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Mr. E. C. Farrell and Mr, D, R. Person for the oscilla-
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ABSTRACT

The use of low-speed imducers inm a rocket engime feed system was
analytically investigated as a follow-on effort to Contract NAS3-
10280, dynamics of a partial-flow, hydraulic-turbine-driven, low-
speed inducer program. Analytical performance data for optimum low-
speed inducers were developed,and analog and digital system simu-
lation were used to evaluate the potential of using a low-speed
inducer to simplify propellant tank pressurization and avoid resorant
interaction of oscillations in the feed system and vehicle structure,
Transient study results defimed low—speed fuel inducer requirements
for starting with zero suction pressure. Results of & study of

LOX feed system oscillations indicated a low-speed inducer can
significantly alter feed system—engine structure frequency response

characteristics,
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SUMMARY

The object of this contract was to investigate analytically the use
of low-speed inducers in a rocket engine feed system to simplify
propellant tank pressurization and to avoid resonant interaction of
oscillations in the feed system and vehicle structure. Preliminary
designs of low-speed inducers for the J-2S LOX and fuel feed systems
were made. Performance curves developed for each inducer and turbine
were used in conjunction with analog and digital system simmlation
to demonstrate the advantages of using low-speed inducers in rocket

engine feed systems,
Task I — Hydrodynamic Design of Optimum Low-Speed Inducers

A study of optimum design parameters of the low-speed inducer
indicated that for minimum overall horsepower requirements the
inducer should be designed for maximum head and head coefficient.
The turbine should require minimum weight flow and have a maximum
number of stages. The design of the low-speed indueers for applica-
tion to the J-2S engine was based on these optimum requireﬁgnts and
compromised with limit ations of hardware fabrication, suction per-

formance of the main pump, and overall efficiency.

Task II - Analysis of Low NPSP Unpressurized Hydrogen Feed System

Start transient and steady-state studies were made on a low-speed
fuel inducer in the J-2S fuel feed system and the following con~

clusions were drawn from the results.

1. An engine with a low-speed inducer for ILHo will start with a
tank pressure set to give minimum inducer mnet positive suction
pressure at steady state. The addition of the low-speed inducer
results in a decrease of 2.5 psi in the minimum net positive

suction pressure presently required.



During flight, where acceleration will increase the available -
net positive suction pressure, the engine with a lew-speed LHp

inducer will start from zero NPSP.
No special engine controls or major sequence chénges are regquired.

Locating the inducer at the tank outlet takes maximum advantage
of the pressure increase due to aceceleration acting on the preo-
pellant height. About 70% of the available height is retained
above the inducer while the line pressure drop is moved from N
the inducer inlet to the outlet.

Task III -~ Analysis of POGO Oscillation

An analysis was performed to determine if a low-speed inducer located

in the J-2S5 LOX feed liné could alter engine feed system frequency

response characteristics., From the results, which express gaim and

phase of engine thrust relative to an input representing the vehicle

structural acceleration, the following conclusions were drawn.

10

The gain and phase of engine thrust to structural aceeleration
can be significantly altered using a low—speed inducer located

in the LOX feed line upstream of the main pump.

The low-speed inducer fluid inertance and the main pump inlet
compliance cause a system resonance., If the frequency associated -
with this resonance is low, a beneficial gain reduction above
this frequency is achieved. Therefore the inducer fluid inertance

and the main pump inlet compiiance are key parameters,

The resonance resulting in the maximum gain is caused by the
low-speed inducer inlet line, Therefore the low-speed inducer

inlet compliance is a key parameters

The maximum gain reduction occurs when the low-speed inducer
inlet line frequency is low relative to possible structural

frequencies,
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5. Experimental work is desirable to verify or correct study

findings with regards to:

a. Determination of inducer imlet compliance obtainable with

lower inlet pressure.

b. Verification of resonant frequencies associated with

combination of various compliances and imertances.



NOMENCIATURE

D = DIAMETER, IN.
H = HEAD RISE, FT

Q = FLOW, GPM

N = ROTATIONAL SPEED, RPM

NPSH = NET POSITIVE SUCTION HEAD, FT

ID = INSIDE DIAMETER, IN.
HP = HORSEPOWER

Ns = SPECIFIC SPEED, N(q)Y/2/(am)3/%

Nes = SUCTION SPECIFIC SPEED, N(q)L/2/(xpsm)?/%
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INTRODUCTI ON

Two major objectives in rocket engine feed system design are to
minimize weight and provide sufficient net positive suction head

to the turbopumps. Both objectives may be met by use of a low—speed
hydraulic turbine driven inducer in the engine propellant feed system,
The inducer is designed to operate at low tank pressures and to generate
sufficient head to prevent cavitation of the main pump. The turbine
which drives the inducer obtains itz working fluid from the high

pressure discharge of the main pump or inducer,

Recent technology advancements (Ref. ) have demonstrated that a low-
speed inducer can be designed that will provide the main pump with
the required suction head at all times, It also has been established
that a low—speed inducer has excellent starting and dynamic char-
acteristics which can be accurately predicted by computer simulation,
However, since the low-speed inducer absorbs power from the main
turbopump, it is important to design an efficient and practical
inducer-turbine combination which requires minimum horsepower from

the hot gas turbine of the main turbopump.

