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Section 1

J-2 ENGINE SIDE LOADS DURING GROUND START

SUMMARY ¢ .
Ground tests of the Rocketdyne J2 engine thus far have indicated transient
starting loads of high magnitude. These loads have been large enough on some
runs to cause damage to the test apparatus. Rocketdyne has taken the load
data from the firings and has subtracted out induced loads caused by the
fixture-engine dynamics. The resulting loads are supposedly the loads due

to the gaseous combustion and expansion dynamics only.

The only statement that can be made with authority to date as to the nature
of the forcing function is the fact that the loads are caused by sea level
exit pressures. No transient loads are expected in a zero pressure condi-
tion (outside earth's atmosphere). However, the sea level starting problem
will be a problem on the Douglas Aircraft Company static firings of the

S-IVB at Sacramento,

To determine the dynamic behavior of the J2 engine on the S-IVB, the load
data supplied by Rocketdyne has been imposed on a mathematical model of the
S-1VB engine and thrust structure. The extent of the complexity required

in the mathematical model was arrived at by determining the overall engine
attach structure compliance for a variety of end conditions. The assumption
that two degrees of freedom would be required (deflection and rotation at
the gimbal point) was modified to one degree of freedom (engine rotation) by

the results of the compliance analysis.

The procedure and results of the transient load analysis and the mathemati-

cal model justification are contained herein.
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Coordinate describing translation at gimbal point ~ inches
Coordinate describing engine rotation - radians

Coordinate describing longitudinal engine translation ~ inches
Engine inertia about hinge line - 1b.in.sec?
Damping of a mode ~ 1b,in.sec

Spring of a mode - lb.in

Laplace operator - 1/sec

Forcing function frequency - rad/sec

Natural frequency - rad/sec

Natural frequency - cps

Influence coefficient

Mass matrix

Dynamical matrix

INTRODUCTION:

The engine mounted on its thrust structure can be completely described by

six degrees of freedom (assuming the engine to be rigid and thrust struc-

ture mass to be negligible), Two assumptions in addition to the one already

offered

1.

were then made and are presented without proof:

Cross axis coupling is small and single plane motion is all that
need be considered. The three remaining degrees of freedom are

shown in figure 1.

By the geometry of the engine and actuator, much more restraint
will be afforded by the longitudinal, x, degree of freedom than

the other two (h & a). Very little dynamic coupling will exist
between x & h and x & a, A compression mode involving the x degree
of freedom will respond to the axial stepped starting transient,

but this load will not be transmitted to the actuator, The actuator
is the weak link in the engine-thrust structure combination. There-
fore, the longitudinal degree of freedom was neglected (figure 2).
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The two remaining degrees of freedom leave some doubt as to their relative
worth. The engine rotation degree of freedom certainly must be included in
the dynamic model, However, the gimbal point translation degree of freedom
must be analyzed to determine its effect on the dynamic coupling between

h & a.

Beam theory was employed to determine the influence coefficients for h & a.
Thrust structure and fuselage structure up to the point of tangency of the
aft bulkhead (figure 3) was considered. The EI distribution for this struc-
ture is shown in figure 4. Notice the gimbal block (the section nearest the
gimbal point) has been given a high EI value, Thus, this section will appear

to be quite rigid,

Sectional influence coefficients of h and a were computed for each section.
These values were referred to the beam base (aft dome point of tangency) by
matrix transformation methods. The influence coefficients at the gimbal

point were then extracted from the resulting set of influence coefficients.

The gimbal point influence coefficients are of the form:

g hh ¢ha h
g o | ||~

A mass matrix was written for the engine:

Mn My b

Mﬁh M&a E

The dynamical matrix was formed:

]
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The dynamical matrix was iterated to find the dominant root:
[¥]

where q = eigenvector (mode shape)
A = eigenvalue (1/w 2 )

ql = qu,

The resulting frequency was 29.8 cps.

The preceding analysis assumed the restraint around the gimbal point to be
rigid. However, preliminary data has indicated the flexibility of the aect-
uator attach points and gimbal point will be of such a magnitude to result

in an engine natural frequency of about 8 cps. To account for these local
flexibilities, the restraint around the gimbal was relaxed by several degrees,

and the roots were extracted for each restraint setting.

An approximation to the solution was performed by eliminating the h degree
of freedom. The roots of the resulting single degree of freedom system were
extracted for each restraint setting.

The roots by the approximate method and the rigdrous method were plotted
against one another in figure 5. The accuracy of the approximation is ap-
parent in the 0-10 cps region. The effect of h on the system can also be
evaluated by determining the instantaneous center of rotation from the
eigenvectors. This center is plotted as distance removed from the gimbal vs.

frequency (fig.6) At 10 cps the center of rotation is only about 2,5" away.

The resulting single degree of freedom system is depicted in figure 7. The
engine servo admittance has been approximated for this analysis by a second

order function,.
The characteristic equation for the system is then:

(I S+ DS +K) af(s) =0

HL
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MATHEMATICAL MODEL
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The force to be applied to this model was taken from Rocketdyne test #82, The
wave form was approximated as a moment of 4.8 x 10° (L - cos &t) in 1b, for a
forcing function frequency of 3 cps. The Laplace transform of the moment is

4L.8 x 105 92 « The system with force imposed is
ra? . O 2y
S(8" +Q2°)

2

5a?2
S° + DS + K) G(S) 4.8 x 10 g

(I —
5(52 + 27)

HL

or

a(8) = L8 x 10° Q 2
) 2 2
s(s* + Q )(1,;8° + DS + K)

Two variables (D & K) which are used to represent the servo dynamics are as

yet undefined in the S-IVB design, and a single solution of the above was not
possible., Thus, time responses were obtained from the above for various values
of D and K. Since natural frequency, w , is a function of spring, the data was
computed in terms of the frequency ratio, w/Q, Damping is equal to 2 4' wIHL
for { equal to the ratio of damping to critical damping. Therefore, ¢ was

the variable used to describe damping,

The maximum load experienced during a one second time interval of the resulting
time response was assumed to be the maximum load the engine will experience.
These actuator loads are plotted versus frequency ratio for various damping
ratios in figure 8.

For an engine natural frequency of 8 cps, an actuator load between 70,000 and
90,000 pounds resulted. However, if the engine frequency had been 3 cps

( W/&Q =1 ), actuator loads between 100000 and 390,00 pounds would have re-
sulted, o
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CONCLUSIONS:

/For the nominal expected engine boundary conditions (Fn = 8 cps, ¢ = A
the actuator loads exceeded the design condition of 42,000 pounds. Of all of
the parameters considered in this study, the only one that might be subject to
change for an advantage would be the forcing function., As the magnitude of
the force decreases, the resultant actuator load will proportionally decrease.
The likelihood of this force lessening is not out of the realm of probability.
The Rocketdyne data thus far has been from the Block 1 engine while the Block 2
is expected to render a quicker start and hence decreased starting loads. Also,
the assumption that the starting load is independent of engine dynamics might
be invalid. If the starting load is a function of engine dynamics, the result-
ant actuator loads would be less with dynamic pressure feedback than the case for
the actuator acting as a straight mechanical link. Whether or not the load is
independent will be proved out in subsequent static firings at Rocketdyne.

13



Section 2

EFFECTS OF VEHICLE BERDING, SLOSHING & RIGID BODY
PARAMETERS ON SERVO ACTUATOR SYSTEM REQUIREMENTS

In determining the basic requirements of the Saturn S-IVB attitude control
system for the hydraulic servo valve, several variables must be considered

along with the basic requirements of the attitude control system.
The following requirements have been used for this analysis:

1) The rigid body operating frequency should be approximately 0.2 cps
throughout flight. Since vehicle inertia varies with burn time,
a range of 0,15 cps to 0,35 cps is normally used.

2) The gain margin on the servo loop must be at least 12 db at low
frequencies and at least 8 db at high frequencies for the servo
valve combined with the rigid body.

3) The phase margin should be at least 35° for all burn time and
preferably larger.

4) The system should be stable for all frequencies. This requirement
cannot be met due to an unstable hydrogen sloshing root. However,
the time constant of this instability is very large and the system
becomes stable at approximately 20% burn time.

With these requirements as a guide, total loop gain and actuator loop con-
stants were varied to establish an optimum operating area. Although rigid
body requirements were primarily considered, body bending resonances were
attenuated as much as possible in most analyses. A block diagram of the
system ugsed is shown in figure 14 . The associated parameters are also
given with the values used. Those listed as variable‘parameters are most
important since they represent the adjustment capability for this study.
Figures 1 and 2 indicate the effect of KFB on rigid body operating fre-
quency and low frequency gain margin for 0% and 100% burn times. The

1k



curves are also shown with the necessary lag which is part of derivative
rate feedback. This lag corner frequency was held at 2 c¢ps. These fig-
ures indicate that a feedback gain of 30 would result in satisfactory
rigid body operating characteristics throughout flight. Although this
derivative rate lag reduces rigid body gain margin, it stabilizes the

otherwise unstable bending modes.

By varying Kq (attitude loop gain) along with KFB’ a set of two loop

and one loop Nyquist responses were made at both burn out and ignition.

A sampling of the most informative responses were plotted (figures 3 thru
8). These responses also indicate that a servo valve feedback value of
30 ma/deg is optimum if no gain change is to be made. The following ad~-

ditional comments can be made from these Nyquist plots:

1) The rigid body operating frequency will vary from 0,14 cps at
0% BT to 0,34 cps at 100% BT for a Kpp ©f 30 ia/deg as seen in figuresl
and 3.

2) The rigid body low frequency gain margin is exceptionally good
at both ignition and burn out. To increase this margin would increase
the magnitude of the bending modes and decrease the high frequency gain

margin which just meets the gain requirement of 8 db.

3) There is no problem on rigid body phase margin when using a KFB
of 3Q}+a/deg. In all cases it is greater than 35 degrees as evidenced
by figures 3, 4, 5, 6, etc.

