negative yaw direction by firing thrusters 3 and 4
will induce a motion about the roll axis; this roll motion

will become large enough to cause thrusters 3 and 6 to be

commanded to fire, with thruster 4 being commanded to shut
off. Thruster 6 will fire until the roll motion has been

reduced sufficiently to allow the yaw error to become the

controlling factor; thrusters 3 and 4 are again commanded

to fire; this process continues, the yaw attitude diverging
POS III

with each cycle. 5

DIRECTION OF --_/__ROLL MOTION

POS II

4. YAW

LOOKING
FW D __ POSIV,FAILED THRUSTER

POSI

The loss of one APS module in orbit produces the transients

shown in Figure 2-133. For both pitch and roll perturbances

the vehicle slowly rotated about the pitch axis and slowly

diverged in yaw and roll during parking orbit coast. The

pitch rotation cannot be stopped because one APS module has

pitch torque in only one direction• Yaw and roll are

coupled because one module's yaw thruster produces both yaw

and roll torque• The loss of one APS module will cause an

abort in parking orbit.

Total loss of APS is not considered here.

C • Two 70 pound force (311 N) APS ullaging motors are mounted

as shown below. These motors are fired just after parking

orbit insertion and during restart preparation to settle

S-IVB propellants in their tanks.

311 N

NOZZLE
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l 2.6.38 (Continued)

Failure of one ullaging motor creates a torque that must

be cancelled by APS pitch control. The above moment balance

indicates that 15 percent duty cycle is required for the

APS pitch motor. The ullage motor fires for 88 seconds at
POI and 327 seconds at restart preparation. Consequently,

additional pitch motor operation during these periods will

consume an additional II percent APS fuel from the affected

module (or 5.5 percent of total APS fuel). The opposite

APS module will save 34 percent of its fuel due to no

ullaging. If the ullaging burn times are extended to

compensate for reduced thrust, the above APS fuel

consumption is increased proportionally. The S-IVB pitch

error was -l.l degrees (-0.9 degrees nominal) and the pitch

rate was near-nominal during loss of one ullage motor in

v-,_,,,_ v,,,_. Lug= of one APS ullag_ mu_ur in pdr_ing urblt
will not cause an abort due to loss of control.
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2.6.39 Malfunction Flight with Inflight Measured Winds

To develop a typical performance result for malfunction under

a real-wind situation, the SA-504 flight simulation was flown

with SA-501, SA-502, and SA-503 winds. The actuator hardover
malfunction was chosen to be worst-case for the prevailing

wind direction at the failure altitude. Simulation results

are presented in Figures 2-134, 2-135, and 2-136.

t
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2.7 EDS LIMIT SETTINGS

2.7.1 S-IC EDS Limits

S-IC abort limits are shown in Table l-I. These limits

guarantee abort prior to launch vehicle structural failure.

Safe abort is not guaranteed, however, because tension loads

after abort may cause breakup and explosion before the Launch

Escape Vehicle can reach a safe distance.

Automatic abort will be initiated by an overrate measured

by two of the three rate gyros in each axis or by two engines

below 89 percent thrust as indicated by two of the three

"thrust-OK" pressure switches on each engine. An overrate
is an angular rate of 4 ° per second in pitch or yaw or 20 °

per second in roll.

Manual abort will be initiated by the crew. Two independent

cues measured and indicated by separate systems are necessary

to prevent false aborts. First cues are

a. Pitch, yaw, and roll attitude errors.

b. Engine out lights.

c. Guidance failure lights.

Second cues are

a. Q-ball differential pressure (APa).

b. Abort request light.

Automatic abort may be turned off at 120 seconds.

time, the crew will initiate abort using

After that

a. Two engine out lights.

b. Angular overrate light and angular rate indicator.

The angular overrate light and angular rate indicator are

separate systems. The angular overrate light is turned on

by the rate gyros in the Instrument Unit. The angular rate

indicator is operated by the spacecraft rate gyros.