The purpose of this study is to determine the parameters that affect
the design of an optimum low-speed inducer for an engine feed system,
and to design low-speed inducers for a typical LOX LHg feed system.
Using performance curves developed for inducer designs, analog and
digital computer system simulation were used to determine the inducers'
steady state and transient performance., Of particular interest is

the potential simplification of propellant tank pressurization and

the elimination of feed system oscillations which lead to nPOGO"

type vehicle structural problems.



Engine start studies were performed using an analog computer model of
the J-2S engine and a model of a low—speed inducer driven by a
hydraulic turbine, The complete model has modifications to include
fuel pump cavitation and ﬁropellant inlet line characteristics
corresponding to those on the SIVB stage of the Saturn V vehicle.
This model was used to study the start and steady state performance

of the engine with and without the low-speed fuel inducer.

Low frequency longitudinal oscillations (POGO) have occurred dn most
rocket engine powered vehicle flights. These oscillations are caused
by an instability inm a closed loop system consisting of vehicle
structure, propellant pump feed systems, and the engine. To
eliminate these oscillations, the loop gain and/or phase shift must
be changed in the critical oscillatory frequency ranges. Saturn
flight data and analog model simulation indicate that the oscillations
occur at a structural resonant frequency caused by a coupling of the
engine and structure through the LOX pump feed lime, Corrective
devices have been used to change the natural frequency of the inlet
line compliance, Addition of a low-speed inducer in the inlet line
can also change these dynamic characteristics. The POGO study made
was concerned with determining the feasibility of using a low-speed
inducer to correct or comtrol longitudinal oscillations and defining

the significant variables associated with such a feed system,



HYDRODYNAMIC DESIGN OF LOW-SPEED INDUCERS

OPERATING REQUIREMENTS

The operating requirements for the LOX and LHg low=speed inducers
were assumed to be the same as those experienced during a typical
Apollo vehicle flight. Actual flight data from Apollo 8, 9, and 10
were analyzed for this purpose. (These data were obtained from
Rocketdyne Fiight Telemetry Data Files and published NASA Flight
Evaluation Reports.) Based on this data analysis, parameters, such
as speed, flow, inlet pressure, and tank ullage pressure for the LOX

and IHo turbopumps from the S~II and S-IVB stages were established.

Without conventional tank pressurization being used on these stages,
the net positive suction head (NPSH) then would be the difference
between the total inlet head at the turbopump and the pressure above
the fluid in the tank. This NPSH is plotted as a function of flight
time in Figure 1. The data were presented in the form of data envelopes
due to considerable scatter in the telemetry data. The following

table presents available NPSH without tank pressurization and main

pump required NPSH for the. Saturn S-II and S-IVB stages:

Available Minimum Main Pump
Stage Turbopump NPSH-F't Required NPSH
s-II Fuel 26 - 65% 90
LOX 6 - 15 35
.S-1IVB Fuel 6 - 27% 90
LoX 5-9 35

* Does not include thermodymamic suppression effects,
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The nominal operating requirements for low-speed inducers and main
turbopumps for a J-2S 265,000 1b thrust engine were determined from
the data to be:

1Hg LOX
Flowrate, gpm 9691 3291
Overall head rise, ft 58,009 3031
Minimum available NPSH, ft 23 6

OPTIMUM IOW-SPEED INDUCER DESIGN STUDY

The Apollo flight data provided the required flowrate, overall head
rise, and minimum available NPSH for the low-speed inducer and
turbopump combination. The low-speed inducer should be designed to
operate with a very low NPSH and to generate sufficient head to
prevent cavitation of the main pump at all times. The low-

speed inducer absorbs power from the turbopump and it is important
to design an efficient and compact inducer-—turbine combination which

requires minimum horsepower from the hot gas turbine,

Analysis of the system indicated that four primary interdependent

variables will determine the low—speed inducer configuration. These
are inducer head (AH), speed (m ) and turbine weight flow ((r), and
main turbopump speed (N). The manner in which the optimum low-speed
inducer operating point was established for a given design require-

ment is described below,

By assuming a.turbine weight flow and the low-speed inducer head, the
main pump operating peint for the required overall head rise and flow
may be determined by trial and error. The inducer head coefficient
is determined such that the power required by the inducer equals the

power output of the turbime for the assumed weight flow. Calculations



are repeated for several turbine weight flows and low-speed inducer
heads, and parametric curves are generated from which the optimum
design point is obtained. Figures 2 and 3 show the parametric design

curves for a low-speed inducer operating with the J-2S turbopump.