4) A notch network will probably be required in order to gain and

phase stabilize the bending which increases to unacceptably large values
toward the end of flight,

15



As can be seen from figure 13, which is a frequency response for the closed
servo loop, there is over 28 degrees of lag at 1 cps. dowever, there is

less than 5% overshoot,

In an effort to determine the effect of the two constants HO and T on the
autopilot, figures 9, 10, 11, and 12 were plotted. Figure ¢ is an open motor
Joop Nyquist of the attitude control system and represents a reduced value

of Ho while holding 1~ constant. Figure 10 is the closed motor loop Nyquist
of the same system. By comparing figure 9 with 3 it is seen that there is a
slight reduction in gain margin and a slight increase in crossover frequency
for the lower Ho' However, as might be expected, the magnitude in the first
body bending mode was increased for the lower value of the pressure feedback

constant.

A similar study was made on 7 holding Ho constant. Figure 10 is the open

loop servo and figure 12 the closed loop servo Nyquist for the attitude con-~
trol system, The effect of T as shown by the comparison of figures 11 and 3
is much greater than that of Ho' As T is decreased, the high frequency gain
margin is markedly decreased. The phase margin is increased and the bending

modes are magnified.

From the above study it is seen that by relaxing frequency response overshoot
requirements of the servo valve, the overall stability margin of the system
is decreased. It therefore appears that the frequency response overshoot
should be minimized. Also, the above study was made assuming certain values

for the spring rates for the servo valve (see figure 14 and table I).

Since spraing rates such as the thrust structural spring constant may change
by a factor of 10, the actuator loop constants will be made sufficiently
adjustable to provide optimum performance characteristics when the actual

flexural environment is known.

16



To summarize, the following parameter values seem to be optimum at this time:

Keg = 30 wa/deg or 283 cis/deg

Ky = 28.8 wa/deg

T = .1 sec
H, = .025 cis/psi

Derivative rate lag corner frequency = 2 cps

Analyses to date have been concentrated on the C-5 vehicle as it is in
general the most critical. One exception is CIB with the escape tower
(first 15 seconds of burn time)., Stability studies are continuing in
this area with emphasis on keeping as many gain parameters as possible
common for both configurations. Although the above parameters are ana-
lyzed on a total loop basis, they will be reflected in engine actuator

loop frequency response characteristics similar to figure 13 for testing

purposes,

17
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FIXED PARAMETERS

T™M Torque Motor
Mo Amplifier Gain
Fa(s) Amplifier Dynsmics - TBD
Iy Valve Flow Gain - 5.8 in3/sec/ma Mep, = Ol in3/sec/Ma
la Actuator Lever Arm - 0.99 ft.
A Effective Piston Area - 115 i.n2
D, Gimbal Friction Constant - O 1bs - sec/in
Im Moment of Inertis sbout Gimbal Point - 1286 slug - ft2
Km Spring Constant of Engine atéActuator
Attach Point - 1.3 x 10" 1b/in
Kn Tendem Combination of Hydraué.ic and Actuator at
Attach Point - 0.5 x 10~ 1b/in
Ka. Spring Constant of Structure6at Actuator
Attach Point = 1.0 x 10~ 1b/in
Kg Spring Constant of Hose Restraint - O 1b/in
= 7K +;L1[K PR T 'im_
m Q 1 h
= .565 (1o)6 = 266 (10)6
VARIABLE PARAMETERS
H Dynemic - Pressure Feedback Gain - .0025 & 0.0125 cis/psi
T Time Constent of Lag in Pressure Feedback Peth - C.10 and 0.05 sec
K Actuator - Position Feedback Gain - See Figures 1 and 2.

FIGURE 14 TABLE 1 - PARAMETERS USED IN ANALYSIS OF ENGINE SERVO LOOP
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BENDING PARAMETERS INCLUDED IN VEHICLE DYNAMICS

0. (xh) Normaelized Later Deflection of ith Bending Mode Shape at
* Gimbal Point
ﬁj (xp) Slope of ith Bending Mode Shape at Gyro Location
M, Modal Mass of tth Bending Mode - Slugs
3B Structursl Mass of ith Bending Mode
/By |
B Resonant Frequency of ith Bending Mode - rad/sec
UL
SLOSHING PARAMETER§ INCLUDED IN VEHICLE DYNAMICS
Mo (24 o8+ S )&G 4. = a .
Bi = 8 ‘ara & 11 X _a " &
. ~
52+2f7 t s+-u2 sc+24?,_u§w)2
- ) a - 8
where:
' . th
M.a = Sloshing mass of & mode = slugs
la = Location of ath sloshing mass - £t
. . . th .
6& = Structural damping ratio of a = slosshing mass
o Resonant frequency of ath sloshing mode-rad/sec
&, = Axial acceleration of missile - f‘t/sec2
M = Mass of rigid Body = slugs
TAIL-WAGS-DOG PARAMETERS INCLUDED IN VEHICLE DYNAMICS
T = Thrust at gimbal point from engines-1b/in
L = Distance from CG of rigid body to gimbal point (ft)
m = Mass of engine-slugs
Q = Distance from CG of engine to gimbal point (ft)
I = Moment of inertia of rigid body (slug - fta)
VARIABLE ATTITUDE SHAPING DYNAMICS
+ []
KAA = Kb K oS
1 +’ﬁs

FIGURE 14 TABLE 2 PARAMETER DESCRIPTIONS



TABLE 2 (continued)

where:
Ky = Position loop gain - 288 /.La/ deg and 8.97 ,u.a/ deg.
Ky = Rate loop gain - 32.24 /deg and 10 j/deg
Ty = Leg due to differentistion of K, to K| (0.079 sec)
RIGID BODY PARAMETERS

PARAMETERS 0% Burn Time 100% Burn Time
Rigid Body Mass (slugs) 10,183 3,940
Rigid Body Inertie (slugs-ftz) x 106 T+e995 2.53
Rigid Body Center of Gravity (in) 594 ,2 952

BODY BENDING PARAMETERS
) g Freq Mess
H) (p)

MODE &-Ln) L( DB) Slugs
O percent ]
Burn time (1st) 1.0 -0.00238 5.016 1177
0% B T (2nd) 1.0 0.00402 17.95 Lok
0% B T (3rd) 1.0 0.00326 21.90 387
100% B T (1st) 1.0 -0.00168 6.13 118
100% B T (2nd) 1.0 0.00141 20,68 236
100% B T (3rd) 1.0 0.00269 35.56 L1

TABLE 3 PARAMETER VALUES



TABLE 2 (comtinued)

SLOSHING PARAMBETERS

At O percent burn time only

Lox sloshing fregquency - 0.3456 cps
Lox sloshing mass - 10178 slugs
Lox mass location - 316.1 in
LH2 sloshing frequency - 0.2857 cps
LH2 sloshing mass - 195.9 slugs
LH2 mass location - 573.8 in

Note: Gimbal at Sta 200 in.



Section 3

SATURN SEPARATION SEQUENCING - S-IVB STAGE

INTRODUCTION
The purpose of this analysis 1s to define the sequence of events which

must be followed to obtain a satisfactory separation of the S-IVB stage

from the booster. The separation sequencing will be initiated by the

engine shut-down signal of the booster. The subsequent sequence of events
must then ignite the retro-rockets on the booster, initiate the S-IVB ullage
thrust, separate the two stages, switch control to the S-IVB stage and start
the S5-IVB engine. To achieve a satisfactory separation,each of the events
in the separation sequence, including those listed above, must be timed so
that under the mest adverse conditions possible within the established
design criterisa, adequate separation distance is obtained before the S-IVB
engine start procedure is initiated and vehicle attitude deviations during
the post-separation transient do not exceed the capability of the platform.
The separation sequence must also be timed so that the weights of the
retro-rockets and ullage rocket fuel are minimized. The separation sequence
which has been established to meet these general requirements and numerical

values for these paremeters will be discussed in this Section.

The separation analysis was conducted to meet the following selected re-
quirements:

1. The separation signal will occur when the booster thrust of the
stage preceding the 5-IVB decays to 10 percent of the nominal
thrust.

2. A clearance of 10 feet between the separation aft interstage and
the S-IVB engine bell will be attained before the S-IVB J-2 engine
start signal will be given.

3. The separation joint will be under compression vhen the separation

device is ignited.
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The S-IVB roll is not criticsl immediately after separation and hence
the 5-IVB roll control system can be activated at a time between T, and
the time the J-2 start tank discharge valve opens, T, is the time of
the separsation signal.

The signal to switch the engine position control from the booster of the
stage preceeding the S-IVB to the S-IVB actustors will occur at the time
of the J-2 mainstage signal. This will permit positioning of the S-IVB
engine before the thrust buildup has zttained the 90 percent level and
will not deplete the accumulator gimballing capability before the J-2
engine can provide power for gimbslling.

The S-IB booster will have four inboard H-1 engines cut off early to

allow their thrust contribution to become negligible at the time the

four outboard motors are cut off. In the case of the S5-II booster, the )
center fixed engine is shut down early and allowed to deplete its thrustéﬁé
contribution before the four gimballed engined are cut off. This pro-
cedure permits a lower thrust level at separation and asllows the retro-
rocket thrust to be more effective for separation of the S-IVB and the

preceeding stage.

SEPARATION AND RETRO-ROCKET SIGNAL SPACING

The signels for separation and retro-rockets are given from an airborne
computer in the form of & seven bit binary word which is decoded in a
stage switch selector and relayed for various operastions. Each stage of
the Ssaturn Vehicle has a switch selector which receives simulteaneous sig-
nals from the compubter. A stage select signal determines which selector
will be operative to relay the command signal (see figure 1).

Due to the configuration of the switch selector, the minimum time between
adjacent required outputs is 100 milliseconds, thus a .l second restriction
is pleced upon the separation sequencing. This restriction is shown 1in the
following breakdown of switch selector opersting time.

1. The binary coded signal address to the switch selector will
be 28 VDC., should not be less than 25 m.s. and should be
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back to zero before the readout or clock pulse is given.
This clock pulse enables stage power to drive the addressed
output.

2. The clock pulse or read command should not be less than 25 m.s.

3. The output pulse from the switch selector will be a minimum
of 20 m.s. and & maximum of 50 m.s. depending on the length
of the read command pulse.

Should the necessity arise at a later date to require sim-
ultaneous signals from the switch selector, the capability
i1s available to connect another clrcuilt in parallel to the
switch selector output, however only one signal can be
initiated in the switch selector every 100 m.s.