2.7.2 Selection of EDS Limits

EDS limits were selected to insure abort prior to structural

failure or exceeding LEV-_ abort limits, and to minimize

r
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2.7.2 (Continued)

false aborts. False aborts are:

a . Abort without malfunction due to nominal flight sensor

readings, and

b. Abort with malfunction, but where the vehicle is capable

of sustaining safe flight.

To prevent false abort of the first type, EDS limits should

be set above nominal flight dispersion envelopes. These
envelopes were generated by simulating flight of a nominal

vehicle with 3_ operating tolerances under varying wind

conditions. Sensor measurement errors are added. The envelopes

are shown by Fiqures 2-137 through 2-139 .

Preventing false aborts of the latter type (b) renuires more

refined discrimination. Since many of the malfunctions do

not result in vehicle loss, EDS limits must be chosen to
discriminate between vehicle-loss and non-vehicle-loss
malfunctions. Previous evaluation of sensor limits from the

standpoint of maximum warning time for malfunction cases

requiring abort and minimum false abort cues for malfunctions

not requiring abort has resulted in current limits used.

Statistical data has been compiled on past studies to yield

a quantitative measure of abort and false abort percentages

for S-IC malfunctions which support the proposed limit settings.

Crew procedure will prevent engine-out false aborts after early

engine out cases (prior to 50 seconds). For these, the AP_
abort limit is exceeded early in flight without loss of

control or structural failure. Because of the steepness

of the chi-freeze trajectory and the reduced thrust, AP_

peaks well before high q and the vehicle recovers in all

cases. This sequence of events is illustrated in Figure 2-140.

To prevent false abort, AP_ should not be used as an abort

cue for engine failures prior to 50 seconds.
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2.7.3 S-II and S-IVB EDS Limits

The recommended EDS abort limit is lO degrees per second
attitude (pitch or yaw) rate indicator (signal from spacecraft
system). The first cue is the L/V rate light (signal from L/V
EDS). FDO limits are used as EDS limits for slowly diverging
vehicle failures.

Automatic abort is not provided in S-II and S-IVB since lack of
atmospheric effects alleviate fast response time requirements.
Q-ball AP readings are also not available, however, so that
other manual abort cues must be relied on to obtain a two-cue
abort sequence. Depending on the type of malfunction, a final
abort cue of attitude rate (S/C signal) or FDO limits are
used with one or more of the following initial cues:

a. Pitch, yaw or roll attitude rates. (L/V EDS signal).
b. Pitch, yaw or roll attitude deviation.
c. Engine-out lights.
d. Guidance failure lights.

2.8.4 Selection of S-II and S-IVB Limits

In addition to the requirements stated for S-IC, selected abort
limits for S-II and S-IVB must also

a. Provide safe re-entry and recovery conditions as defined by
Flight Dynamics Officer plotboard limits.

b. Not allow attitudes to exceed spacecraft platform tumble
limits during abort recovery by SPS. (90 ° in yaw).

Flight Dynamics Officer plotboard limits are covered in
Section 2.9. In Figures 2-141 to 2-143, a limit line is shown
for spacecraft platform tumble, as defined by rates and attitudes
of the launch vehicle at the time of abort. Also shown are
results for typical malfunctions in S-II and S-IVB.

Figures 2-144 through 2-147 summarize false abort discrimination
for all S-II and S-IVB malfunctions examined. Any settings
larger than lO degrees attitude deviation or 4 degrees per second
rate provide complete discrimination for S-II and S-IVB. Extent
of settings above this point are limited primarily by the capability
of the CM/SM to recover after SPS abort before the S/C platform
tumble limit is reached. This is specified as a yaw limit but
is appliedhere in pitch and yaw. The reason for this high
level of discrimination is the small level of nominal flight
deviations encountered for flight outside the atmosphere.
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2. 7.3 (Continued)

Figure 2-148 and 2-149 summarize attitudes and rates for malfunctions.

