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PREFACE

Maneuvering control of rccket powered vehicles can be efficiently
achieved through angular deflection of the thrust vector. These de-
flections can be obtained either by mechanical means (deflecting the
engine or nozzle) or by secondary injection. In the secondary in-
jection system, the nozzle is held fixed while the thrust vector is
deflected by injecting a secondary flow of liquid or gas through the
nozzle wall. Although liquid secondary injection systems are in
common use on several vehicles, gaseous injection systems are theoreti-
cally more efficient, especially in cases where the gas is bled directly
from the main thrust chamber. Recent progress in the developrent of
hot gas valves and ducts together with analysis and test data on the
forces generated by intersecting flows indicates that a chamber bleed
gaseous secondary injection thrust vector control system is feasible.

The objectives of Contract NAS8-28651, "Warm Gas TVC System
Design Study" were to optimize the injection geometry for a specific
engine configuration and to design an injection valve capable of
meeting the baseline requirements. Tc optimize injection geometry,
studies were made to determine the performance effects of varying
injection location, angle, port size, and port configuration. Having
minimized the injection flow rate required through this study, a warm
gas valve was designed to handle the required flow.

An additional objective was to analyze and design a direct
drive hydraulic servovalve capable of operating with highly contaminated
hydraulic fluid. The valve is sized to flow 15 gpm at 3000 psia

and the direct drive feature is capable of applying a spool force of
200 pounds.

The baseline requirements are the development of 6° of thrust
vector control utilizing 2000°F (total temperature) gas for 180 seconds
on a 1.37 million pound thrust engine burning LOX and RP-1 at a chamber
pressure of 250 psia with a 155 inch long conical nozzle having a
68 inch diameter throat and a 153 inch diameter exit.
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1.0 SUMMARY

e

1.1 Thrust Vector Control Valve

For developing 6° of thrust vector control by injecting 2000°F
gas, the injection geometry was optimized through an analytical study
resulting in selection ot an injection pciat at 60% of the distance
from the nozzle throat to the nozzle exit (X/L = .6), an injection Mach
number of 1.5 and an injection angle of 50° upstream from the nozzle
wall using multi-point injection of 3 ports per quadrant. The analysis
showed that a flow rate of 6.9% of the main engine flow would be
required. Accordingly, for the 1.37 million pound thrust engine
burning LOX and RP-1 at a chamber pressure of 250 psia, a set of 3
injection valves capable of flowing 425 pounds per second per quadrant
was designed to operate for the 180 seconu rlight time. The valve is
a rotary butterfly type, each valve having a 12.19 inch diameter inlet,
a plenum in which the gas is turned through 127°40', a butterfly valve
forming the sonic throat, and an exit of 11.140 inch diameter. The
material selectcd was Haynes 25 (L-605) alloy internally lined with
rubber modified silica phenolic. The valve was specifically designed
to be attached to the 155 inch long conical nozzle having a 68 inch
diameter throat and a 153 inch diameter exit. Detail drawings were
made suitable for fabrication of prototype valves for use in demon-
stration tests.

1.2 Direct Drive Hydraulic Servovalve

A direct drive hydraulic servovalve sized for a flow rate of 15
gallons per minute at 3000 psia and capable of supplylng a spool force
of 200 pounds was analyzed and designed. The computed performance
analysis indicates a settling time to a step input of 6 to 19 milli-
seconds with 90° phase lag occurring at 117 cycles per second. The
valve design provides for operating with highly contaminated fluid by
using a spool diametral clearance of 0.0005 inch and a slightly under-
lapped spool and sleeve. The valve employs .0l4 inch diameter orifices

for damping.
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2.0 WARM GAS TVC SYSTEM

2.1 Injection Geometry Analysis

Injection of a gas or fluid into the side of a main thrust
nozzle produces a localized flow disturbance resulting in a high
pressure region inside the nozzle. Control of this injection flow can
be used to control the magnitude of the localized pressure and the
resulting side force on the vehicle. To obtain the optimum design,
congsideration must be given to injection angle and axial location.

Figure 2.1-1 plots the ratio of injection flow rate to main
engine flow rate versus the axial location ir the nozzle (test data in
Reference 3). The data shows that for gaseous injection into a nozzle
with a cone 1/2 angle eof 10°, the optimum location from an injection
tlow rate standpoint 1is 66.5 percent aft of the nozzle throat for all
thrust vector control angles from 3° to 10°. The empirically derived
formula which fits the data shown is:

M, = .25 (X/L-.665)% + .0085 (0°)

wnere
Mj = main engine flow rate
X = distance from nozzle throat to injection point
L = length of nozzle (from throat to exit)
6 = TVC angle (angle whose tangent is the side force/

engine thrust).