Information on the switch selector was taken from & description of the

Saturn switch selector supplied by the Airborne Systems Integration Section,
Astrionics Division, Marshell Space Flight Center. Timing signals for events:
related to separation between the S-IVB and the preceeding stege are showm

in figures 2 and 3. The timing signals of Saturn IB and Saturn V for ullage,
separation and retro rockets are the same, but subsequent commands for the
Saturn IB are delayed .6 seconds primerily because of differences between
payloads and thrust decay of the S-II and S-IB stages.

S-IB AND S~-II RETRO-ROCKETS

The S-IB and S-II retro-rockets will be Thiokol Reerults TE-29-1B and will
be mounted In the aft interstage of S-I¥B. Each retro-rocket develops a
thrust of 35,970# @ TOOF., and four of these retro rockets will be used
in the S-IVB aft interstage for both the Saturn IB and Saturn V config-
uratlons. The nominal burn time of the retro-rocket is 1.55 seconds, and
the effective retro thrust as mounted in the S-IVB aft lnterstage will be
140,000# with four retros and 105,000# with three retros. One retro out
capabllity has been incorporated into the separation sequencing.

38



SEPARATION PLANE

It is desirable from the standpoint of separstion sequencing to employ
the latest proposal for the separation plane between the S-IVB and the
preceeding stage. This proposal permits the two stages to remain intact
under compression loads after the separation explosives sevef a8 tension
strap which is bolted to the aft interstage and aft skirt. This type of
separation plane eliminates the possibility of collisidn between stages
after the cutting is complete and allows the retro-rockets to be ignited
after the separation signal. This separation plane will also allow the
use of the slower but more reliable pyrogen igniter rather than the pyro-
technlc igniter for the retro-rockets. See sketches below for separation

planes.

TENSICN PLATE—

T s
: ! SEFPARATION CHACGE
N

I
FAP AETER CUTTING

AFT SkKk/RT

AFT INTERSTAGE

COMPRESSION FLATE-

NI

OLIGINAL SEPACATION CONCERPT

The S-IVB of the Saturn IB has three TX280 solid rocket motors which serve

as ullage engines to seat the S-IVB propellant prior to engine start. Each
of these engines has a nominal thrust of 3,390# and & nominal burn time of

3.94% seconds.

The S-IVB of the Saturn V has two 1,750# hypergolic ullage engines which
gseat the propellant of the S-IVB for J-2 start and restart.

The signal to ignite ullage engines on the S-IVB will be given .l seconds
before the separation signel for both the Saturn IB and Saturn V.
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SEPARATION DISTANCE

Actuel physical separation of the stages occurs when the acceleration due
to retro thrust plus ullage thrust overcomes the acceleration caused by
booster thrust decay. Until this time occurs, the relative velocity, accel-

eration and distance between the stages is zero.

Figure 4 reveals the relationship between the S-IB booster decay thrust

and the retro thrust. The tail off of the S-IB booster appears to be
excesslive, but will be tentatively accepted for sepsration sequencing un-

til either the thrust decay curve becomes conclusive oOr a new and more
reliable curve is developed. The J-2 engine start signal will be given

at & time which will insure a separation distance of approximately 330 inches
with a nominal thrust decay and one retro out. The relationship between the
S-1II booster thrust decay and the retro thrust is shown in figure 5.

Should the high thrust decay prevail at this time, thére will only be ap-
proximately 4 foot clearance between the S-IVB engine bell and the separated
aft interstage when the J-2 englne start signal is given. Figures k4 and 5
show the relationship between time and separatlon distance between stages.

A separation distaice of approximately 330 inches between the S-IVB engine
bell and the separated aft interstage is sufficient to allow an additional

10 foot clearance after clearance of the engine bell.

J-2 START SEQUENCE

The J-2 engine start signal initlates a start tank discharge delay timer
which allows .5 seconds for J-2 chilldown. At the end of this time, a sig-
nal from the timer unit coupled with a signal from a thermocouple operate
an "and" gate to produce the mainstage signal after the augmented spark
ignition is detected. An overide signal has been proposed to prevent
termination of mission should the thermocouple have a malfunction and fail
to send the signal to operate the "and" gate. This overide signal should
allow an additional .5 seconds for further chilldown and then supply the
"add" gate with the required signal to produce the mainstage signal. See
figure below. Figure 6 shows the thrust buildup of the J-2 engine after
the start tank discharge valve solenoid is energized. The J-2 engline



atteins the slowest 90 percent thrust level approximately 2.8 seconds
after the start tank discherge valve solenoid is energized.

[TIMER SIGNAL FROM SEQUENCER

1

| .5 SEC APTER ENGINE START )
i SIGNAL .
[7 T e e e e e - \T‘-«,\ MAINSTAGE SIGNAL
| OVERRIDE SIGNAL FROM o - -
. SEQUENCER 1.0 SEC —_— f
_AFTER ENGINE START SIG| e

"AND" GATE

THERMOCOUPLE ,
SENDS SIGNAL WHEN ENGINE REACHES
PROPER CHTLLDOWN TEMPERATURE

NOTE: The separation sequence analysis is based upon current information
on separation component characteristics, and the timing signsls for various
events will be subjJect to change should variations in thrust occur.

51



YOL2FTIIS FWLS =Y T

7 ON

£ 27 \\R;ﬂ/

£ 'oN
FAULDFTFS

FAL?T WOD
FNOT XY

H LIS

FALIFTIS 1

zZ o
FOALDIDZ 7
. HOLIMND

X«WM PrErEIR;
FroenFA OL

T Ay .:aww s3
FIINFA L

< e e

ALy A

! ON
FOLIZTT] IS

I

FIIHFA OL

A >y SUM o)
FIHTAN OL

WS IYFOL PSS FR

SIALVE ¥

!

** m\&_\um?..ht Q\I‘\ ~
* o>r s

|
B
1

!
¥F¥ i
¥ Zs |
|

-
|

LT OF LN

LD LOPIIS FOWLD 3
SR IIIN Ve @ FIOD LT

PYVEY SERIPTY v HOZIOS NWIW SH 92
IS0 XEDCIO2FO PV WOITVISY

SO/ FOLIF7FaN HDLIM




TV FRVLEGHNIY W FHL DI FA L
PFEFNTZY S VEAEVSS FTIANFAD AL LFTAT O BHIRI S IR SRLAVFT ¥

BT T/ FD LSVFAL YO,
HA O FOTI7

SYOLYIL N GHSCOL TZ &W
wy\nmmw» %MW&%&WNNMNM\ .

DNVEE FOVLE Y

— 7Y Fer' 7k
o vwa gz SN

(YZF S T W4
D) Vird LWL
R Gt 7 T 2 AL,
7S Y\mew\ DYy )
FLITTIAWOD (VMO 77D 2 WL

PYVOIS: LI VLS FevioNT
WHRLEAD T7QILNYOD )
B E LT ST NP
SLIFIOSY ONLFS QL ToNOIS
TN EREY fyOILVYIVATS

SLINON FOVT777 OL 7V/VO/IS

g Z .
(A NWOIZS) FWLL <

P s
RN s
7 N
A )

FAVINOIE IWOILY IS TS TS [T




I AL

GTZA DR S TSNS A AT A

PONS LAY Dl R DRI 2 L

Lord T AD FDVUIAIDO SILONTT %

A

FNIONT 20 A0 LSOAIIL 4O
2 AT ADWTI7

TAOLY 24V FAIS QL HFLSCOT
WIS TON L 72T oy ,\...\k.\..wﬂﬁ\
FAIWY T AN RIS YA

VYN DR LT by

) A
e 2 Sy INVL
(7 L W ONIT L 777
- TrIE WS ]
RLTFT T WD (AR T T

TWNEULGEN LIVLES FV/ONT

fﬁh.ﬂ.\«.dh ,
V55 G 87

SUFAIEY ON LT OL TVYNE/D

PN EIED YOI LY NS TR

A STONT TV 0L IO

e Z
(SaNvOIFS) IW/IL

o

FAYFIDTE WL VYV AT GAIS/ TS




o

B

i
BT

g

=

et foynpapNngashunounay
S5 SaNas e HHH
13 al
=
H HE -
H L] &
H
H -}
s
s
H
H H
H 'S
H
Y
£ i 7 s
i £ o Fi HH
v Iy s gass
i1s i 8 e
H i i : ]
: rem [Hs 1T T
i i -+ 5y tr
H T 1
H 1 £
3 Y I jas HH
i i t b5 ]
T wua
1
[ 1
s ‘, W Hi
111 g # Reaprysuas

1k

e

> a8 .8 anEnn
o - por 3
= n - b e
B " ayl ST sESuuR D
H 1 Rl waane sumER
F 3 ;] Tl thrs B
B ¥ cEH " it 15H
4 - ¥ + S RN T
: (i i 1 H
3 Eabiauld e v T
1ot t 1 1 111 Fid ! Hu anew
¥ ' 11 - T
- Ease 13T 134 L it jvei b
t 7
13t 3 Rl +1i
e i i
N A
T 11 i Rags I
H 55N Ioragatiss aE 11 '} k
H rae Asut s ol
s +¢ =4 0
99 B
it
1
ighy Senpel gl
1 }
41 4

g

g7 33N

gunll.ﬂ._h-h

| HERIESELE
Eae ip e 1 |
it i iseh) el e il it
T I e 3 M ¥ .
b R I} : i
S RS SELEE ik IR EH R HE s R it
-4+ -4 + - 1Y .
; HH GHHHE R i}




T T Y ; T
N - 11T “ m
i peeely d35ats +
-] H HierH -
y a 1 . 7
e
t
ay
i - i |
s os ; i ; :
AN BRAN
17| T T 4
- T
i
T r |
h,.mrﬁ » T u 3 it - -
el
| Iy i ‘
Fus) EReN N
11 ).
) ) i
] B n
+ |l I a
]
EHiif _ g , RS
K
1
i !
kafakad
mEm
H 1
mARS Bun e
2 l 1
T
o
H N
} r
t 1 -
L T N 1 5 REw|
: H 1
I 1 ,
L
T
t (s
I i + 1
IS IS
1
L - [+
: 1}
BaNE ind i ;
e b uniin| : i
13 () -1
FHEH { a -y ]
R : irscie e
IS T . Y 1 s
) + a 1
j I
» A 1 e
T
e
1t
; =
1 { -
I FIgTE LA H ! H
FRBESVNNNE N
J 4 i
! .
fal
sagay wnn
1
A 1
,, 1
! A
asua
aERa
mnun
: 1
E-
¢ H f
s ;
i ¥ N}
_ 1
T 3T
11
T .l I
’ r, 3r
4 1] u
Loy . Y
v L
t
mam N
13 T D
4T
3T
1 ,
T
& 7]
e y!
i
& va
i
!
t
H T
H f 1 t
I i ;