The following design information must be used to generate the above
parametric curves: The main pump performance characteristics, low-
speed inducer and turbine tip diameters, and turbine efficiency and
general deéign type. The low-speed inducer diameter is determimned
from duct size limitations and available suction pressure. Due to
the particular design configuration, the turbime diameter is limited

by the inducer size.

The following assumptions were also made in the optimum inducer

design study:

1. Inducer tip diameter is constant.

2. Inducer efficiency is approximated by the square root of the
product of 77 iand the inducer head coefficient, for the fange
of 0.08 to 0.20 head coefficient,

3. The fluid is incompressible,

4, Turbine efficiency includes all bearing and seal losses, disc
friction, etc,

5. All the high pressure available to the turbine (either from the
main pump discharge or the main ihducer discharge) is used in
the turbine to generate power to drive the low-—speed inducer

(i.e., no throttling losses im the return line).

A study of the parametric curves in Figures 2 and 3 indicate that
minimum overall horsepower is obtained for a low-speed inducer
designed for maximum head and head coefficient, maximum number of

turbine stages and blade height, and minimum turbine weight flow.
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In the final design of the low-speed inducers, the optimum parameters
must be modified to meet structural limitatioms, manufacturing
capabilities, NPSH availability, main pump suction requirements, and
the inevitability of throttling losses in the return lime,

Figures 2 and 3 are for a particular low—speed inducer size and a
fifty percent reaction turbine. A pure impulse stage absorbs twice
the horsepower of a fifty percent reaction stage and would, therefore,
require half the number of stages as shown in the figures (asSuming

comparable efficiencies).
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THERMODYNAMIC CONSIDERATIONS

To investigate the thermodynamic properties of the cryogenic fluid,
and insure that the fluid at all points was indeed a liquid, the
energy balance and continuity equations for the low-speed inducer
and main pump combination were used to calculate the fluid enthalpies.
The various state poimnts are plotted on an enthalpy—entropy diagram
for oxygen and hydrogen shown in Figures 4 and 5. The critical state
point for the fluid was found to be at the turbine discharge since it
is nearest the saturation line, Assuming a reasonmable operating
point for the low-speed inducers, indications are that in LOX there
are no limitations, This is due to the fact there are no high throt-
tling losses in the turbine weight flow return lime. A low-speed
inducer operating with the main fuel pump, however, is limited by

the amount of throttling that can be done in the return line before
the liquid begins to boil, This limitation, in turn, determines the
minimum pressure required at the turbine discharge. For 20 percent
return flow this minimum pressure was 59 psi. As a result, the
inducer head rise can be mo less than 950 ft. oxr the possibility of

the turbine discharge fluid flashing at the turbine exit exists,

HYDRODYNAMIC DESIGN

Based on the operating requirements obtained from flight data and
information obtained from the optimization and thermodynamic
analyses, preliminary designs of a LOX and fuel low—speed inducer

were made,

1%
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LOW~SPEED INDUCER FOR IHo

The low-speed inducer for LHy was designed to be compatible with the
characteristics of the J-2S fuel turbopump operating at a 265,000 1b.
engine thrust level. This requires a through flow of 9691 gpm with
an available NPSH of 23 feet., Due to the low NPSH level, the inlet
duct size was chosen such that the velocity would be less than the
2gNPSH., Conservatively, this velocity would be 24 FPS which sets
the iniet duct diameter at 12.81%4 inch. This pipe diameter will

match the required inducer inlet dimensioms,

For a high head rise and high head coefficient optimum inducer (a
high head is also required to prevent any flashing at the inducer
discharge), the inducer head was set at 98% fit. and the speed at
7100 rpm which resulted in the following design operatingvpoint for
the low-speed inducer:

Q = 9691 gpm HP = 217
H = 984 ft g=.07
N = 7100 rpm = .199
Ng = 3960 Ngg = 67,000

The inducer design has a tapered hub and tapered tip with the fol-

lowing dimensions:
Hub_Diameter Tip Diameter

Inlet 3.54 12.89
Discharge 8.23 11.80

The inducer was designed for free vortex flow at the discharge.
Figures 6 and 7 are the estimated H-Q and suction performance curves

for this inducer,
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The inducer discharges to a set of 13 vanes which turn the flow 48°
to axial, serve as structural support, and allow passage of the

turbine weight flow through five 13/32 in., 0,D. holes in each vane,

The turbine which drives the inducer has a diameter of 5.75 in. and
four stages. The turbine obtains its working fluid from the main
inducer discharge at an available head of 15,000 ft, Since the
turbine requires a pressure of 262 psi for a weight flow of 16 1b/sec
(17.6% wmain inducer through flow), the high pressure return flow
rust be throttled to about 10,000 ft, Figure 8 is an estimated per-
formance map of the turbine., The turbine velocity ratio was .50 with
an 18° nozzle spouting angle. All four stages are identical and the
nozzle exit velocity is 356 FPS, the rotor inmlet veloecity is 194 FPS,
and the rotor discharge veleocity is 209 FPS.