The data shown in Figure 2.1-1 addresses the problem of optimiz -g
the injectant flow only (i.e., minimizing the size and weight of the
valves and ducts required) without accounting for the thrust variation
that occurs at the different injection locations. In a chamber bleed
thrust vector control system, the flow rate of gas needed for control
purposes represents a loss in engine thrust efficiency. As the gas
is injected into the nozzle, an increase in thrust occurs depending
on the location of the injection point. After accounting for this
change in thrust (which was also measured), the curves shown in Figure
2.1-2 were plotted to show the ratio of control flow rate to main engine
flow rate versus axial injection location. The term "cortrol flow"

(M.) 1is defined as that portion of the injectant flow which produces
no thrust. The curves of Figure 2.1-2 show that the optimum injection
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Control Flow Rate versus Location




location (from a standpoint of minimum thrust loss) 1is 51 perce.:c aft
of the nozzle throat. The empirically derived formula wnich fics the
data shown 1s:

MM = .18 (X/L-.51)% + .005 (©°).

As an example of how to apply Figure 2.1-2, a need is assumes-
minimize the size and weight of a TVC valve capable of 6° TVC. Fri .¢
2.1~-1 shows the minimum required injection flow rate is 5 percen' ¢
main engine flow, using a single port normal sonic injiector located 66.5
percent aft of the throat. Figure 2.1-2 shows propellant flow required
for control producing no thrust is 3.7 percent of main engine propellaut
flow.

For a second example, a need is assumed to minimize thrust
penalty to the engine while obtaining 6° TVC. Figure 2.1-2 shows
minimum control flow to be 3 percent of the main engine flow with the
injection point located 51 percent aft of throat. Figure 2.1-1 -
indicates that TVC duct and valve assemblies installed at that location
must be sized to accommodate 5.4 percent of main engine flow. This
assumes a single port, sonic injection with injector orientation
aormal to the main nozzle centerline, the main nozzle having a cone
1/2 angle of 10° with a throat to exit area ratio of 1.95.

For any vehicular application, TVC valve and duct hardware
weight needs to be traded against propellant weight. From this,
optimum injection point location must fall between 51 and 66.5 percent .
aft of the throat, depending on the control duty cycle. Where a 100
percent duty cycle and maximum burnout velocity are required, the
performance penalty of fixed hardware weight is approximately twice
that of expendable propellant weight. This makes an optimum injection
point 2/3 of the distance back fror the 51 percent point, 61.3 percent
aft of the throat.

Figures 2.1-3 and 2.1-4 show the effect of varying the injection
angle. The empirically derived expressiors are:

6.4 X 10°° (e-30)2 + .007 (©°)

Mj/Ma

and

6 2

=3.2X10 ° e° + .0056 (0°)

e

~

=
[

precvong ey

where ¢ is the angle between injection and a line perpendicular to the
main nozzle centerline (in degree). Both curves and corresponding -
forrulas show that the optimum injection angle for minimum valve and

duct size is 30°, while the optimum angle for minimum fuel usage is 0°. i T
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Again considering a 100 percent duty cycle and maximum burnout velocity
as design criteria, overall system optimum injection angle should be
20°,

2.2 Material Selection

The materials selection study was completed with the candidates
narrowed to two materials: 347 CRES and Haynes 25. The general require--
ment used were formability, weldability, weight, cost, and strength at
2000°F. Technical reports, manufacturer's literature and handbooks were
reviewed for metals which would qualify as candidates. The literature
survey revealed that a number of iron-, nickel-, cobalt-, and columbium-
base alloys would qualify under the established requirements guidelines.
The alloys selected as primary candidates were:

Iron-base: 347 CRES and N-155
Nickel-base: Inconel X and Hastelloy X
Cobalt-base: ilaynes 25 (L-605)

Columbium-base: C-103

ihe requirement for weldability (in anticipation of detailed
design features) eliminates 316 CRES.

A summary of the mechanical and physicel properties of the
candidate materials are shown in Table 2.,2-I. The low material cost
of the 347 CRES coupled with its forming and welaing qualities make
it a primary candidate. The N-155, Incomel X and Hastelloy X alloys,
although showing considerable strength advantages over 347 CRES at
lower temperatures, indicate a negligible strength advantage at 2000°F
which would not be worth the added cost. The Haynes 25 (L-605) has
about twice the strength of 347 CRES at 2000°F which makes it «1so a
primary candidate because of the lower weight design that would result.
The C-103 alloy has a strength (weight) advantage at 2000°F but a very
high cost and limited availability. The final selection between 347
CRES and Haynes 25 will be made during stress analysis of the design
layout. The lower cost and ease of fabrication of the 347 CRES
would be preferred; however, stress analysis may show that the higher
strength of the Haynes 25 is required. Datez from the stress analysis will
also allow a cost versus weight tradeoff between these two materials.

2.3 Performance Analysis

The performance analysis was undertaken using a FORTRAN program
on an IBM 360 computer. This program provided a baseline for performance
of a gaseous secondary injection TVC. The program computes induced
forces using blast wave theory for high secondary mass flow rates, and
linearized supersonic flow theory coupled with one-dimensional analysis
for low secondary flow rates. The program also computes side forces
for both cases and selects the lower value. Inputs used include:
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pressure, temperature, molecular weight, Mach number, nozzle dimensions,
injection location, and injection angle.