W...m:%l 20

DIV FNOFS MoILVIVSIS GANS /IS

PFTLIL




11

i

[REa Shpe

3

H

[3aa bararaas

1

FraurE &

(Aody

)

T

Lt

IR ON NN
)P BN N

117
T
188 1

Ik
e
1l

T

]

H4-

P

ISSSTEEREE NS
ISSRE SRREE RS

INSRUaNANE B D!

i

RSESE

HHH

4

,1',

%

H

1

1143

1T

T

I

sawgn

TEprysEsy

»
DU

trir
1 b4

3

314

H

T

8 Ebpes

P wmy

e

11

s

RY S9804 UREY

f

3!

a3

T3

i
F

4

HH

S




FlauesE7]

e TT T amapaagesan: T TTTHT TITYT T 100 sun: wovy pa TT 183 sEaRpTarys sesn gases poaRp pESRS TrTT
T 17T T aIIis T 11T I T3 T VAR RS R T T b T 1 1t " RapRS SRS RE N 1.
H7 1 + 4 B a pRALY $ 1 “H 111 T A G T e ] H ;.Hr»
¥ ¢ aut AR 1 e + ¥
T . I t I 2B uas: ! ki i iad S 8
T by Salunss kSO i I .‘rmuw joivad
1 1 T3 ghas b M
ue 1 T : T
¢ 25 : e gabed ot s 58
+ + -
T LHH it +HH i —~ v
! 1T T e
T t Hrett A T tpes
1 It 3 g BRGNS SPRNS BEN O Ui s T T T e
13Tt 1 . ne e o T
T T aus 2
sases i T I 1 1 1 11 t 111 b
T T e e e T paas: Basa! i
g b 1 o ps 1T T g e !
1 4 Y -y n paes T
L6 hiwhs il , g Fyrd
T M hnan 1T N
Hir] T L T T I
SaGs BABOE bat 1 3 ot : " vwnv
B T :
1 T - n SH IR R PR Tt 1
aduai i i 3
T jasazs! g bows TR neSSres: :
4 Sessanligsacsys
§ ppied 3 I
I T
i $iast
,, I 13
T i3
H, T ;
t T 13F nand
3 1 T T3 o
3 " b
e s } S Aopes
1T 5 - T -
pivats 1 "4 13
T 15 I
8t 1133 Ephpa
swnel =t r
+ B o 14 s
L34 & e
T
T =t .
i R e T
T S 13
. suve =T -
1
1 . e
1
1 + ad
aal + T
m, it
ks 8!
-+
T4t |1 t
anoa: + 117
t nmaeoL g T
T 11 )6 Banwi
yas aa +
T s 3o
1 + : +
1T T
I 1 1
¥ >
T
1 r
¥ :
THT
+ T
T 1 t
T 1 "
T
! 1 us
T t xL'
21
3 1 3 o
pana] indegyangyinss g o 5 Hit Y
t assns su T T = <
" _M‘ T wf4 i
ye 7 i f '
" e I ! SERSBEs
13 Y
+ 437 Tr I
. T afsa i1 +
1 - R
1 " t janpigusagsai
)t sy
T 8 ay
REpuR pun.
T 4 1 rTHH
msspgonER Eas
v wf 3
Tiragd
et
anne e
susep
; T
"
T
¥ s 1
1 ulv
¥ 1
. T 4T 1
1 (susni , :
; I
gwn T T
Ty 1T inahas n T 'y 18 RN
1 Baninaak: ane
T
t
rt +- [uds
88 aagaaas ? o HT
o
. 4
a1 - wilg o
11 ve }Use FusnE nnRaARaRRE S e ok 1
o % j2esaseans iasvssna: va o ot D RbSNE ARBai




Section b

EFFECTS OF J-2 ENGINE GIMBAL LIMITS
ON POST-SEPARATION ATTITUDE TRANSIENT

INTRODUCTION :

The effects of J-2 engine gimbal limits on controllability of the C-1B after
S-I/S-IVB separation has been studied in accordance with action item number 7
of the December 6, 1962 meeting of the S-IVB Vehicle Dynamics and Control
Working Group (reference a.). The results of these studies are presented in
this memorandum together with a recommendation on required platform mechanical
limitations to accommodate separation transients.

The effects of engine gimbal limits on system stability in the presence of
engine deflection rate limiting have been studied previously and reported in
reference b, This data is included here with an estimate of the effects of
the latest control system parameters on these results.

DISCUSSION:

Separation Controllability

The separation controllability studies were made on an analog computer which
was coded to represent the control system block diegram as shown in figure 1.
Runs were made to define the maximum attitude deviations of the vehicle during
post separation transients. Engine gimbal limit was parameterized to deter-
mine the effects of this limit on the attitude deviations which the platform
must be capable of handling. In addition, the effects of additional delay in
thrust build-up was investigated to determine the sensitivity of the attitude
deviations to increasged delays in thrust build-up which might result from
changes in separation sequence or engine performance.

The initial conditions which were used for the study were those listed in
enclosure 3 of the referenced MSFC memorandum. They are listed in table 1
for completeness. -

It was found that one ullage engine out had a negligible effect on separation
controllability so this condition wes not used in the studies.

The vehicle and autopilot data which was used in the study are listed in
table II.
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presence of engine thrust misaligmment and vehicle asymetries will require
the engine to be deflected to a position off the geometrically centered posi-
tion to achieve a zero net control moment on the vehiele. This will result
in less than the nominal engine deflection being available for control during
separation. Current estimates of these factors are given in table III. This
shows that a maximum of 1 1/2 degrees of effective engine deflection in one
direction could be lost from these factors. However, the probability of all
of these tolerances being In the same direction is extremely small. If a )
more probable value is obtained by deriving the root mean square of these
tolerances, the result would be considersbly smaller than 1 1/2 degrees. In
addition to the reduction in engine deflection from these misalignments, some
of the engine deflection capability should be reserved for controlling in the
presence of moments induced by gusts and sloshing which could occur during
separation. If, for these preliminary studies, 1 1/2 degrees of engine deflec-
tion is allocated for this purpose, the minimum net engine deflection avail-
able for control of separation transients is 3 degrees less than the nominal
engine deflection limit. Thus, for a nominsl +7 degrees deflection the atti-
tude deviation during the post-separation transient should be based on L
degrees of engine deflection.

These studies have also shown that a one second additional delay in thrust
initiation results in & large increase in the magnitude of the post-separation
attitude transient. A similar effect would result from a lower rate of thrust
bulld-up. Because the thrust build-up delay could be increased by changes in
separation sequencing, or in engine chill down or performance specifications,
and because the attitude deviations of the vehicle are so sensitive to this
delay, it seems prudent to allow ample conservatism in setting the platform
deflection limits.

The considerations listed above indicate that for nominal engine deflection
limits of +7 of degrees, and a thrust initiation deley of 2 seconds, the
maximum attitude deviations to be expected would be based on glmbal deflection
limits of 4 degrees and a separation to thrust initiation time delay of 3
seconds. Figure 18 gives the attitude deviation for these conditions as 25
degrees.

Because of the ease with which this limit can be set in the platform at this
early stage in the design, and because of unpredictable changes which inevi-
tably arise as the design and operation of the vehicle progress, it is recom-
mended that an additional margin be allowed for these contingencies.

It is thus recommended that the platform be designed to accept maximum attitude
deviations of +35 degrees.

REFERENCES:

e. MSFC memorandum M-AERO-PS-S-4, dated 12-13-62
b. 8M-42083, dated 7-31-62
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System Stability

Previous studies have shown that the existence of an engine gimballing rate
limit is destabilizing, but that instebility will not materialize 1f the

engine deflection is limited. The stable and unstable ranges of engine
deflection are shown in figure 19 as a function of control effectiveness M

for several values of maximum engine deflection. Later studies have shown

that the latest control system parameters will give a larger stability region
than shown in figure 9. This dsta is included in figure 19 for one value of
engine gimbal rate. Also shown in figure 19 ieg the maximum engine deflection
expected during flight. This curve, which is plotted as a function of M. shows
that the maximum expected engine deflection is within the stability boundary.

RESULTS :

The results of the study, presented in figures 6 through 17, consist of post-
separation attitude transients and engine deflection transients. In these
results three parameters were varied, engine gimbal limits, engine gimbal rates,
and the time between separation and thrust build-up.

Figures 6 through 8 show the vehicle attitude transients and engine deflection
histories for the nominal case of g two second delay in thrust initiation and
engine gimballing rates of 8 degrees per second. 1In these curves the engine
deflection limit is parameterized for values of 4, 5, 6 and 7 degrees. The
maximum attitude deviation of the vehicle during the post-separation transient
varied from 11.6 to 15.2 degrees for engine deflection limits of 7 and 4 de-
grees respectively.

Figures 9 through 11 show the attitude transients and engine deflection tran-
sients for 8 deg/sec gimballing rates with thrust lnitiation three seconds
after separation. The maximum attitude deviation for this case is 17.8 and
2k.9 degrees for engine deflection limits of 7 and Lt degrees respectively.
This is nearly a 60 percent increase over the second delay case for the L4
degree gimbal limit.

Figures 12 through 14 show the attitude transients for an engine deflection
rate of 12 deg/sec with a 3 second delay in thrust initiation. These tran-
sients show no improvement in the maximum attitude deviation by increasing
the engine deflection rate. However, the second overshoot is decreased.

Similar transients have been included for 12 deg/sec gimbal rates and 2 second
thrust initiation delay as figures 15 through 17.

These results are summarized on figure 18 which shows the maximum attitude
deviation as a function of the engine deflection limit and the time between
separation and engine ignition. Only the curves for 8 deg/sec gimbal rates
are shown as the change to 12 deg/sec resulted in a negligible change to
these curves.