Using these cues in combination with limit levels as follows:

S-II

S-IVB

RATE LIMIT RANGE

4-15 deg/sec

4-15 deg/sec

ATTITUDE LIMIT RANGE

10-45 deg

I0-45 deg

will provide correct discrimination with no false aborts for all

faster-diverging malfunctions. EDS limit settings can be varied

through the range shown without changing this result.
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e. 2.8 EDS EFFECTIVENESS

2.8.1 S-IC EDS Effectiveness

Probability of vehicle loss for all S-IC malfunctions

considered is 2600 x I0-6. Probability of crew loss for these
malfunctions is 350 x I0-6. It is assumed that the crew is

lost if the abort lead time is less than the required lead

time. All catastrophic engine failures are crew losses because

of spacecraft loads. Figures 2-150 through 2-152 compare abort
lead times to required lead times for three critical malfunctions.
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2.8.2 S-II and S-IVB ED$ Effectiveness

Due to lack of atmospheric forces, abort timing is less restricted in

the upper stages and vehicle structural failure does not occur for the

malfunctions examined. S-II/S-IVB direct staging can be employed for

S-II malfunctions where staging limits are not exceeded. In other cases,

and in aborts from S-IVB, SPS abort can be accomplished. Restrictions
in the latter case are:

ao

bQ

Abort conditions must allow attitude recovery prior to exceeding

the spacecraft platform tumble limits.

To provide safe re-entry and recovery, Flight Dynamics Officer (FDO)

plotboard limits must not be exceeded.

Analyses of this document show that manual abort can be fully effective

in meeting these requirements. _lgure2 153 inQl_dLe_ ava,,au,e _,,,,_......
malfunction to abort for the malfunctions examined For slow diverging

malfunctions reaching FDO limits prior to final abort cue, ground commanded

abort may be employed.

This document outlines further proposals to improve malfunction flight

capability in S-If and S-IVB. Backbp for the inertial platform is

recommended, but must be a system of sufficient accuracy to obtain

successful orbit. Proposals to improve S-XI dual engine-out flight

capability are also made but must be evaluated in light of the low

probability of this malfunction. In both cases, extended mission flight

time is an objective, and crew loss is not expected.
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e,

11

2.9 FLIGHT DYNAMICS OFFICER DATA FOR MALFUNCTION FLIGHT

2.9.1 FD_ Displays

The following summarizes the results of an investigation of

malfunctions that might cause boost phase termination by

exceeding Flight Dynamics Officer plotboard limits. The

following limits (Reference l_ ) were considered:

a. Inertial Flight Path Angle vs. Inertial Velocity

l SPS Abort to Orbit Limit - this envelope represents

conditions under which SPS may be utilized to obtain

a 75 nautical mile perigee orbit•

• Structural Load Limit of 16-g - this limit represents

the condition dt the ti,,,= uf auu, _ _,,_ -,,, v ......

a 16-g load factor during entry•

• lO0 Second Free-Flight to Reentry Limit (300,000 feet) -

this is the condition at abort that will give a time
of free fall to 300,000 feet of lO0 seconds. This

limit assumes adequate time for separation and
orientation before entry.

b. Altitude vs. Range

This plotboard presents altitude above an oblate earth

as a function of the range referenced to pad.

I. Altitude equal to 300,000 feet.

C • Latitude of Present Position vs. Longitude of Present
Position

This plotboard shows geodetic latitude of present position

as a function of longitude of present position•

S-IC malfunctions producing vehicle breakup are not shown, since

it is assumed that destruction of the vehicle has already taken

place before Flight Dynamics Officer limits are reached. Instead,

borderline cases producing large trajectory deviations but not

structural failure are used. In S-II and S-IVB, breakup does

not result for the malfunctions examined, hence results shown

cover all malfunctions investigated• Table 2-XI summarizes

results, including malfunction, malfunction time, flight
dynamics limit and time exceeded• Figures 2-154 - 2-156

show typical trajectory results obtained for the malfunctions

investigated•
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2.9.1 (Continued)

The requirement for no negative flight path angle in S-IC is
met for all malfunctions simulated.