Using data reported by Walker, Stone, and Shander (Reference 1
and 2), program results were checked for agreement between predicted
and measured side forces. Average error for 12 data points was 4.8
percent.

The analytical model for predicting the performance of gaseous
secondary injection thrust vector control system performance was then
modified to more realistically estimate the maximum pressure in the
primary nozzle upstream of the secondary jet. Prediction of the
secondary injection shock shape was also added to the program so that
a phyeical interpretation of the program output could be made. This
cerm serves as a maximum limiting condition for the blast wave model
wien the shock impingement on the primary nozzle crosses a position
90° from the secondary nozzle position. This is shown in Figure 2.3-1.

Figure 2.3-1. Conditions for Maximum Interaction Side Force

This limiting condition explains why the experimental data of Reference
3 fall off rapidly above mass flow ratios which are predicted to
produce maximum interaction side force.

Comparisons of predicted side force coefficient and specific
impulse ratio with experimental data for both cold aud hot air are

shown in Figures 2.3-2 and 2.3-3, respectively. Although there were some

variations, the overall level of the predictions compared with -
experimental cdata within about 10-12 percent. Comparisons of argon and
helium as secondary injection gases is shown in Figure 2.3-4. The
blast wave prediction technique agrees quite well with the test data,
except for the extremely low mass flow ratios for argon. These
comparisons were adequate to conclude that the program was capable

of predicting performance of gas injection TVC systems.

It is known that as momentum ratio increases, spreading the
shock shape toward the maximum diameter of the main nozzle, the side
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force coefficient reaches a maximum value. Figures 2.3-5 and 2.3-6
{llustrate the close correlation obtained between the predicted and
actual momentum ratios to obtain peak side force coefficients. The
experimental data shown is from two test conditions of Reference 3.

Results from the modified second-order blast wave shock shape
prediction model were compared to experimental data from many sources
over a wide range of test conditions, including both hot and cold gas
injection. Table 2.3-1 summarizes the results of these comparisons.
The blast wave/shock shape prediction technique compared with experimental
data within +10 to -25 percent for all 33 cases considered. The larger
variations (up to -25Z) were on the conservative side (! .e., lead to
under-prediction of system performance).

Further refinements to the analytical model placed emphasis on
1) confirming the effects of the position and shape of the secondary
shock on performance and 2) studying the sensitivities of injection
position, Mach number, and angle. The model was used to study
sensitivities, as shown in Figures 2.3-7, 2.3-8, and 2.3-9. These
studies showed that the optimum injection parameters are approximately:

position (X/L) = 0.5, Mach No. = 1.5 and angle = 50 degrees.

These studies were preliminary because they considered a single
circular injection port and an injection flow rate of 450 1b/second.
Use of multiple porcs or a slot was expected to reduce the required
flow rate by approximately 25 percent. Therefore, a review was made
of existing test data in which comparative studies were made between
single point, multi-point and slot injection ports. Reference 7
indicated that three circular orifices with the same total mass flow as
a single circular orifice could produce from 12 to 38 percent more
TVC specific impulse, depending on the mass flow ratio. Reference 8
indicated that multiple orifices are better than slots for external
jet interaction near the base of a cone. Jet interaction data on an
ogive-cylinder model from Reference 9 indicated that a somic slot with
an aspect ratio of & positioned normal to the flow can produce about
23 percent more interacticn force than a circular orifice with the
same mass flow. From this data, it was concluded that a secondary
jet exit configuration of three circular orifices spaced one diameter
apart would produce near optimum system performance and would require
approximately 25 percent less mass flow than a single orifice to obtain
the design TVC angle of 6 degrees.

!
]
§
i

Using the computer programmed modified blast wave theory,
studies were made of the variation in performance expected around the
6° TVC point when the several injection parameters were varied.
Figure 2.3-10 shows the variation of TVC angle (©) with the axial position
of the secondary jet in the primary nozzle for several secondary to
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priasary mass flow ratios. This considers a total secondary pressure

of 225 psia, which is considered to be the basic design condition,
assuming 10 percent duct losses from the primary nozzle total pressure
of 250 psia. Thrust vector control angle is defined as © = arc tan
(Fu/Fp) where Fy = total force normal to primary axis and Fy = total
axial thrust. Variation of © with secondary injection Mach number

is shown in Figure 2.3~11. Variation of © with secondary injection
angle Is shown in Figure 2.3-12. The figures illustrate that conditions
producing maximum TVC angle for the lowest mass flow ratio are:

X/L = 0.6
MS = 1.50
e = 50°,
2.4 Structural Analysis

Two basic design concepts were evaluated. The first approach was
to have a single valve per 90° of nozzle while the second approach was
the utilization of a number of valves per nozzle quadrant. The results

f the structural study indicated a significant weight savings could
te realized by using the multi-valve approach.

The single valve design configuration is basically a cylindrical
shell plenum with ractangular inlet and injection ports. The width
of the unit was 32 inches and the total depth about 35 inches.