Although figure 18 is valid for the assumptions used in this study, several
additional factors must be considered when determining the maximum attitude
deviation which will be expected during the post-separation transient. The



TABLE I

INITIAL CONDITIONS

Angle of attack a=U deg
Attitude rate 0 = 1 deg/sec
Piteh attitude € = 1 deg
Dynamic pressure q = 16 psf + 3 psf
(80 Ke/u® + 15 Ke/m"
One ullage engine out (negligible)
Time delay - Separation tl = 2 secs
to thrust initiation 3 sec also studied

Thrust build-up curve from J-2 engine handbook (shown in

figure 2). The minimum rate of build-up curve was used.
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Symbol

LIM

LIM

TABLE II

CI-B, S-I/S-IVB SEPARATION DATA

Description
Payload

Vehicle Inertia
Control Level Arm

Aerodynamic Lever Arm

Aerodynamic Force Coefficient

Dynamic Pressure
Aerodynamic Reference Area
Vehicle Mass = w/g

Servo Forward Gain

Servo Feedback Gain

Main Engine Thrust

Attitude Feedback Gain
Attitude Rate Feedback Gain
Autopilot Natural Frequency
Autopilot Damping Ratio

Control Moment Coefficient

Max Engine Deflection

Max Engine Rate

Value

33,740 1b
5,468,000 slug—ft2
21.9 ft

See fig. 5
36.6 ft at @ = O

See fig. 3
See fig. L
360 £t
9,457.7 slugs
13.56 deg/sec/us
1.0 ua/deg

See fig. 2

2.3 ua/deg

2.75 ua/deg/sec
0.25 cps

0.7

Tlcg/I’ see fig. 2

0.8 rad/sece/rad max

T, 16, +5, +h deg

8, 12 deg/sec

55



TABLE III

FACTORS CONTRIBUTING TO A STEADY

STATE ENGINE DEFLECTION

Descrigtion

Engine thrust misalignment and offset (1/2°

misalignment and 1/4 inch offset)

Resulting Engine

Engine, misalignment at installation including

actuator tolerances, thrust structure misalignment

1/32 inch in 10 inch

Actuator travel tolerance + 1/32 inch
Engine alignment (actuator installed
length)

Gimbal block offset (1/8 inch)

Leteral displacement of cg
3 in empty X 20,803 = .24 inch

568,000

1/8 inch max tank eccentricity

Aerodynamic Asymetries

approximated for 1lifting type payloads

i}

i}

1}

Deflection
9/16°
3/8°

.184°
.07°
.1°
.03°
. 384
3/32°
1/16°
1/32°
1/14°
19/32
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Section 5
ANALYTICAL APPROACH TO THE STABILITY LIMITS OF THE NON-LINEAR HYDRAULIC SERVO

Once the linear analysis of a servo system has been completed, a question which
often arises is the following:

"What effect will the hardware nonlinearities have upon the system stability?"
The search for an answer to this question has prompted the development of a
number of anslyticel techniques, of which the most commonly encountered is &
Describing Function Approximation to linearity (DFA). An obsession with gener-
ality has relegated a majority of the answers obtained by this technique to a
qualitative rather than a quantitative solution. Although it is also based on
the DFA, the method presented in this memorandum hag sacrificed some generality

in order to insure a quantitative answer.

The basic objective of this method 1s to determine the stability limit, i.e.,
the magnitude of the input signal at which the system's response exhibits a sus-
tained oscillation, for a system containing a nonlinearity. To determine this
stability limit, it is necessary to place several constraints on the form of the
input signel; these constraints are derived in detail in the body of the memo-

randum.

If it is assumed that any system selected for investigation may be represented
by the bloek diagram of figure 1, then a standard mathematical model will be

gvailable for the anelysis.

I
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Figure 1. CANONICAL FORM
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As 1t was previously stated this analysis is only concerned with the system when
a sustained oscillatlon or limit cycle is present in the response. Besides giving
a well defined criteria for determining the stabllity limit of a system the
agsumption of a limit cycle is made necessary by the definition of the describing
function. To make use of the DFA, the nonlinearity in the system is replaced by
its describing function,5>, which relates the output of the nonlinearity to its
input as shown in equation 1. The describing function for a saturation nonlinear-

ity is given by equation 2.

©.(8) = qQ, (5 (1)

9 :%[SIN"'_%- 4—% SIN(2 SIN"%L)} (2)

If the analysis is limited to systems with & linear gain margin of at least 6 db

(which is not too unreasonable) the following approximations can be made,*

and when these approximations are substituted into equation 1 the expression for

9 simplifies to:

_ 4 4O
Once the saturation has been replaced by its describing function gain the charac-

teristic equation of the system in figure 1 may be written as:

Oour ey — N (S)N(S) _ N(S) L
O, ©)= /+30,/S)Dzr5) '*35es) ()

* For & system with & linear gain of 6 db, the real axis crossover is at -2 and,
therefore, the magnitude of ¢ necessgry to make the system limit cycle is 1/2.
If equations 1 and 2 are solved for 7“and the value of 1/2 is used forg , the
error incurred by using equation 3 in place of equation 2 will be only 5.25%.

™



and if both sides of equation 4 are multiplied by D(S) the characteristic equation
may be rewritten as:

e,
* - ovr
AT (8)= D(S) 3

(8) = D(S)+ gN(S) (5)

Since both N(S) and D(S) are polynomials in S equation 5 may be written as:

d . n .
NGO E Z QLSL+ SZ ‘OJ' s? (6)
(=0 j=o

Now if the system is to contein a limit ecycle, the characteristic equation,
A%(S), must contain a pair of conjugate imaginary roots, in which case A%(S)

may be written as:

d-2

A% (8) = (8% 07 2, 58 = (i) € 03) (7)

Equation 7 mey be expanded into:

q4-2
N ORI T Y ISR L, WS + LW (8)

It is desirable at this time to equate the A¥(S) of equation 6 to that of equation
8, to do this equation 6 must be manipulated into the form of equation 8. ‘To facil-

itate this manipulation a variable o(A) will be defined as:

A
U(])'—'(: 7\(

O

setting 2 = n-d equation 5 may be written as:
AMts) = [34+ T3 04)§% [Qg. + T{es1)gby. ] S""+f@g.aw(ﬁ+13 04-i] (9)
+a+0-190]S + Qe+ 3b, -~
If the coefficients of like powers of S are equated between equations 8 and 9,

thie following equations are derived:

L,wf= Q. +9b, (10)
,C\Cn.)z-';-’:l..,-*ﬁb! (11)

6



.qi+w&Q=qi+vﬂna~MQoi (=23 -d-2 (12)

L= Qd_,+v(yv-d-:~'}3bd-; (13)

Lyp=0g + T(r-i)9 by (14)
Bquation 12 is actually a set of d-3 equations and, therefore, the total number

of equations represented by equations 10 through 14 is @ + 1. Since there are

. 2 ,
also d + 1 unknowns (a,cu "CO"cl""[%pe) each of these varisbles will be

determined uniquely by the system parameters, (ai, bJ ti=1,2,...4; =1, 2,...n).

Two of the solutions of these simulsatious equations will be:
9= G(Q‘i)bj) (15)
w=0 (@, b;) (16)

Where equations 15 and 16 represent known functions of the system parameters.

Now equations 3 and 15 can be equated.

G(Qt)bj)= %- AZ" (17)

and 1f equation 17 is solved for AL:

AL= %-G(a“b})oz (18)

The only chore remsining is the determination of an expression for Z. Since 2 is
the magnitude of the system's response to the driving function, oiés), the form

of the driving function must be known before an expression for Z can be derived.

The two types of driving function that are most commonly employed in systems
analysis are the sinusoidal and polynomial functions of time; therefore, it would

be desirable to calculate the staebility limit for both of these. In choosing a

7



Qﬂgt) for the analysis it should be kept in mind that the steady state form of
Qm(t) must be a sinusold if the DFA is to be used and that it must be a single
sinusoid only, i.e., not a sum of two or more, since the inclusion of & non-
linearity in the system precludes any application of the superposition law applied
so unconsiously in linear systems analysis. With this in mind the expression for

6.(8) is written as:

g ls) - Z—,fgemm (29)
N,(S)
using equation 19 and the fact that qm(S) =-E;F§-€%(S)
e B 2B o
or
N (3)D,(S) €\ (S} (21)

B e

In view of the previous discussion all of the poles gf Qm(S), except the two at
+ju, must be restricted to the left half of the S plane. Unfortunately this
regstriction automatically removes the sinusoid from the realm of investigation,
for if Oj£S) is the transform of a sine wave it will contain a pair of conjugate
lmaginary poles which would violate the restriction set forth previously. At
first glance it would appear that a polynomial function of time would also violate
this restriction, however, further investigation will show that there is a way
around this seeming road block. Let Qﬁgt) be a polynomial function of time such

that its trensform oin(s) is

o I m -
Cuml D L LNS (22)
=0 S r=C
To
(It should be noted that the term = = To in equation 22 is the Dirac delta or
' S

impulse function of time.) Now if this expression for eiés) is substituted into

equation 21:

N\ (5) Dz(S;
S A¥(S,

e 1rs™T (23)

m
S, (8)=
Yic

Ny
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It is now apparent that the m® order pole at the origin brought into the
equation by oﬁgs) violates the restriction and must be removed. This task is
easier than it seems: If one of the roots of DQ(S) is a factor of the form S
than it is only necessary to make certain that mspP to eliminate the m order pole

at the origin, in which case equation 23 beconmes:

. d' ’_p-
e R a:st m -
o= S, [Zp ‘ J rs™" (24)
C(SY (S @F) D.(S) Ve
Now if equation 24 'is multiplied and divided by w:
p-n ;
N (S)2 ofs) m et @ }
= R o V D S o

1
.

Since this analysis is only interested in the system response after all the tran-

slent terms have died out, the inverse transform of equation 25 may be written as:

Op(t) =E Sin wt (26)

Where

N Ga[gGe)/0ef] m
R-m-i T (iw)
Ciw) ;:, " (27)

Substituting this value of'qminto equation 18 the final equation is arrived at:

ul p-m-| l Ni(Jw) [q{jw)/(iw)p] Al N
= — G(a;,b; . . Z:r(Jw)
&m g SELHW cw) o (28)

Equation 28 gives the value of AI at which the system will limit cycle as a
funetion of the system parameters and the magnitude of the forecing funection.