A layout of the fuel low-speed inducer is shown in Figure 9 and

frem this layout the weight and moment of inertia were determined:

Rotor weight, 1b = 27.4
Total weight, 1b = 122,0
Moment of inertia, 1b—in-sec? = 0.699

Since a part of the J-2S fuel pump discharge flow is used to drive
the low-speed inducer turbime, the operating point of the fuel pump
must be increased to a higher head and flowrate to maintain the

265,000 1b, thrust capability. The new operating point is as follows:

Q = 9691 gpm delivered
17.6% recirculated through the low-speed inducer
turbine and the mainm inducer

H = 58,009 ft delivered overall head

H = 57,016 ft across the main pump

N = 30,100 rpm

20
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Figures 10 and 11 are actual performance maps of the J-2S fuel pump,
The pressure at the turbine discharge is sufficient to preclude any
vaporization as it exits at 2 psi above vapor pressure of the main

stream,

LOW-SPEED INDUCER FOR LOX

The low-speed inducer for LOX was designed to be compatible with the
characteristics of the J-2S LOX turbopump operating at the 265,000 1b.
engine thrust level. This requires a through flow of 3291 gpm with
an available NPSH of six feet., Due to the low NPSH level the inlet
duct size was chosen such that the velocity would be much less than

2gNPSH, Thus, a velocity of 12.7 FPS was considered reasonable and
was set at 11.75 in, diameter., This pipe diameter will match the

required inducer inlet dimensions,

The J-28 inducer was scaled to a larger size to meet suction require-
ments. The scale factor used was 1,49 which gives an inlet tip
diameter of 11.60 in. and a hub diameter of 4,30 in. The operating

point for this inducer is as follows:

Q = 3291 gpm HP = 216
H =175 ft g=.07
N = 3400 rpm ¢h=0.19
Ng = 4060 Ngg = 51,000

The inducer was designed for a free vortex flow at the discharge.
Figures 12 and 13 are estimated performance curves of the LOX low-

speed inducer,

Two sets of turning vanes at the inducer discharge were used to turn
the fluid to axial direction and to provide for structural support

and passage of the turbime weight flow. The first row of 19 vanes
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takes the remaining whirl out of the flow and passes the turbine

flow through three .302 in, diameter holes in each vane.

The turbine which drives the inducer was designed as a pure impulse,
four stage turbine. The diameter was set at 5.50 im, The high
pressure working fluid comes from the main pump discharge at an
available head of 2500 ft., Allowing for return line losses the
pressure drop across the turbine is 1045 psi for a weight flow of

71 1b/sec (13.60% of the main pump flow). Figure 1% is the estimated
performance of the turbine with a velocity ratio of 0.50 and a nozzle
spouting angle of 14 degrees., All stages are identical and the mnozzle
exit velocity is 170 FPS; the rotor inlet and discharge velocity is

92 FPS,

A layout of the LOX low—speed inducer is shown in Figure 15. From

this layout the weight and moment of inertia were calculated to be:

Rotor weight, 1b = 23.9
Total weight, 1b = 125

Moment of inertia, lb-in—se02 = 0.495

Since a part of the J-25 LOX pump discharge flow is used to drive
the low-speed inducer turbine, the operating point of the LOX pump
must be increased to a higher head and flow to maintain 265,000 lbs.

thrust capability. The new operating point is as follows:

Q = 3291 gpm delivered and
| 13.6% recirculated through the pump and
low-speed inducer turbine
H = 3031 ft delivered overall head

H = 2856 ft across the main pump
= 10,410 rpm

2
I

Figure 16 is the actual performance map of the J-2S5 LOX pump.
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Application of an Existing Fxperimental Low-Speed LOX Inducer in 1Hy

An analysis was made to determine the possibility of operating an
experimental J-2 LOX partial flow low-speed inducer developed under
Contract NAS3-10280, in liquid hydrogen. This low-speed inducer

has been built and tested in water to verify computer system simula-
tion techniques. The test results of this low-speed inducer may be

found in Reference 1.