For the multi-valve approach, three units per quadrant were used.
Two basic designs were considered. The first used a c¢ylindrical plenum
and the second a spherical plenum. For both these valves cylindrical
ducts were used. The basic configuration of the several designs are
shown in Table 2.4-I.

The stress analysis effort was confined to obtaining an objective
weight evaluation for the valve design configurations. All valves were
designed using L605 steel and for a pressure of 250 psia, a temperature
of 500°F, and a factor of safety of 1.90. Normally a man rated system
will only require a factor of 1.4; however, since this is a development
type structure, engineering judgement was tc use the 1.90. The weight

results are shown in Table 2.4-1 where it can be seen that Configuraticn
IV is the lightest design.

In addition to the weight study, an evaluation was made for the

selected design to determine the structural factor of safety as a function

of structural temperatura, These results are shown in Figure 2.4-1.
A preliminary thermal analysis was made to design the insulation

for tne inlet duct and valve housing. It was found that 0.3 inches
thickness of integrally wrapped and bonded rubber base silica phenolic
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Variation of TVC Angle with Injection Mach Number
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would be adequate to maintain the metal structure temperature below
500°F. The predicted shear levels due to gas flow of 10 1bs/ft2 are
well below the minimum shear level of 60 1b/ft? required to cause
ablation of the silica phenolic.

2.5 Valve Torque Analysis

The torque requirements for the butterfly valve were ani.v.eu
so that an actuator capable of meeting the performance requirements
could be selected.

Using design data for butterfly valves obtained from Section
6.2.3 of "Aerospace Fluid Component Designer's Handbook," Volume I and
applying characteristics of this proposed butterfly valve design. The
coefficient was computed from the equation

G, = .01942 (25.66a - 13.43 - 11.2502)

where o = opening angle in radians.

The fluid torque on the valve was then computed using the
equation

_ 3
T = Pld Clc2
where P1 = 250 psi
C1 = from above
2
2
c,=1- PCPI
2
P
= -1
c
PC = static pressure downstream for critical flow
P2 = gtatlc pressure downstream

(=9
1]

valve effective diameter

The resulting torque curve showed a peak closing torque of
6500 in-1b at an opening angle of 80°., Sizing the actuator for some
torque margin to provide acceleration capability it was decided to
use an actuator with a stall torque rating of 9000 in-1b.
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The valve configuration was then analyzed for rotational inertia.
This information was combined with the actuator deeign data and the
hydraulic natura’ frequency was estimated from:

Fn = 1/2-"- Z_B(gﬂl

Iom

where fn = hydraulic natural frequency
B = 150,000 psi (MIL-H-5606 at 200°F)
dm = 9.0 in3/rad1an displacement
Om = n/2 radians (90°)
I =3.2 in—lb-s2

the resultant frequency was 116.6 Hz which is well above that required.

2.6 Thermophysical Analysis

The thermal model of the TVC valve mechanism was converted to
the new computer program which employs a variable properties analysis
and the data output :hecked against previous results of the old computer
program which employed a constant properties analysis. The variable
thermophysical properties presented in Figures 2.6-1 through 2.6-3
were added to the new version of the TVC valve thermal model. Analysis
results are compared with tlie results of the constant properties analysis
in Table 2,6-I. The variable properties analysis shows a sharper
temperature gradient in the actuation shaft where it passes through the
wall of the TVC tube. This is because the variable thermal conductivity
data uses lower conductivity values at the lower temperature levels. The
slight increase in bearing temperature is due to variable material
specific heat data. The effects of variable thermophysical properties
in this analysis are small and do not require any change in the valve
design. -

In addition, the TVC valve model was modified to include the
calculation of component thermal expansion as a function of time for
the major valve mechanism components. The results are plotted in
Figure 2.6-4 in the form of component growth vs operating time. Figure
2.6-4 reaches its maximum growth (.095 inch) after 15 sec of operation
while the duct tube which is internally insulated has not changed
dimension within the first 15 sec of operation. Thus the valve design
must allow for approximately 0.1 inch of butterfly valve expansion
relative to the duct tube.

Figure 2.6-4 shows that the valve actuation half shaft will

28

Pocw v

frroces

]
i oy

PR -

et s

FRer ey

N

prtnin, R et s

b Y 5

W

~ &

PR T




i I R i P i N R I e T S T T T =
K i X D T e

Apnig uBysa@ OAL SBH WieM *|-H°7 2an81g

Ho OO/
DIUCVIFING N INUINALS
Y2 72 T R - VAN -] L 2 s 4 3

2

anay  vhsag —e

‘ // YoNLIIrNy
~
~
R - ~
/// [
- -Sishuchy - SSIALC Wity O ~
A Goswgl arvy  MNavaohiINe \V///
—— R ~ o g
; I TTTENSC, W 2 THNAINIC f/
~d