The main difficulty in using this method is solving the simultaneous equations

10 through 1, if an attempt is made to apply this method to a complex model it
may be necessary to resort to digital computer techniques to solve these equations.
It should be emphesized thet while this method was derived for s seturation non-
linearity it should not be toq difficult to apply it to other nonlinearities which
do not contribute any phase lag to the system, and it might even be possible to

extend the general philosophy to any nonlinearity.
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LIST OF SYMBOLS

System parameters

Order of denominator polynomial

Order of numerator polynomial

Input signal to the system

Output of the system

Error signal

Input to the saturation

Output of the saturation

Value at which the signal saturates

Characteristic equation

Describing function gain

Frequency of the limit cyecle

Msgnitude of the limit cycle oscillation prior to
entering the ssturstion

Transfer functions of the system
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SECTION 6

SLOSHING & STABILITY ANALYSIS

The purpose of this study wes to determine the sloshing effect of I.H2
and 10X on the time responsé of the C-5 configuration S-IVB suto-
pilot. The rigid body autopilot model shown in Figure 1 on page 2
was used in conjunction with representaetive equations of sloshing
motion. These sloshing motion equations are reproduced on page 9.

The above system equations were programmed on a PACE 231 R anslog

computer and computer runs were made using the following values of LH2
and ILOX demping coefficients ( 1 0d P, respectively):

5, R

0 0
0.0001 0.001
0.001 .003
0.01 0.01

The initial conditions used in all runs were:

é 0.5 deg/sec (rate change of pitch)

€

1.0 deg (pitch)

The results of this investigation are based on peak to peak oscillation
values of &, 0, O about & nominal value of zero. Values at 25, 50, 75,
and 100 seconds burning time are presented in tables 1 through 4 on
pages 3 through 6. In addition, a plot of peak to peak values of d
versus time for a typical run is shown in figures 2 and 3 on pages T
and Y. After the first 10 seconds burning, the osclllations of 5,

0, and O follow similar patterns.
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Section 7

GARDEN HOSE DYNAMIC COUPLING STABILITY ANALYSIS

SUMMARY :

The main objective of a control system analysis is to seek out any adverse
stability effects that may be present. Quite often coined expressions are
attached to certain problems which occur more often than others and can be
categorized by their nature. Eventually, these terms make their way into the
engineering vernacular. Classic examples of this are tail-wags-dog and flutter.
The text of this presentation deals with still e third undesirable dynanmic
affect--garden hose. Impact of this instability on the Saturn IB vehicle is
discussed. A mathematicael formulation and solution of the garden hose equations
presented, Finally, a comparison is made between garden hose and classical
flutter, and the mysteries surrounding the exotic name of garden hose are re-

duced to streightforward engineering terms.

INTRODUCTION:

Garden hose is an instability whose basic ingredients are one free-free body
bending mode and one engine rotation mode with thrust. Figure 1 is & schematic
of these modes-~in this case, & first body bending mode and an engine rotation
mode, both acting in the same plane. The fact is to be noted that the system
1s made up only of maesses, springs and dampers. The only external force re-
sults from engine thrust. No control system is included, as the instability
is not a result of the control system. However, an engine servo included in
the system will alter the problem; this feature will be discussed later in the
text.

The easiest explanation of the mechanism of garden hose is accomplished by
demonstrating the forcing effect a body bending mode has on an engine rotation
mode due to mass coupling and the effect an engine rotation mode has on body
bending due to the thrust forces. These two interreactions are dlscussed
geparately, and the effects are then combined to demonstrate the overall mech-

anism.

To illustrate the forcing effect body bending imparts to engine rotation, a two
degree of freedom system is assumed. This system consists of an engine resil-
iently mounted sbout its gimbal and a body bending mode which can be commanded
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SYMBOLS

Coordinate describing body bending (inches)
Coordinate describing engine rotation (radians)
Body bending modal mass (1lb-sec /inch)

Inertia of engine about hinge line (lb-inch-sece)
Product of inertia between body and engine (lb-sece)
Modal damping of body (1b-sec/inch)

Damping of engine (1b-inch.sec)

Modal spring of body (1b/inch)

Engine spring (in:1b)

Modal hinge line deflection (non-dimensional)

Modal hinge line rotation (1/inch)

Thrust (pounds)

Laplace operator (1/sec)

Aerodynemic force coefficient of airfoil (non-dimensional)
Dynamic pressure (PSF)

Area of airfoil (fte)
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SCHEMATIC OF THE SYSTEM

FIGURE 1
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to move at the engine open loop natural frequency.l The assumed system is
pictorally represented in figure 2a with initial conditions of a finite count-
erclockwise engine deflection but no angular engine rate. The body is initially
st a zerc deflection but possesses a sinusoidal velocity such that the gimbal
point is displacing down with time. Since displacement of the body is zero,
instantaneous acceleration et the gimbal is zero and no moment is applied to

the overhanging mass of the engine. Time response plots of engine rotationm,
body deflection and moment on the engine due to gimbal acceleration are pre-

sented in figure 2b.

If the system were allowed to move through a phase angle of 900, the new body
and engine positions would be as shown in figure 3a. The body has deflected
such that the gimbal point has translated down. Since the body is moving in
sinusoidal motion, the acceleration vector at the gimbal will be directed up.
This acceleration will result in a clockwise moment to act on the overhanéing
mass of the engine throughout the 90o of displacement. The engine was assumed
initiall& to be at a counterclockwise angle with no angular rate. This essump-
tion implies the engine reached its meximum excursion and will displace to zero
angular deflection in sinusoidal motion 90o later. By plotting this implied
engine motion and the moment resulting from gimbal acceleration versus time,
the fact that the moment is leading the engine displacement by 900 is apparent.
Also, body deflection will lead the engine by 90O since the moment and body
displacement ere in phase. Therefore, the moment has the proper phase to sus-

tain sinusoidal motion in the engine at the engine natursl frequency.

The argument is pursued further in figures 4, 5 and 6 for progressively increa-
sing body phase angles of 1800, 270o and 3600. The conclusions reached for the
first 90o of movement hold up for all of these later periods. Thus, the pic-

torial representation is valid for the assumed system.

A second system is employed to illustrete engine force on the body. This system
congists of a body bending mode with no constraints and ep engine rotation mode
that can be commanded to move at the body bending natural frequency. The engine
will impose a vertical force component on the body which is equal (for small
angles) to ~T X’d-e This force will drive body bending et its natural freguency

1 A note should be made of the fact such a mechanism cannot exist unless the pro-
duct of inertia between body and engine were zero.

2 The negative sign results because & positive engine rotation (clockwise) pro-
duces a negative force (up) on the body.
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and will lead bending deflection by 90°. Since engine deflection is 180° re-
moved from the vertical thrust component, the engine will lag the body by 90°.
This phase relstlonship is the same as was realized in the first assumed systen.
The resulting engine position, body position and vertical thrust component time
plots are presented in part C of figures 2 through 6.

Therefore, in the first assumed system the body drove the engine inertislly

and led the engine by 900. In the second assumed system the engine drove body
bending mode due to the vertical component of thrust and the body led the engine
by 90°. Since the two modes are driving each other, the possibility of an in-
stability is suggested. The assumed systems were fictitious as two coupled
modes cannot possess the same frequency. However, two modes can be very close
together in frequency, and produce motion similar to that discussed. The fre-
quency for the resulting instability will be somewhere between the two natural

frequencies of the natural free-free system.

If the engine were to be replaced by an airfoil and this airfoil subjected to
a fairly high supersonic flow, a resulting flutter instability could be realized
which would be very similar in nature to the garden hose instability. If the
inertisl effects of the airfoll were the same as the engine, the aerodynemic
force change in the vertical direction for a change in delts were the same as
the vertical thrust component due to & change in delta, and the aerodynamic
center were on the hinge line, the resulting equations would be almost exactly
the same. The only way the two would differ would lie in aserodynamic damping
terms which would not be present in garden hose. However, the mechanism is
primerily the same and the method of approach to the problem should not be
forelgn to one who 18 used to flutter solutions. This similarity is illus-
trated in figure 7.

For the system of figure 1, the equations of motion are presented in figure 8.
The derivation of these equations is contained in the appendix to this present-
ation. The coordinates for writing the equations are chosen such that the sys-

tem is mass coupled with no spring coupling.

Once the equations of motion have been written and the proper values inserted,
the roots can be extracted and stability can be determined on the basis of

whether the roots lie right or left of the complex plane. However, since
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an IBM solution is suggested and the use of IBM programs constitute a consider-
sble time delsy between get-up of the problem and the answer, an elternate
method was used. If damping was disregerded and the equations of motion were
expanded into a polynomial, the resultant polynomial would be fourth order,

but with no odd powers (figure 9). The quadratic formula can be employed as

a solution for 82, and the resultant answer for 32 can simply be taken to the
1/2 power to find the root S. This relatively simple closed form solution was
progremmed onto the Bendix G-15 computer and the data for the trend study was
obtained by this method. Another useful means was employed to determine the
thrust that would be required for marginal stability or the onset of the in-
stability. Since the characteristic equation has only even powers of S and
all of the coefficlents of the S operator are positive, 1t can be sghown that
the onset of instability occurs when the term inside the radical of the quad-
ratic solution goes to zero. Making use of this fact, the G-15 computer was
programmed to solve for the thrust required to cause an instability for eny
given set of lnput conditions. By these methods the thrust could then be varied
and the roots extracted quite rapidly.

The results of the aforementioned trend study appear in figures 10 and 11 of
the presentation. PFigure 10 is a plot of thrust required versus engine spring
rate. Three parametriec sets of curves were generated for three body bending
frequencies. As to be expected, the minimum thrust was required when the un-
coupled engine frequency was set equal to be the uncoupled body bending fre-
quency. This minimum thrust required situation corresponds to the low point
of the parabola of each of the three curves. Figure 1l presents the damping

ratios versus thrust for three conditions of uncoupled engine frequency.

Three uncoupled body frequencies were the same as used in figure 10, viz., 2.70
cps, 3.82 cps and 5.41 cps. Therefore, the boundary conditions of figure 11
correspond to the minimum point of each parsbola of figure 10.