The following performance and design factors were reviewed for liquid

hydrogen operation,

1. Operating point (head, flow, etc.) of the low-speed inducer
coupled to the J-2S fuel pump.

2. Main pump operating point for a 265K engine thrust level

application.
3. Low—-speed inducer suction performance,
4, Thermodynamic process,
5. Hydraulic turbine design.
6. Existing structural limitations,

At the optimum flow coefficient the low-—speed inducer operating

point in ILHo would be:

Q = 9691 gpm Fluid: SAT. LHp at 41°R
N = 16,000 rpm AH = 2695 ft
g .= 0.07 AP = 79 psi

Ngg = 107,000 (63,600 in water) HP = 593

NPSH = 36 ft N=0.75
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Under the above conditions the J-2S fuel pump must develop a head
of 55,153 ft. at a flow of 9691 gpm and at speed of 29,600 rpm. The
head of the low—speed inducer is sufficient to keep the main pump
from cavitating at all times and to preclude any vaporization at the
turbine discharge. The turbine flow discharges to a back pressure
of 110 psi and at a temperature which corresponds to a vapor pressure

of 60 psi.

A high efficiency three stage hydraulic turbine would be necessary
to produce the required horsepower if the same diameter as the J-2
LOX low-speed inducer turbine is used. For the available pressure
of about 450 psi at the main inducer discharge, 19 percent of the
main inducer through flow would be used to drive the turbine.
Structurally, the existing design will be adequate to meet the
operating pressures and rotor axial thrust. The bearings are also
capable of high speed operation in liquid hydrogen, however, the
shaft speed may be pear a critical speed and will be a limiting

design consideration.

This brief analysis has indicated that with a minimum of hardware
modification, the J-2 LOX low-speed inducer could be tested in LHg
at the 265K J-2S engine operating point.
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ANATYSIS OF LOW NPSP UNPRESSURIZED HYDROGEN FEED SYSTEM

An analytical study was made to estimate the required NPSH for
starting an engine with a low-speed hydraulic turbine driven inducer
in the LHy feed line.

To perform the engine start studies, an analog computer start model
of the J-2S liquid hydrogen, liquid oxygen engine was used. The
model was modified to include fuel pump cavitation and oxidizer

and fuel pump inlet lines corresponding to the lines used on the
S-IVB stage of the Saturn vehicle. In addition, an analog computer
model of a low speed, hydraulic turbine driven inducer (including
inlet and outlet lines) was set up and used to replace the fuel pump
inlet line. With these two models, the start and steady state per-
formance of the engine with and without the low-speed fuel inducer

was studied.

The complete system is shown in Figure 17. It consists of the pro-
pellant feed tanks, pump inlet lines (fuel inlet line with or without
a low-speed inducer) and the J—2S engine. The analog computer diagrams

representing the complete system model are included in Appendix A,
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ENGINE DESCRIPTION

The basic engine is defined im the study to include everything
downstream of the main pump inlets, It comnsists of: & fuel and an
oxidizer turbopump driven by & series arrangement of hot gas turbines;
a regeneratively fuel cooled thrust chamber; a thrust chamber hot gas
tapoff for supplying the turbine drive gases; and required valves and

ducting.

The pump inlet line characteristics represent those used for the
Saturn S-IVB stage. Other ducting consists of: a high pressure
oxidizer line which routes oxidizer from the oxidizer pump discharge
through the main oxidizer valve to the injector; a high pressure fuel
line which routes fuel from the fuel pump discharge through the main
fuel valve to the cooling tube inlet manifold; and a cooling tube
bypass which routes fuel from the fuel pump discharge through a
bypass valve directly to the fuel injector.

Valves required for starting are the main oxidizer and fuel valves

and the fuel cooling tube bypass valve. To start the engine the

main fuel and cooling tube bypass valves are opened. This allows fuel
to flow through the engine. After some period of fuel lead (ome
second for this study) the main oxidizer valve is opened to a nominal
12 degree step position. This step position is held for approximately
L4 seconds allowing the engine to reach an intermediate operating
level. At the completion of the k-second step, the main oxidizer
valve is ramped open in 0.8 seconds and the cooling tube bypass valve
is closed in 0.8 seconds. A nominal engine start with pump inlet
pressure of 30 psia, fuel and 40 psia oxidizer is shown in Figures

18 and 19,
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Fuel Pump NPSP

NPSP is defined as the pressure difference between the total pump
inlet pressure and the fluid vapor pressure. An Ly vapor pressure
of 20 psia was used for this study, Where NPSH in feet is referred
to, it is the net positive suction pressure (NPSP) converted to feet

using a density of 4.0 pounds per cubic foot.
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SYSTEM WITHOUT LOW-SPEED INDUCER

Model results for low NPSP performance of the engine without the
low-speed inducer were obtained to establish a reference for evaluat—
ing the results of the system with a low-speed inducer. To egtablish
the steady state and start reference performance two types of rumns
were made. These were: (1) Reduction of NPSP with the engine running
at nominal performance and (2) starts at low NPSP, The limit for

low NPSP operation is determined by the fuel pump cavitation per-
formance, Referring to figure 20 ., the ratio of actual to non-
cavitating head is dependent on the ratio of net positive suctior
head to speed squared., As a result, the lower the speed, the lower

the required NPSP to maintain pump performance.