‘wl..m%Mannr 3a30LO0A1G  HLM

AMagug 30 Aalowy Tvanwaas IQ Couwiawp

- — bt e o cr8 e vt o e Spping T AR S TRV FVER AR e F

ol

3
“

R
‘Lmug.qo ahL':u

—w—r

29



[V NP

TABLE 2.6-I

Component Thermophysical Properties

Component

Butterfly Valve

L-605 Shaft at Butterfly Valve
L-605 Shaft at Bearing

Bearing

L-605 Shaft at Universal Joint

Universal Joint

30

Temperature (°F) at the
End of 3 Minutes

Thermophysical Properties

Constant Variable
2000 2000
1972 1977

143 115
80 84
123 97
71 70
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grow approximately 0.1 inch during operation. The butterfly valve growth
basaed on the valse radius is /.05 inch and is in the opposite direction
to that of the actuation shaft. Thus the valve mechanism design must
allow for 0.15 inch of relative expans3ion between the butterfly valve

and the actuation shaft.
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3.0 HIGH CCNTAMINANT DIRECT DRTVE SERVUVALVE

3.1 Torque Motor Design Analysis

A conventional tee shaped armature with a permanent magnet
field was selected as a baseline design because it is most widely u.ed
in two stage valve designs. Magnetic material advancements have
extended the environmental and strength capabilities of permarent magrets,
while the dual gap magnetic bridge cffers maximum torque capability
in minimum packaging volume.

A schematic of the torque motor arrangement and the equivalent
magnetic circui. is shown in Figure 3.1-1.
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Figure 3.1~-1. Schematic Diagram of Permanent Magnet Torque Motnr
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By applying Kirchhoff's first and second iaws for electrical
circuits to the magnetic circuits of Figure 3.1-1 and forming the
Laplace transform, the following equation relating voltage, resistance,
inductance and current results:

1) 2ueg = (Rc + rp) AL + 2 xbse + 2 Lcs At

U - magnetic permeability

e8 - signal voltage input to amplifier

Rc - resistance of each coil

rp - internal resistance of amplifier

Ai - current difference between the two coils
Kb - back emf constant for each coil

Lc - self inducrance of each coil

Since the attractive force between magnetized parallel surfaces,
separated by an air gap is directly proportional to the square of
magnetic flux in the gap and inversely proportional to the product of O
the permeability and the area of the flux path, it can be shown that '
the torque developed on the armature due to an electrical current
input is given by:

2) T

qa°" Kt AL + KmG

Kt ~ torque constant of each coil (in—lbffamp)

Km ~ magnetic spring constant of torque motor (in—lbf-amp)

By applying Newton's second law to the armature the equation
for the developed torque may be written:
2

d7e do 1

3) Ty=J, Z+tB G tKO+ T :
dt

J = inertia of armature and attached load 1

B - armature viscous damping coefficient i

- armature pivot spring rate

- load torque

-3
I"lb?qlb o

Equating equations 2) and 3) rearranging and forming the La-
place transform:

2
4) KtAi'Jase"'Ba’e"'(Ka'Kn)e"'TL

et e
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Finally, if the mechanical viscous damping is considered to be
small (reasonable assumption in a dry torque motor) by combining
equations 1) and 4) the result is the relationship between the input
voltage and the angular displacement of the armature.

1
s
5) 0= Koeg - [ Ka a- Km/Ka) 1+ ma) TL .
3 2 :
s + 8 + s +1

wawzm (L - K /K) wlm (1 - K /KD w (1=K /K)

KO - static gain constant
O break frequency of armature circuit

W, T natural frequency of armature
Other terms as previously defined.

The above equation will be used to analyze the dynamic response
of the torque motor.

3.2 Spool Valve Design Analysis

The analysis of the spool portion of the servovalve is analogous
to the torque motor. The flow of fluid to the load is given by:

6) QL = Kq X, - Kc PL

=
1

valve flow gain

~
I

valve flow-pressure coefficient

Because the dynamic behavior of the load is intimately related to that
of the spool of the valve, both must be considered together. For the
purpose of this study « mass-spring-dashpot load with a linear
actuator power element has been assumed. The schematic of such a
system is shown in Figure 3.2-2.

In Figure 3.2-2 the flow to the load QL = le

v
~A 8X +C. P, +-tsP
PP tp

7 Lt e,

“L

Vt - total volume under compression

Be - effective bulk modulus of fluid ;
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Figure 3.2-1.

Schematic of Spool Valve
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The first term being the flow required to dicrlace the piston;
the second term being the total leakage (piston plus rod leakage) and
the final term being the flow due to compressibility of the fluid.
Applying Newton's second law to the forces on the actuator piston and
forming the LaPlace transform yields:

2

8) F = ApPL = Mt 8 Xp + Bp 8 Xp + pr + FL
Ap = net piston area
Mt - total mass of piston and load
Bp - viscous damping coefficient
K -~ spring rate of load
FL - load force

If equations 6), 7) and 8) are solved simultaneously the fol-
lowing relationship is obtained:

9) X =
P
K Kce vt 8
RN 2 Mtaex )L
P A e ce/
- K K
VM K M BV B K KV
t t2 s3 + c; t, P t2 s2 +[1+ g}ce + t2 s + ;e
48 A A 48 A A 48 A A
Be P P Be P P e p P
K =K 4+C, +C_/2 - flow-pressure coefficient.
ce c ip ep

Equation 9) can be used tc analyze the spool valve and
actuator-load from a linearized standpoint.