The I00 second free-flight to reentry line in the following
charts is based on Reference 19.
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2.9.2 Trajectory Data for Malfunctions Resulting in Abort

Malfunction trajectory data requested for AS-504 study in
Reference 20 is as follows:

TABLE 2-XII MALFUNCTION TRAJECTORY DATA

MALFUNCTION

Time of Abort

(Sec from L/n)

FDO Limits

Exceeded (Yes/No)

EDS Limit Exceeded

Altitude at Time of

Abort (km)

Body
Rates

at

Abort

Attitudes

_at

!Abort

Cp

_y

CR

op

By

eR

Velocity at
Abort (m/sec)

Flight Path Angle

at Abort (deg)

SATURATED

NEGATIVE

PITCH RATE@

95 SEC.

98

No

I0 deg/se(
rate

21.15

15.43

.16

- .54

-30.68

.14

- .28

1089.9

29.1

SATURATED

NEGATIVE

PITCH RATE @

185 SEC.

188

No

lO deg/sec
rate

92.21

I0.05

.004

.09

-52.56

.ll
i i •

- .57

2908.9

15.4

LOSS OF

PITCH ERROR

@ llO SEC.

190

No

20 deg.att
deviation

104.91

.009

- .0007

.0009

-47.47

.18

.037

2821.2

22.3
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APPENDIX A

SIMULATION DESCRIPTION

A.O SIMULATION TOOLS

The following simulations are the tools used to provide the
data for EDS Analysis:

I. BHA-OIO0 Space Vehicle Systems Simulation (hybrid)

2. BHA-O097 6D Ist Stage Flight Dynamics (hybrid)

3. BHA-O072 6D Lift-off Dynamics (hybrid)

4. BHA-O045 Staging Dynamics (hybrid)

5. BHA-O030 6D Ist Stage Dynamics (digital)

6. BHA-OI70 Flight Loads Post Processor (digital)

Each of the above simulations is a specialized tool designed

and developed for detailed study of particular mission objectives

of the Saturn V/Apollo launch vehicle. Various degrees of

sophistication and detail exist in the math models of the above

simulations to best fulfill the particular objectives of the

simulation• The following is a verbal description of each

simulation to make the reader cognizant of the general

capabilities and limitations of each simulation, as well as the

reason why several simulations must be used to perform the

studies necessary for a comprehensive EDS Analysis.

A.O.l BHA-OIO0 Space Vehicle Systems Simulation

a • Simulation Objective - to study the phase of the Saturn V/

Apollo launch vehicle flight from guidance reference release

to lunar orbit insertion in real time,wlth particular

emphasis on upper stage dynamics.

b • Mathematical Models and Capabilities

Gravity - Fischer ellipsoidal, fundamental and 3 harmonics

Mass - lumped mass at center of gravity

Aerodynamics - lumped, non-linear aerodynamics in all stages
of flight

Winds - variable profiles at fixed or variable azimuth

Propellant Slosh - all six propellant tanks in both pitch

and yaw, with closed loop propulsion

coupling through propellant utilization,
and slosh induced center of gravity offset.

A-l
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APPENDIX A (Continued)

A.O.I (Continued)

Bending - upper stages only. Three bending modes acting

at vehicle center of gravity.
Propulsion - optional closed or open loop models

(1) Open loop P&VE propulsion tape data on

thrusts, fuel and lox flowrates per

engine

(2) Closed loop propulsion polynomial curve

fits of thrust, fuel and lox flowrates

per engine, with analog implementation

of propellant utilization to control lox

bypass valve position.
Integration- trapezoidal integration with gravity predictor

during powered boost phases. Runge-Kutta-Gill 4

pass integrator during orbital phases.