For steady state performance, the computer model engine was started
with a fuel pump NPSP of 10 psi (approximately 345 feet of hydrogen).
From this point, the NPSP was reduced until oscillations due to deep
cavitation occurred. As the NPSP was reduced, the fuel pump dis-
charge pressure, fuel flowrate and chamber pressure decreased due to
increasing cavitation while the fuel pump speed increased due to the
fuel pump requiring less power. Severe oscillations accurred vhen
the NPSP was reduced below 3.5 psi (approximately 120 feet). The

results are shown in Figure 21,

The results for starting from low (3.5 psi) NPSP, shown in Figures
22 and 23 , indicate that the engine will start at a tank pressure
that results in minimum running NPSP. The only apparent difference
between 10 and 3.5 psi NPSP is a lower minimum fuel pump flow coef-
ficient for the low NPSP condition,

The minimum flow coefficient is about 0.8 of the nominal NPSP minimum
value due to a lower initial fuel flowrate under the low tank

pressure condition,
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SYSTEM WITH LOW-SPEED INDUCER

When a low-speed inducer is incorporated into the fuel feed system,
no change is required in the basic configuration of the engine or the
oxidizer imlet lime., The inducer is mounted in the fuel inlet line
at a position chosen to be midway betweenm the fuel tank outlet and
the main pump inlet., The fluid used to drive the inducer hydraulic
turbine is takem from the discharge of the main pump inducer section
and routed to the turbine inlet manifold. Characteristics repre-
sentative of low head and high head inducers were considered in the

study.

Low-Head Inducer

To investigate the characteristics of low-head inducers, four operating
points of inducer head rise and head coefficient were selected for

study. These points were:

H ft J

300 .12
300 .02
700 .20
700 . 065

The reason for selecting these four points was to determine if there

were any start effects due to inducer head and head coefficient.

Using the main pump and turbine performance curves for each of the
selected low-speed inducer operating points, a series of starts was

run for various fuel tamk pressures. The results showed that there

was no significant difference in starting performance for this-range

of head rise and head coefficient. A low NPSP (approximately 1 psi)
start for an inducer designed for 300 feet of head at a head coefficient

of 0.12 is shown in Figures 24 through 26 , Comparing these results
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to those of Figures 22 and 23 for the low NPSP start for an engine
without an inducer, the only noticeable difference is a further
reduction in the minimum fuel pump flow coefficient. The inducer

does generate sufficient head so that the main pump does not cavitate,
No consideration was given to changes in valve sequencing or inducer
location because a check of the hydrogen comditions at rated performance
showed the fluid to be two-phase at the exit of the hydraulic turbine.
Thus, a low~head inducer would not be suitable for use as a low-speed
inducer. Referring to Figure 25 , oscillations are evident in the
inducer pressures starting at zero time. These are due to establishing

fuel flow when the fuel valve is opened,

High-Head Inducer

The high head inducer characteristics used in the study are shown

in Figures 6, 7, and 8. With these characteristics in the model,

the minimum steady state NPSP was determined by decreasing the fuel
tank pressure until severe inducer cavitation oscillations appeared.
Figure 27 shows some of the resultant system variables with the
cavitation oscillations beginning at about 35 feet NPSH (1.1 psi
NPSP). The results for the main engine performance, shown by chamber
pressure, fuel pump discharge pressure and fuel pump speed, show

that the performance does not significantly shift with reduced tank
pressure., This occurs because the inducer pressure rise is always
sufficient to prevent main pump cavitation and the pressure rise through
the main pump represents about 94% of the total pressure rise, There-~
fore, the inducer pressure rise can decrease with only a slight effect

on the total head rise,

The start tramsient with the tank pressure set to give a running
NPSP of about 1,2 psi 1s shown in Figures 28 +through 30 . The
valve sequence used is the same as for the engine without a low-speed

inducer which is:
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1, Main fuel and fuel chamber bypass valves open at time zero.

2., Main oxidizer valve open to a 12 degree step position at one
second.

3. Main oxidizer valve ramped from 12 degrees to full opem in 0.8
second starting at 5 seconds,

%4, Chamber bypass valve ramped closed in 0.8 second starting at

5.0 seconds,

The results indicate that the engine will start with a tank pressure
setting which will result in the minimum required running NPSP., The
start is very similar to the low-head inducer start with the exception
of the inducer outlet pressure. With the high~head inducer, the
outlet pressure is much higher during the buildup from the step MOV
position to full operatiom, From a practical standpoint, this adds
assurance that the main pump will not cavitate. When the tank
pressure was reduced further, severe cavitation of the inducer

resulted as steady state operation was reached.

The limiting factor on the minimum required fuel tank pressure has
been the cavitation performance of the main pump or low-speed inducer,
To determine the possibility of starting the engine if the inducer
could operate at zero NPSP, starts were rum with: zero inducer
cavitation head loss; the fuel tamk ullage pressure set to the vapor
pressure; and the effect of inlet line acceleration head included.
The acceleration was assumed proportiomal to chamber pressure and

the increase in inducer inlet pressure at rated chamber pressure was

2 psi.