Since there are nonlinear characteristics (such as the orifice
flow and underlap of spool-sleeve assembly) existing, it was found
necessary to model the valve by more exact descriptions. The major
effort was on the controlled flow rate -csponse to spool displacement.

In the following analysis, both the supply pressure and return pressure
were assumed constant.

Figure 3.2-3 depicts the simplified servovalve with a piston
and cylinder assembly connected to the control ports. The speed of
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the piston is a good measure of the controlled flow rate. The orifices

at both ends of the spool serve as a damper to the spool motion.

Contrcl Area - The control area or metering area at each land
of the spool may be ex, .essed as

[Ac1 = Wy

10)4 fe2 7

We,
A = WC
we

C3 3

\Acy = ¥C,
where
ACi = metering area, i =1, 2, 3, 4

slot width or control orifice gradient

11) 3
Cl=C3=’) th +Cr2
T2 2
C2 = 04 -.J X £2 + Cr
Cr = radial clearance between spool and sleeve.
12)

{th = MAX (0., (XS + U))

th = MAX (0., (-XS + U))

U = amount of underlap per land, assumed to be the
same for all four lands.

Flow Rare - The flow rate at each opening is determined by
metering area and pressure difference. For MIL-H~5606, the following
may be written for the right-hand chamber:

13)

158 - ACl * Cd Ps - PCl if Pc1 < PS

-158 - ACl y Cdl PC1 - PS if PCl > Ps

U
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where

15)

16)

158 - A, +Cd } P,  ~-Pr ifP. > P

c2 Cl Cl r

-158 - ACZ * Cd i Pr ~ PCl if PCl < Pr

Q

Qa1 T 4

Ay

Qemp1 ® L1~ Y1~ Yy

Qvl = flow rate into the right-hand chamber or chamber Cl

Q,

Qa1

cmpl

P

Ccl
cd

A

y

y

t

p

The rate of change

where

17)

18)

rge

Ccl

Va

Cl1

= flow rate leaving chamber C1

= ugeful flow rate or load flow rate in chamber Cl.

= flow rate from valve to compensate the compressibility
of the fluid in chamber C1

= pressure in chamber Cl

= discharge coefficient = 0.61

= piston area

= piston linear displacemen*

=dy
dt

= time

of PCl may be evaluated from equation 17):

= (B Q

e cgpl)/vCI

bulk modulus of MIL-H-5606

volume of chamber C1 and

Ap (y + L)

neutral position of the piston.
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A similar procedure may be applied to describe the left-hand

chamber or chamber C2.

The information of § in equation 15) is obtained from the
piston-load dynamics.

Piston-Load Dynamics - The following expression describes the
acceleration of the piston.

19) y = [(P; - P,) Ap = By -Kgy}/M_

where
piston-load acceleration

~ e
n

o
L]

load damping coefficient

K. = load spring rate

=
]

total inertia of piston and load.

Orifice Damping for Spool - Due to the highly underdamped
characteristic of the spool-spring system, a palr of orifices are
used for damping purposes. The pressure at the right end of the
spool is described by

20) po _ (S +Z,42C,,x, )-8, | 1448 (2,4C, ,x
1
2C

12
and that in the left end of the spool is expressed as

ld)

21)  pr . (=5,%2,-2C )%, WS, | 1448, (<Z,4C) ), )

2
2012

2
1= 2 PG

2
(PS—Pr) C1

where Z

N
[

(o]
]

K/ (9640)

(@]
]

C,A,/(9640)
Ao = damping orifice diameter area

3 e 2
- 157 ¢ [141.5¢)"]

121y
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€ = distance between the centers of aspool and sleeve

length of path of viscous flow, see Fig. 3.2-3

[
]

viscosity

=
[}

A = gpool end area

K(Ps—Pr) )

§; = sign (XS + 2
S
S. = sign (X. - K(PS-Pr) )
2 S —
S
de = a function of iS’ defined as shown in Fig. 3.2-4

X,, = a function of iS’ defined as shown in Fig. 3.2-5

2d
Ps |
- .
P
r

I

C l'/ é

p' P 1

2 R - X —
Qq, + Q. "] A N
1d2 cmp? Q +Q .
1d1 cmpl
i
ch Piston Vc1 5
C C
2 'y N i |
- Y ——— .

Figure 3.2-3. Flow Pat's
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The damping (resistive) torque produced by the difference of
these pressure is

'
22) po r AS (Pl-Pz)

In the program that simulates the performance of the servovalve,
equations 10), 13), 14), 15), 16), 17), 19), 20), 21), 22) and their
associated definitions are implemented.