LVDC - detailed simulation of launch vehicle digital computer

program incorporating the following features: variable

computation cycle, minor loop interrupt, discrete

backups, accelerometer processing, boost navigator,

guidance selector, pre-IGM for S-IC flight, iterative

guidance in upper stages, minor loop support, orbital

guidance, and orbital processor and navigation.
Auxiliary Propulsion System - analog APS implementation with

roll control only during S-IVB

powered flight, roll, pitch and
yaw control during coast phases,

with 50 MS minimum pulse
duration.

Flight Control Computer - analog implementation of control

rate and error signal filters in

pitch, yaw, and roll, with separate

filters for each stage of flight, and
S-IC engine cants.

TVC System - analog implementation of first order actuators

with non-symmetrical limits. Separate actuators

for each engine, in each stage, in both pitch

and yaw.
Inertial Platform Model - detailed platform model incorporating

I.U.-C.G. correction, and provisions
for accelerometer and gimbal error
and failure modes.

Structural Loads - upper stage output for the BHA-OI70 Flight

Loads Post Processor on an optional basis.

Output Capability - real time monitoring output on hard copy,

strip charts and X-Y plotters of

significant vehicle dynamic and trajectory

data. Detailed post processor output of

500 significant variables from equations of

motion, slosh, bending, propulsion, platform,

l
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APPENDIX A (Continued)

A.O.l (Continued)

Output capability - (Continued)
and LVDC models, for time response
histories and EDS analysis.

Malfunction Capability - provisions are made in the
simulation for malfunctions
in the propulsion, propellant
utilization, flight control
computer, thrust vector control,
and auxiliary propulsion models.
Simulation of LVDC-LVDA hardware
malfunctions is also possible in
the LVDC and platform models°
Dispersion capabilities for
parametric studies are available
to a limited extent.

A.O.2 BHA-O097 6D Ist Stage Flight Dynamics

a • Simulation Objective - to provide detailed dynamics of the
Saturn V/Apollo launch vehicle in real time S-IC flight.

b. Mathematical Models and Capabilities

Gravity - Fischer ellipsoid, fundamental and Ist harmonic.

Mass - distributed mass over 5 panels.

Aerodynamics - non-linear aerodynamics distributed over

5 panels.

Winds - variable wind profiles at fixed or variable azimuth.

Propellant Slosh - S-IC propellant tanks in both pitch and

yaw, coupling into rate gyros.

Bending - primary bending mode in five bending panels, with
moments computed at four stations in both pitch

and yaw planes. Local bending effects at platform

and rate gyros are included.

Propulsion - closed loop propulsion polynomial curve fits of
thrust, fuel and fox flowrates per engine.

Integration - trapezoidal with linear predictor and corrector.

LVDC - table lookup guidance with minor loop calculation of
attitude error commands.

Flight Control Computer - analog implementation of control

rate and error filters in pitch,

yaw and roll and S-IC engine cants.

TVC System - analog implementation of first order actuators

with non-symmetrical limits.

Platform Model - ideal platform is assumed.
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APPENDIX A (Continued)

A.O.2 (Continued)

Structural Loads - bending moments and loads at 4 stations
are computed in real time during S-IC
flight.

Output Capability - real time output on strip charts, X-Y
plotters and hard copy of lO variables.
Post processor output of 200 variables
for detailed analysis.

Malfunction Capability - provisions are made for malfunctions
of the propulsion system, flight
control computer, thrust vector
control, and LVDC systems.
Dispersion capabilities are also
available for parametric studies.

A.O.3 BHA-O072 6D Lift-off Dynamics

a • Simulation Objective - to provide detailed dynamics of the

Saturn V/Apollo launch vehicle in the near pad region of

S-IC flight. Soft release and lift-off sequences are
simulated in detail. Tower and platform to vehicle clear-

ances are calculated.

b. Mathematical Models and Capabilities

Gravity - constant magnitude and direction.
Mass - lumped mass at center of gravity.