The zexro NPSP start with no change in valve sequencing is shown in
Figure %1 ., Main pump cavitation results about 0.5 seconds prior
to ramping the MOV open. The cavitation occurs when the maim pump
speed reaches a value which requires an NPSH higher than the inducer

can supply.
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Reducing the MOV step position to 10 degrees eliminated the oscilla-
tion as shown in Figure 32 . For an engine using a chamber tapoff
for supplying turbine power, decreasing the MOV step position decreases
the supplied turbine power. The reduced turbine power results in a
lower main pump speed and hence lower required NPSH, The reduced
main pump operation also results in a lower inducer speed, an effect
which, by itself, would result in reduced inducer pressure rise.
However, the fuel flowrate is also reduced which lowers the inducer
flow coefficient and increases the head coefficient, The net effect
is that the inducer discharge pressure remains fairly constant for
the 2 degree change in MOV step position, The NPSH supplied to the

main pump is therefore constant while the required NPSH is reduced.

To determine the effect of sequencing changes on the tendency of the
main pump to cavitate, the MOV step duration was increased and the
time of bypass valve closure relative to the MOV opening ramp was
varied. Increasing the MOV step duration to 6 seconds while closing
the bypass valve after 4 seconds of the step position resulted in a
good start, The longer step duration resulted in increased pump
speeds and required main pump NPSH but closure of the bypass valve
resulted in increased inducer pressure rise due to the increased
head coefficient. This was further shown on a case where the bypass
closure was delayed until the MOV ramp was initiated. Main pump
cavitation resulted approximately 1 second prior to the MOV opening
ramp wvhen the inducer could not supply the required main pump NPSH,
The inducer pressure rise was too low because of the higher flow

rate with the bypass open,

To relax the requirement that the inducer must be able to operate
at zero NPSP regardless of the inducer flow and speed conditionms,
the inducer could be lecated at the tank exit., This location

eliminates the pressure drop in the line between. the tank and inducer
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inlet and retains about 70% of the propellant head above the inducer,
This will tend to result in some positive inducer NPSP as soon as the
thrust chamber ignites. It should be noted that the inducer inlet
line pressure drop which is eliminated is added to the line conmecting
the inducer and main pump. However, the total frictional pressure
drop is not increased, hence, the main pump inlet pressure will be

no lower thanm with the inducer located some distance from the tank.

The significance of the above results is that an engine with a low-
speed fuel inducer designed for high head can be successfully started
at very low or zero inducer NPSP. In a vehicle installation, the
acceleration will generate some inlet pressure so that the inducer
will see zero NPSP only at low speed and flow., The results also
indicate that no special engine controls or major changes in sequencing

are required,
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SUMMARY AND CONCLUSIONS

Based on the results of the studies, the following conclusions are

drawn:

1.

An engine with a low—speed fuel inducer can be sucéessfully
started with a tank pressure that provides the minimum required

steady state NPSP.

With a low—speed inducer, engine starts can be achieved with no
propellant tank pressurization and steady state operation can be
obtained with the increased NPSP supplied by vehicle acceleration
for an engine system utilizing a hydraulic turbine driven low—

speed inducer,
There are no special controls or major sequence changes required.

Locating the low-speed inducer at the tank exit improves the
inducer inlet conditions by retaining about 70% of the propellant
head above the inducer while moving the inlet line pressure drop

from the inducer inlet to the inducer discharge.
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ANALYSIS OF POGO OSCILLATION

Low frequency longitudinal oscillations have occurred on most rocket
engine powered vehicle flights. These oscillations commonly called
POGO are caused by an instability in a closed loop system consisting of
the vehicle structure, the propellant pump feed systems, and the engine.
The loop is most easily visualized by tracing the response of the system
components to a perturbation of the structural acceleration. The
acceleration oscillations cause pump inlet flow oscillations which re-
sult in pump inlet pressure oscillations, which in turn depend on the
feed line and pump inlet dynamics. The pump inlet pressure oscillations
are transmitted through the engine and produce thrust oscillations.

The thrust osciilations then feed back through the structure, producing
acceleration oscillations. This system will be unstable if the closed
loop gain becomes greater than one, and the net loop phase shift

approaches zero,

To eliminate these oscillations, the loop gain and/or phase shift must
be changed in the critical oscillatory frequency ranges. Saturn flight
data and analog model simulation analysis indicate that the oscillations
occur at a structural resonant frequency, and are caused by coupling

of the engine and structure through the LOX pump feed line, The
critical LOX feed line frequency is the lumped parameter resonant

1/2

frequency defined by (1/CL) , where C is the effective line termination

compliance and L is the fluid inertance of the feed line.