To determine the demping ratios that would result if dsmping had been included

in the system, a very good approximation can be made by translating the curves

in figure 2 down by the value of desired input damping. This spproximetion is

given if the demping of both systems is assumed to be equal. If the damping of
the two modes is assumed not to be equal, the two damping values would have to

be weighed according to the magnitude of the resulting eigenvectors of the zero
damped solution.
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SOLUTION OF ZERO INPUT
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CONCLUSIONS:

The impact of this analysis on the Saturn IB vehicle will probably be no more

than one of close scrutiny and re-evaluation of the problem when the design

is finally fixed. However, the solutions did show an instability of C/Cc = 0.0186.
This negative damping should be easily overcome by hydraulic mechenism friction,
or engine servo damping. However, until the engine gimbal friction and servo
‘transfer functions are fully evaluated, the problem should be kept alive. If

the problem did happen to manifest itself, the consequences could be quite
catastrophic. The first bending mode of the Saturn IB vehicle during S-IVB
powered flight is predicated upon the stiffness of the escape tower truss.
Therefore, this truss would be one of the weak links in the system and might

fracture first.

In conclusion, Douglas plans to keep a watchful eye on the garden hose problen

and make sure all of the proper garden hose terms are included in the engine

body bending transfer functions.
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Appendix 1 (continued)
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SECTION 8

ROLI, TORGUES GENEAATED BY PROPELLANT SLOSHING

Since the 5-IVH vehicle utilizes an auxiliary control system with a separate
propellant supply to maintain roll control during powered flight, any effect
of vehicle dynamics on the consumption of this propellant supply should be
thoroughly understood. The purpose of this study is to determine the amount
of propellant necessary to counter the roll momernt generated by propellant
sloshing. Hnowing that the liguid hydrogen is unstable early in flight and
very lightly damped during the remainder, it was suggested that this roll
moment. could be relatively severe. The results of this preliminary analysis
indicate the propellent necessary to counter the worst case will be 0.6 1lb,
When this figure is compared to the 39 1lb of fuel allotted for the suppres-
sion of roll moments or the total fuel in each module of 800 lb, it can be
seen that the effect of this roll moment is very small, This study was made
with a 2 degree of freedom vehicle rigid body representation (pitch and yaw).
Consequently, yaw characteristics are independent of those in pitch and vice
versa. This study is presently continuing with roll freedom, the roll auto-

pilot, and Euler transformations included.

EXISTING ANALOG SIMULATION:
Figure 1 shows the model used and defines the parameters. The equations of

motion of this model are:

M, - ml"ls’l - II’1"‘55’1 - mz"25.’2 - mz“'gyz =-T§ (1)
8 - f.03 008 + )y - my 0 oA 0,0 + Z)=TLS (2)
i T A A M R A | T, T = My Lpho¥p = My K olu, T

No * X 1.9. T ATy b “‘:%3’1 =0 (3)
No + A8 + ot Ay, "'25’2 =0 (4)
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- A simplified autopilot and engine loop were included in order to c¢lose the
loop. The equation for the autopilot is:

&= K0 + K6 (5)
Since commanded inputs are not being considered, equation (5) becomes
&= K8 - K38 (6)

The simplified engine loop may be best presented in block diagram form and is
illustrated in sketch 1.

Loy S L
R S I N 4

Sketch 1
Simplified Engine Loop Model

Figure 2 shows the block diagram which fesults when the above equations are
combined., Two of these block diagrams are used in the analog simulation to
represent the pitch and yaw planes. The equation by which the roll moment

is generated is found from figure 3 to be
= [ | Idy _ I8
My Lm1y19 + my 29_. i, Myt 2o 3 ()

It should be noted that the moment due to the damping forces action the walls
of the tank has been assumed insignificant and therefore does hot appear in
equation (7). Preliminary runs using initial conditions of 1° and 1 °/sec on
vehicle attitude and vehicle rate respectively and assuming no thrust buildup
indicated that the maximum fuel consumption occurred in the first A4 seconds of

flight. Therefore, it was decided that a more realistiec simulation of the sep-

aration conditions was warranted.,



Since the slope of the thrust curve is very steep, it was felt that the thrust-
as a function of time could be approximated by a step at 4 seconds (the time

at which the actual thrust is half of its maximum value). The other major con-
sideration in the simulaticn of the vehicle's condition at separation is the
initial position of the sloshing masses. The injtial position and rate of the
sloshing masses is determined by the moments applied to the vehicle by the sep-
aration mechanism, but, since the true nature of these moments is unknown, it
was again necessary to resort to approximation. It was assumed that any com-
bination of moments applied to the vehicle prior to separation which would re-
sult in a given set of initial conditions would have the same effect on the
sloshing masses., For this reason, a constant moment was used to develop the

various combinations of initial conditions used.

ANALOG RESULTS:
Using the following disturbances, a roll torque history (figure 4) was

obtained.

Disturbances at t (separation) - 2 sec,
Pitch attitude = 0

Yaw H = +2°
Pitch acceleration 1/2°/seé2for 2 sec
Yaw H —1/2°/sec2 for 2 sec

These disturbances resulted in the following conditions at separation:

Pitch attitude = 1°
Yaw " =1°
Pitch rate = 1 deg/sec
Yaw rate = -1 deg/sec

The resulting propellant consumption history is shown in figure 5. This curve
indicated that 90 percent of the propellants are used in the first 10 seconds.
Thus, the total amount used is largely a function of the initial disturbance

encountered,
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Section 9

SATURN S-IVB GENERAL PROTUBERANCE WIND TUNNEL TEST
PRELIMINARY REPORT

INTRODUCTION

A basic Saturn design requirement is the location of certain systems on the
external surface of the vehicle., This is necessary in many cases for S-IVB
application because the wall of the S-IVB liquid hydrogen tank including in-
sulation is the skin of the vehicle. A number of protuberances in the form
of external fairings and stiffeners are present to affect the aerodynamic
flow field. These are totally or partially immersed within the thick tur-
bulent boundary layer, including the external stringers which are small in
comparison to the boundary leyer thickness. The flow field caused by the
protuberances within the boundary layer does not lend itself to analysis,
and the interactions between stringers and protuberances create a very
complex situation. It 1s necessary to perform wind tunnel tests to deter-
mine aerodynamic loads and heat flux rates for those cases in which these

effects eritically affect the design.

There are several effects which must be the subject of an effective test pro-

gram to verify vehicle design. These include:

1. Protuberance Loads and Pressure

The effects of protuberances on vehicle drag and the resulting payload
penalties will be determined, also local structural and skin thickness re-

gquirements due to protuberance loads and induced pressures.

2. Induced Flow Effects

Regions of unsteady flow and resulting effects will also be investigated.
Wakes, separation regions, shock interactions, and unsteady pressure effects

due to protuberances will be investigated.
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3. Heat Transfer

Aerodynamlic heating of protuberances and of regions affected by protuberances
will be investigated. Heat transfer coefficients both on and around protub-

erances will be determined.

4., Body Shape Effects

Information regarding the effect of geometric shape as it influences the flow

field surrounding the protuberances will be obtained.

5. Protuberance Combination

Infcrmation on effects of protuberances on each other will be cbtained.

ANALYTIC ANALYSIS

Loads

The theoretical estimation of loads and pressures on protuberances is very
complex. The protuberances are immersed within the thick turbulent boundary
layer. The boundary layer must be determined before the various design param-
eters may be evaluated. The Saturn V dimensions assumed for the boundary lsyer
analysls are shown in figure 1. Three solutions were used to determine the
boundary layer thickness; two of which assumed incompressible flow, the other
compressible flow. Figure 2 shows the results for both incompressible solutions
as a function of time for the Saturn V design trajectory. Figure 3 gives the
boundary layer thickness at Mﬁo= 1.6 (approximate maximum dymemic pressure)
which is the criticel condition for design lcads. The Van Driest compressible

solution does not vary greatly from the Van Driest incompressible sclution

The protuberance drag coefficients were estimated assuming that the protuberances
are attached to an infinite flat plate. The available literature was used to
select the particular drag coefficient. The side loads were estimated by applying
small sspect ratio wing theory in the presence of the upwash flow of the body.

All side load analysis assumed 10 degrees angle of attack. Normal loads were

evaluated from the estimated presssure distribution.
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The 1list of protuterances, their location, geometry, and loads is being revised
as soon ags new information becomes available., Significant changes in protuber-

ances sre not anticipated.

Heat Transfer

The analysis of aerodynamic heating in the viecinity of protuberances is com-
plicated by the presence of the thick turbulent boundary layer. Available
data shows thal wide variations in heat transfer coefficients are experienced
and that significant increases in the heat input to a vehicle skin in the
vieinity of a protuberance will cause local hot spots. The formulation of

a method of theoretical prediction of protuberance effects on the surrounding
ares would be very complex, and no known analytic method is available. The
computation of heating of the protuberance itself is complicated by the vari-
ation of the boundary layer velocity along the height of the protuberance.
Present design procedure for Saturn S-IVB application is to compute the boun-
dary layer velocity that would occur at a certain protuberance height and
determine the aerodynamic heat input at this height to the shape involved.

The validity of thin boundary layer heat transfer theories becomes very question-

able in the vicinity of objects whose dimensions are less than the boundary

layer thickness.

The externsl stringers located on the forward and aft skirt and aft flare
sections have very small dimensions in comparison with the boundary layer
thickness. The heat transfer coefficient over a very large portion of the
vehicle skin is therefore uncertain and present design practice is to assume
that the heat transfer coefficient is twice the flat plate vglue in the
viecinity of the leading edge of the stringers. The heating to the aft flare
is enough to cause consideration to be given to some type of low tempersgture
ablative coating. The minimum thermolag thickness that could be attached to
the aft skin is 0.02 inches. This would incur a weight penalty of 250 pounds.
The attitude control rocket fairing is large enough to be only partly within
the boundary layer. The functioning of the antenna is influenced by heating

thus, heat transfer coefficient data are desirable on this protuberance,
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Wind Tunnel Test

A wind tunnel test program is required to velidate and adjust the results of
analytic analysis. In addition, the test program would supply data for areas
affected by regions of complex flow for which no known analytic method is
available. Both aerodynamic load and heat transfer data, for the protuberances

and the vehicle surface in the proximity of the protuberances, are necessary.

The assumption is made that the wind tunnel floor simulates the Saturn vehicle,
and that the wind tunnel boundary layer simulates the vehicle boundary layer.