Aerodynamics - non-linear aerodynamics, distributed over

19 panels.

Winds - variable profiles at fixed or variable azimuth.

Propellant Slosh - none.

Bending - four bending modes acting at center of gravity•

Propulsion - optional closed or open loop models.
(1) preset tabular propulsion thrust data

(2) closed loop propulsion thrust polynomial

Integration - trapezoidal with linear predictor and corrector.

LVDC - open loop tabular guidance data.

Flight Control Computer - analog implementation of control
rate and error signal filters in

pitch, yaw and roll, and S-IC

engine cants. Bending coupling
into control system included.

TVC System - analog implementation of first order actuators
with non-symmetrical limits.

Structural Loads - none.
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APPENDIX A (Continued)

A.O.3 (Continued)

Liftoff Release - soft release model of the vehicle liftoff

sequence.
Tower Clearance - detailed calculations of tower and platform

to vehicle clearances at 8 distinct points.

Output Capability - real time or lO times real time output

of strip charts, X-Y plotters and hard

copy of lO variables. Post processor

of 200 variables for detailed analysis.
Malfunction Capability - provisions are made for malfunction_

of propulsion system, flight control

computer, and thrust vector control
systems. Dispersion capabilities

also available for parametric studies.

A.O.4 BHA-O045 Two Body 6D Staging Dynamics

a • Simulation Objective - to provide detailed separation and

staging dynamics for the S-IC-S-II and S-II-S-IVB separation.

b. Mathematical Models and Capabilities

Gravity - Fischer ellipsoid with 3 harmonics.

Mass - lumped mass at center of gravity.

Aerodynamics - lumped, non-linear aerodynamics for mainstage,
continuing stage, and dropped stage.

Winds - variable profiles at fixed or variable azimuth.

Propellant Slosh -. none.

Bending - none.

Propulsion - open loop tabular thrust data for individual

main engines, retro rockets, and ullage motors.

Integration - trapezoidal integration.

LVDC - open loop tabular guidance with minor loop calculation
of attitude error commands.

Flight Control Computer - digital Z-transform implementation
of control rate and error signal

filters for each stage.

TVC System - digital Z-transform implementation of first

order engine actuators in pitch and yaw, for

each engine, in each stage.

Staging Clearances - detailed calculation of dropped and

continuing stage clearances at centers

of gravity and four points on the separation

plane.

Output Capability - real time or IO times real time output of
strip charts, X-Y plotters and hard copy

of significant vehicle dynamic and trajectory

data. Post processor output of 500 variables
from mainstage, continuing stage, dropped
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APPENDIX A (Continued)

A.O.4 (Continued)

Output Capability - (Continued)

stage, and body clearance equations.

Malfunction Capability - provisions are made in the
simulation for malfunctions in

main propulsion, retro rockets,

ullage motors, flight control

computer, and thrust vector

control system. Dispersion

capabilities for parametric
studies are also available.

A.O.5 BHA-O030 6D Ist Stage Flight Dynamics

a • Simulation Objective - to provide detailed flight dynamics

and structural dynamics of the Saturn V/Apollo launch
vehicle during S-IC flight.

b. Mathematical Models and Capabilities

Gravity - Fischer ellipsoid; fundamental and 3 harmonics.
Mass - distributed mass model made up of 45 discrete mass

panels, for the purpose of computing detailed flight
loads.

Aerodynamics - non-linear aerodynamics distributed over

Ig panels.

Winds - variable wind profiles at fixed or variable azimuth.

Propellant slosh - all six propellant tanks in both pitch

and yaw, in the first slosh mode, are
simulated.

Bending - four bending modes are simulated in pitch and yaw

planes, with no cross-plane coupling. Bending
moments are calculated at 22 specific stations.

Bending moments computed include effects of beam-

column and appreciable cantilevered masses.

Propulsion - closed loop propulsion polynomial curve fits

of thrust, fuel and fox flowrates per engine.