_ K(PS-PI') 1
Ag 1 ,
I —» P
. K P "P .
% 11 ( S r) Xg
A
S
1
Figure 3.2-4. Geometry for Figure 3.2-5. Geometrv for
Determining Xjq Determining Xq4
3.3 Performance Analysis

The system analysis block diagram, which includes the dynamics
of the torque motor, sruu’, actuator and the associated loads, is shown
in Figure 3.3-1. The nomenclature used in Figure 1 is described in
Table 3.3-I.

Two orifices were used to produce the damping effect needed
for satisfactory valve responge characteristics. The description of
the damping effects were implemented into the computer program for the
electro~hydraulic servovalve simulation. Step responses of the valve,
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TABLE 3.3-1

Block Diagram Nomenclature

Symbol Description Unics Value
Ky Amplifier gain ma/volt

K, Torque motor gain 1n-1bf/ma
Kat Torsion spring constant of pivot 1n-1bf/rad
Km Magnetic spring constant of torque motor in-lbf/rad
Ja Ine~rtia of armature and attached load 1n-1bf-sec
B, Viscous damping coefficient ln—lbf—sec/rad
@a Armature angular rotation radians

r Distance from armature ; ivot to spool & | inches

XS Spool travel inches

Kq Valve flow gain 1n2/sec/in
Q, Valve flow rate in~/sec

K o Flow/pressure coefficient 1n§/sec/psi
Vt Totcl volume of fluid under compression | in

Be Effective bulk modulus ps;

Ap Area of actuator piston in

Fg Force generated by act_ator b,

F Load force on actuator lbf

M, Total mass of pistcn and load 1bf-sec2/1n
B, Viscous damping coefficient of piston lbg-sec/in
Xp Piston travel in

K Load spring gradient 1b§

QDISP Displacement flow rate in"/sec

Cd Orifice discharge coefricient -

Cy Orifice velocity of approach coefficient -

TABLE CONT1NUED
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TABLE 3.3-1 (Continued)

Symbol Description Unirs Value
w Orifice area gradient inZ/in

CR Radial clearance between spool and body | in

0 Jet dangle degrees

L Damping 'ength ic

p Fluid density lbf—secz/in4
Fs Flow forces on spool lbf

TLa Load torque seen by armature 1n-lbf

be Pogition feedback gain volis/in

e. Command voltage volts

ey Feedback voltage volEi

S Laplace operator sec
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witi: the desirable orifice size (.014 inch dia.) and the diametral
clearance (.0005 inch), are shown in Figure 3.3-2 in which the
correlation of stcp control current (amp) and the controllec flow rate
(QLD1, in3/sec) 1s shown in a time basis. The following information
may be drawn from Figure 3.3-2.

Control Current Settli. . “"ime of Flow Rate
C to 25% (of max. current) 7 m..
257% to O 6 ms.
0 to 100% 14 ms.
100 to -100% 19 ms.

The longer settling time for larger step change is due to the non-
linearity of the orifice flow.

For the same set of parameters, a set of frequency responses
for 1 ampere amplitude was simulated, the results of which were plotted
as show: in Figure 3.3-3. These plots indicate that a 90° phase lag

ocrurs at approximately 117 cps and the corresponding ampli*ude is -3
db.

3.4 Layout
The finalized design layout is shown in Figure 2.4-1.

The assembly envelope is 6 3/8 x 7 1/16 x 9 5/8 inches with an
estimated weight of 28 pounds.

All material is non-magnetic, with the exception of torque motor
parts recuiring magnet.c capability.

The armature, torsion bar, and shaft are welded by the electron
beam process to comprise a single assembly. During operation, rotation
of tbo armature bar produces a lateral movement of ¥0.020 and 200 pound
force on the valve sponl. Torsion bar reaction will return the spool to
null position.

The four pole pieces are adjustabtle to obtain the 0.135 inch needed
clearance betwveen pole plece and armature.

The two magnets are retained between the top and bottom motor plates
by compressicn. The two coils are also retained by compression, utilizing
a compressible wrapping waterial on the coils. These coils, made from No.
17 coil type wire (500 turns), require power of 4 amps and 28 * 4 volt:
and approximately 2.5 ohms.

The four major components of the valve are housing, end plugs,

sleeve, and spool. The sleeve is sealed to the housing on the outside
diemeter with nitrile (Buna N) O-rings and has an inside 0.005-0.00075
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inch diametrical clearance fit with the spool. The sleeve is positioned
in the housing bore and centered with the null position of the torque
motor shaft by adjustment of the end plugs. Rotational position of the
sleeve is contrclled by an alignment pin. Each end plug contains a 0.014
inch diameter orifice which provides damping for the gpool in each direc-
tion of travel, and lockwire holes for locking provision.

The spool and sleeve are designed for a 0.001 inch overlap at each

wn

ta PRup N ~ A= - o e
overlap/underlap ccndition at these surfaces.