Facility

A1l facilities and equipment needed to conduct this progrem are currently avail-
eble within the Douglas Aircraft Company, Missile and Space Systems Division.
These include the engineering facilities required for design of the models,

a model shop capable of febricating and instrumenting the models and support
equipment, IBM 1620 and 7090 computing facilities required for data reduction
end analysis, and the wind tunnel test facility.

The Douglas Aerophysics Laboratory Trisonic Four-Foot Tunnel located at

El Segundo, California is s blowdown-to-atmosphere faciltiy opersting from
a 525-psia storage reservoir with running times on the order of 30 té 60
seconds. Mach number range is continuously variable from 0.2 t¢ 5.0. The
four foot square test section provides for the development testing of large

models.

A schematic of the design features of the tunnel is shown in figure 5. 1In
addition to the tunnel itself, the facility contains or has directly available,
associgted equipment. A unique feature of the tunnel is the existing model
prctective and cooling shoe system used for heat transfer tests on sting mounted
models. This system consists of two half-shoes which enclose a model on the
tunnel center-line. When data are to be taken the shoes are retracted quickly
into wells in the tunnel floor and ceiling. The shoes also incorporate a
liquid nitrogen spray system so that heat transfer models can be cooled exter-

nally prior to a run. In their basic configuration when extended, the shoes
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enclose a volume consisting approximately of a 4O-degree included angle cone

with a 15 inch dismeter cylinder extending 7 inches from the cone base.

The experience provided by the design and operation of this shoe system greatly
enhances the successful development of the proposed protective shoe system for

floor mounted models.

Due to problems associated with the cooling shoe installation in the supersonic
test section, it is proposed that the transonic test section be used for both
transonic and supersonic testing. This would allow sufficient room in the test
section plenum chanber to house the cooling shoe in the retracted position.

The personnel at the Laboratory have tested the pilot tunnel in a similar con-
fiugration with excellent results. The use of the transonic test section would
require only one model installation and allow a much easier access to the model

mounting fixtures. ZEase of access to the model mounting fixtures is necessary

to facilitate protuberance changes and yaw angle changes. Approximately a saving

of two (2) hours per model change can be realized by using the transonic test
section for all testing. Preliminary testing will verify the desirsbility of

this approach.

Model

The primary consideration for proper simulation is the relationship between
the wind tunnel boundary layer and the vehicle boundary layer. Since the
wind tunnel bhoundary layer will be utilized to simulate the boundary layer
over the vehicle, the tunnel boundary layer will determine the model scale.
Figure 6 shows the total boundary layer thickness versus Mach number for the
aft skirt of the missile and for the wind tunnel test section. A 20 percent
model would give good simulation at this point. Figure 7 compares the forward
skirt boundary layer total thickness to the test section thickness. A 30 per-
cent model gives good simulation in this region. A comparison of vehicle and

wind tunnel boundary layer velocity profiles is shown in figure 8.

A preliminary analysis indicates that shock wave interaction and tunnel block-
age are not problems but & limited tunnel verification is desired to provide

information on any problem that may exist. This preliminary check will have
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been performed for the auxiliary propulsion system test.

The protuberance models required for force testing will be designed for mounting
on a six component streain gauge balance. Since it is not desirable to record
pressure data simultaneously with force data, separate runs for the pressure
data will be required. The same model will be modified so that both types of
dats can be obtained with a given model during different runs. These protuber-
ances will be fabricated of aluminum or steel. Heating rates to protuberances
will be measured on thin walled models instrumented with thermocouples. These
will be electroformed shells. It does not gppear desirable to measure pressure
data on the models simultaneously with the heat transfer data as the model
walls must be made thicker and the pressure tubes constitute heat sinks. The
protuberance modles utilized to measure pressure data required for the heat
transfer tests will be force models instrumented with pressure taps. For

details see figures 9, 10 and 1l.

Test Technique

The floor mounted model will be cooled prior to the run with a fine mist of
liquid nitorgen dispersed from the cooling shoe. When the model has reached

the desired temperature (approximately -8OOF) the tunnel flow will be initiated.
After the tunnel flow is stabilized and the temperature of the air fiow is
essentially constant, the cooling shoe will be retracted into the tunnel ceiling.
Just prior to the retraction of the cooling shoe, the data recording will bezin.
The data acquisition will last for approximately 10 seconds. When the data
acquisition is complete the tunnel will be shut docwn. Pressure data runs

will be conducted similarly except the cocling shoes will not he required.

Heat transfer data will be acquired at Mach numbers from 2.0 to 5.0.

Instrumentation

The most accurate and reliasble method of determining heat transfer coefficients

is with asymptotic calorimeters. These instruments have a rapid response to

118



heet {lux ratee and mey vo calitrated to * perecent accuracy. They appear as
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Asymptotic Calorimeter

The Junction of the constantan foll sensing disc and the copper heat sink forms
a thermocouple, Another thermocouple juncticn is formed between the constantan
foil and the coopper wire attached to the center of the sensing surfaces. When
8. heat flux 1is applied over the sensing surface, the temperature of the con-
stantan foil increases rapidly. The temperature of the copper heat sink re-
sponds very slowly to heat flux rates. The difference in the temperature at
the two junctions is, therefore, a measure of the heat flux rate. The calor-
imeter is calibrated with a known heat source to obtain its calibration curve.
Although radiant heat transfer should be very small over the range of temper-
atures encountered in the proposed wind tunnel test, the emissivity of the
sensing surface is known and any corrections necessary will be made. The
calorimeters will be calibrated over the test temperature range. The response
time of the calorimeters for this application is 0.3 seconds. (Shorter response
times occur with higher heat flux rates.) A thermocouple may be installed near
the surface of the copper heat sink to measure heat sink temperature. The heat

transfer coefficient is then determined.

The recovery temperature is determined by allowing the wind tunnel to run long
enough to allow the temperature of the model (and calorimeter heat sinks) to

reach an equilibrium temperature.
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The limitations for use of the asymptotic calorimeters are their comparatively
large size, and the necessity that they have flat sensing dises. They would

distort curved model surfaces.

For the protuberances, since their size and shapes rule out the use of asymptotic
calorimeters, the best method currently proven for determining heat transfer
coefficientsbis making the measurements with a thin shell model (0.030 inches
“thick) instrumented with thermocouples. The wall is kept as thin as possible
and the termperature history of the wall measured. The heat transfer coefficient
is then determined. The limitations of this method are conduction and radiation
losses, and the difficulty of formins a thin shell to very close tolerances.

The forces and moments acting on the protuberances will be measured with a
strain gauge balance. The entire protuberance will be supported from the
balance. A clearance gap large enough to allow sﬁfficient clearance between
the protuberance and the plate and stringers will be required. In addition

it will be necessary to provide an interference circuit that will indicate
when any grounding occurs. A special sealing technique will have to be
provided for protuberances that are flush mounted on the vehicle. Probably

a2 bleed and baffle system will be utilized. The pr~ssure data can be applied
to the force data. Theload distribution on the protuberances will be determined
with pressure measurements. The protuberance induced load distributions on the
plate simulating the vehicle surfaces will also be determined with pressure

measurements.
To measure fluctuating pressures at select locations a different pressure
measuring system will be utilized. This pressure measuring system will be

capable of measuring the pressure variations up to a frequency of 100 cps.

Items to be Tested

The items to be tested have been selected on the basis of their importance
to the serodynamic and thermodynamic design of the S-IVB., The aerodynamic
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considerations are loads on protuberances themselves and protuberance induced
pressures on critical skin areas. The thermal environmment characteristics are
protuberance heating and protuberance influenced skin hesting. From these
considerations it appears to be desirable to test the following. (This does

not include the force testing necessary to design the attitude control rocket

feiring.)

Force

1l. hydrogen feed line

2. retro-rocket falring

3. hydrogen fill line

}, 8S-II retro-rocket fairing
5. electrical tunnel

Pressure Induced on Structure

1. dinterstage aft of attitude control rocket fairing

2. interstage around S-II retro-rocket fairing

3. area under attitude control rocket fairing and on underside of the
fairing

Heat Transfer (both to and around protuberance)

1. attitude control rocket fairing
2. stringers on aft flare
. stringers on forward and aft skirt

antenna and pad

retro-rocket fairing
hydrogen feed line
ventllation system falring

- NV W

Experience has shown that where heat transfer is measured with thermocouples
it is desirable to have the thinnest possible skin and to keep heat sinks
away from the thermocouple to minimize conduction losses. It is, therefore,

necessary to have separate pressure and heat transfer models. Heat transfer

121



measurenents on the plate simulating the missile skin will he made with
calorimeters which may be paired with pressure taps. Areas between calori-
meters will be monitored with thermocouples. The number of models will be:

Force: Plate to mount force mecdels and five force models of protuberances
listed above.

Pressure and heat transfer: Plate and plate-flare combination to which
stringer will be attached, instrumented with pressure taps, calori-
meters, and thermocouples and models for both pressure and heat
trensfer of these protuberances:

1. attitude control rocket fairing

2. antenns and pad

3. retro-rodket fairing

k, hydrogen feed line

5. ventilation system
The same model will be used to measure forces and pressures, therefore, the
total number is:

3 mounting plsates

8 pressure-force protuberance models

5 thin walled heat transfer models

Progrem Organization

Figure 12 is the organization chart for the genersasl protuberance wind tunnel
test program. The S-IVB Aeroballistics Section will provide program technical
direction and mesnagement. In addition, this sertion will determine model
design and test requirements. This information is supplied to the Model Test
Group. The Model Test Group is responsible for coordingtion of model design
and. fgbrication as well as wind tunnel scheduling and test conduction. The
Model Design Group is responsible for satisfying the design requirements on
all of the drawings which are subsequently delivered to the Model Shop for

fabrication.

The Aerophysics Laboratory is responsible for test conduction and data
gathering. The data will be analyzed by the Aeroballistics and Thermodynamics
Sections. The Aercballistics Section will be responsible for preparation of
the final report.
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Program Schedule

The tentative schedule of the program, based on estimates of the Douglas Model

Test Group and the Aerophysics Laboratory, is presented as figure 13, This

The schedule
is based on the assumption that authority to proceed for the various phases

will be available prior to the dates shown in the schedule.

schedule will be revised as better estimates becoming availsable.
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