Integration - 4 pass Runge-Kutta-Gill with .05 second

integration interval.

LVDC - table lookup guidance with minor loop calculation
of attitude error commands.

Flight Control Computer - digital Z-transform implementation
of attitude error and rate filters,

and S-IC engine cants.

Thrust Vector Control - Digital Z-transform implementation of

engine actuators. Ideal, first, or
third order servo actuators are

available on optional basis.
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APPENDIX A (Continued)

A.O.5 (Continued)

Platform Model - ideal platform is assumed•

Structural Loads - differential equations used to simulate

elastic body motion make use of the

concept of normal modes. Some structural

damping is assumed so that the equations

can be expressed as damped quadratics.

Loads can be calculated on as many as

30 body stations.
Output Capability - hard copy output of vehicle dynamic

variables, bending moments, loads, and
load indicators.

Malfunction Capability - provisions are made for malfunctions

of propulsion system, flight control

computer, and thrust vector control

system. Dispersion capabilities

for parametric studies are also
available•

A.O.6 BHA-OI70 Flight Loads Post Processor

a • Simulation Objective - to provide a capability for detailed

analysis of bending moments and structural loads, for large

hybrid simulations which have computation time restriction
due to real-time.

b • Simulation Capability

Bending Moments - optional calculations are available for

up to 6 bending modes.

Structural Capabilities - tabular data of vehicle structural
characteristics.

Loads Calculations - detailed loads analysis is available for

27 body stations distributed as follows:

S-IC - II stations

S-II - 7 stations

S-IVB - 6 stations

I.U. - l station

S/C - 2 stations

Output Capability - hard copy output of vehicle bending

moments, loads, and load indicators, as

well as Benson-Lehrner plots, available

from post processor. Real time print and

strip chart output of load indicators.
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APPENDIX A (Continued)

A.I Coordinate Systems

Three coordinate systems, chosen primarily for their compatibility

with the Project Apollo Coordinate Systems Standards (PACSS),
are used to describe the motion of the vehicle relative to an

oblate rotating earth with a noncentral force field. A

description of these coordinate systems shown in Figure A-l is

given below.

a. Geocentric Inertial Coordinate System (PACSS No. 4)

The axes of this system are defined by unit vectors If,

Jr, and Kf. The origin of this system is the center of

tRe earth_ The If axis is directed through the Prime
Meridan at the mean vernal equinox. The Kf axis is

directed along the Earth's mean rotational-axis and the

Jf completes the orthogonal, right hand system.

b. Vehicle Body Fixed Coordinate System (PACSS No. 8b)

C •

The origin of this system is located at the vehicle's
instantaneous center of mass. The X-axis is parallel to

the vehicle's longitudinal cente_line with positive
direction toward the vehicle nose. The Y-axis is to the

"right" and the Z-axis is "down" At liftoff the Z-axis
points due East and the Y-axis points due South thus

completing the orthogonal, right hand system.

Launch Vehicle Navigation Coordinate System (PACSS No. 13)

The axes of this system are defined by unit vectors ex, e ,
and ez. It is a space fixed system with its origin at th_

Earth's center at the time of first motion. The e x axis is
co-linear with the gravity gradient at the launch site an d

opposite in sense. The e axis is normal to the ex axis

at an angle (launch azimu(h) from the North. The ey axis

completes the orthogonal, right hand system.

A.2 Combined Loads

The vehicle bending moments are combined with axial loads using

linear elastic theory to yield circumferential shell loads•
The combined limit and ultimate loads are computed using the

equations below:

Nc = F.S. ( P + M APMIN Rx 1
2_R x _Rx 2 - 2

W

'v
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APPENDIX A (Continued)

A.2 (Continued)

Nt = F.S. ( P _ M 2 - APMAx Rx)2
2_R x _R x

Using a factor of safety of l.O, a comparison of limit loads

and vehicle ultimate capability is made to determine the

relative criticality of the vehicle loads.
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