To facilitate prototype manufacturing, no internal blind passages
were designed into the valve housing. External plumbing must be used to
connect the respective pressure and return ports, all of which conform
to M533649-X.

Suggested order of assembly:

1l Sleeve with required O-rings

2 Spool

3 Bottom motor plate

4 Armature assembly with required O-ring

5 Coils (2)

6 Magnets (2)

7 Top motor plate

8 Pole piece (4)

9 End plugs (2) with required O-ring and orfiée

10 Motor cover.

3.5 Design Critique

The design of the electro-hydiaulic servo valve was reviewed
at Moog, Inc. with Messrs. Jack Williams, George Chenault and Mark
Chavas on 30 July 1973.

The present design war aerally agreed with Moog's personnel,
e.g., based on the present configuration of the torque motor a force of
205 1bg at spool was predicted from G. Chenault's calculation. Questions
were asked and comments and/or suggestions were made. The latter are
summarized as follows:
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Slots inside the sleeve: The present slots are full annulus.
A better design is to make four slots rectangular in shape.
This design provides better guides for the spool.

This suggestion was taken. Four rectangular slots are used,
each of which is 0.22" x 0.1".

Spool stroke: A longer stroke of spool tends to make thermal
expansion effects less significant. A stroke of 0.012" is
used in the present design which corresponds to a movement
of the armature of 10% of the 2ir gap. A maximum movement
of 307% has been used at Moog. The present spool stroke
may be increased provided the related components work out
all right.

The stroke of the spool is increased to .020" and the
armature movement becomes approximately 24% of the air
gap.

Effects of thermal expansion on the spool-sleeve neutral
position: The sleeve is spring-load at one end against a
plug at the other end. Due to the difference of thermal
expansion coefficiente the relative position of spool and
sleeve changes at elevated and lowered temperatures. This
causes neutral bias and needs to be solved.

The valve body material will be changed to stainless steel
#304.

The recommended spool-sleeve diametral clearance is .0005"
to .00075". The amount of under-lap is suggested to be
.0001"' to .0002" per land. This recormendation is being
implemented.

The back-up rings on the sleeve are used on one side of the
"0" ring groove and causes confusion during assembling.
This may be eliminated by using two back-up rings in each
groove.

The present design is techmically correct. Adding back-up
rings requires longer sleeve and spool which reduces res-
ponse speed. No change will be made.

The slant ports on *he sleeve will not produce suffic? - nt
damping effect and a row of normal holes are suggestec

This is agreeable and changes will be made accordingly.

Crooves are suggested around spool tc eliminate side loading
of spool due to difference in pressure.

This suggestion is accepted and changes will be made
accordingly.
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Two screws are suggested to fasten the torsion bar to the
valve body rather than one screw.

This suggestion is accepted and changes will be made accord-
ingly.

It was suggested to use plugs for both ends of the sleeve
for the manufacturing convenience so that the bore of the
valve body can be cut through.

This was accepted and changes were made accordingly.

58

r——

m et e R,

e SR




o o F—————— T

PR e

P

o —————— k& 2

g eng mes EEN B

R

4.0 CONCLUSIONS

The objective of 6° TVC by direct injection of 2000°F gases
into a nozzle has been met by the design developed under this contract.
Gas flow rates required for control have been minimized by locating
injection ports at 60 percent of the distance from the throat to the
exit and by injecting the gases supersonically through multiple ports,
three in each quadrant. A high margin of safety has been designed
into the valve by selecting material capable of 2000°F operation and
insulating it to prevent temperatures above 500°F.

Slot injection using a rectangular duct and valve was discarded
as a concept because of greater weight thaan the multiple use of
circular valves.

A hydraulic servovalve was designed to accomodate highly con-
taminated hydraulic fluid. The design consists of a direct drive
servo in which the spool is powered directly by the electromechanical
device, imparting a spool force of 200 pounds. The valve was orifice
damping and has a spool diametral clearance of .0005 inch. The pre-
dicted performance provides a settling time of 6 to 19 milliseconds
with 90° phase lag occurring at 117 cycles per second.
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5.2

X/L

vac

Glossary of Symbols

primary nozzle half angle

ratio of axial position of injection to total primary
nozzle length

injection angle from upstream primary nozzle wall
primary total pressure

secondary total pressure

primary total temperature

secondary total temperature

ratio of specific heats for primary gas
ratio of specific heats for secondary gas
secondary exit Mach number

thrust vector control angle

secondary gas mass flow

secondary gas momentum

primary gas mass flow

primary gas momentum

total side force/injectant gas momentum

diameter of injection port

side force coefficient: Total side force/momentum of
injectant gas (msc*s).

momentum ratio: Secondary gas momentum/primary gas momentum

jet pressure ratio: Injection jet total pressure/local
undisturbed primary static pressure

specific impulse ratio: Total side impulse/jet impulse
exhausting into vacuum conditiors
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5.3

Detail Drawings - Gas Injection TVC System
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5.4

Detail Drawiqgg - Hggh Contaminant, Dircct Drive Servovalve
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