Corrective devices have been added to the LOX feed line on the Saturn
vehicle to change the natural frequency of the pump inlet line. These
devices change the effective inlet line compliance by using an
accumulator partially filled with a gas., Another potential method of
altering the inlet line dynamic characteristics is the addition of a

low speed, inducer upstream of the maia pump.
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Results were obtained in terms of the gain and phase of the output variable
to the input variable as a function of the simulated structural
acceleration frequcncy. The gain is expressed in decibels defined as

20 log 0 (AR) where AR is the amplitude ratio of the output to input

variabies. Referring to Figure 34 , AR is the ratio of chamber pressure
variation to oxidizer pump inlet pressure variation at a given input
freqdéncy. The pressure variations are changes about the steady state
values. If the gain is one, the log is zero and hence the db is zero,
If the gain is less than one, the log is negative, resulting in a
negative db; the more negative the db value the lower the gain. As a

reference, a change of -6 db means the gain is halved.
STRUCTURAL ACCELERATION INPUT

The forcing input to the model is representative of a structural
acceleration, Several combinations of points of application of the
acceleration were conéidered° In all cases the tank ullage pressure
was considered constant and an input representing tank bottom motion

was used. This resulted in a line inlet pressure variation defined by:

P = Proy

LOX TANK DISCHARGE —_— 4 PULLAGE

where:

pULLAGE = CONSTANT
hT = height of propellant in tank - IN
e = propellant density - LB/IN3

X = tank bottom acceleration - IN/SEC2
g = gravitational constant - IN/SECZ
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This single acceleration input was used for the reference conditionms
and the inducer parameter variation cases., To consider the effect of
flight conditions with additional acceleration imputs occurring, cases
were run where pressure variations at the low speed inducer and/or at
the main pump inlet due to imlet line fluid columm heights, were

included.
FEED SYSTEM INLET LINES

The feed system inlet lines, and low speed inducer turbine feed linme,

were described by the linearized lumped parameter equation:

P, - Py = By % + L (dw/at)
where:

line inlet pressure — LB/IN°

g
[
I

= line discharge pressure — LB/IN2
linearized resistance - SEC/IN2

- fluid inertia — SEC?/IN®

e o Fld

= mass flowrate — LB/SEC

The fluid inertia L, is a function of the line geometry and equals

A /er,

wvhere:

A

g
A

line length - IN
gravitational constant - IN'/SEC2

cross sectional area —~ IN2

L]
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MATHEMATICAL MODEL

An analysis was performed to determine if a low speed, hydraulic turbine
driven inducer, located in the LOX feed line upstream of the main pump,

can alter the engine feed system frequency response characteristics,

and correct or control 1ongitudina1 oscillations. A mathematical

model of the J-2 engine and the Saturn S-11 stage center engine LOX feed
system was formulated and solved for the frequency response characteristics.
The results express the gain and phase of engine thrust relative to an
input representing the vehicle structural acceleration at the LOX tank

bottom.

Longitudinal oscillations experienced on vehicle flights have been
shown ‘to be a‘'closed loop instability problem. Elimination or control
of this instability requires a change in the loop gain and/or phase lag
in the range of oscillatory frequencies. It is desired to determine

if the addition of a low speed,inducer in the LOX feed line can alter
the frequency response characteristics of the engine and LOX pump inlet

system portion of the closed loop.

To evaluate the effects of adding a low speed inducer to a LOX feed
system, on the POGO phenomenon frequency response characteristics were
determined for an engine feed system both with and without an inducer,
The systems considered are shown schematically in Figure 33 . They
consist of an inlet line, a main pump, a line coupling a low speed
fnducer and main pump where applicable, and an engine. Equations
describing the low frequency perturbation dynamics of these systems
were formulated, and programmed into a digital computer progfam to
obtain their frequency response.to a simulated structural acceleration

input.
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ENGINE DYNAMICS

Engine performance was described using a transfer function relating
chamber pressure to LOX pump inlet pressure and relating engine LOX flow
rate to main pump inducer discharge pressure. Transfer functions for
three engines - H-1, F-1 and J-2 were available which can be used in

the study. The H-1 and F-1 transfer functions were determined from
engine mathematical models and the J-2 transfer function was determined
from engine test data. Figures 34 and 35 show the open loop Pc/Pos
gain and phase lag respectively for these three engines, The general
shapes of the curves is similar for all three engines, with the H-1

and F-1 being almost identical. The characteristics of the J-2 and F-1
have been used in vehicle - engine simulations and resulted in reasonable
correlation of the oscillations experienced in flight. Since the low

speed LOX inducer was designed for the J-2 engine feed system and

extensive work has been done to determine J-2 pump and engine dynamics,

the J-2 engine and S-11 stage center engine inlet duct were used for this
-study., Also, since the engine transfer functions for the three engines are
similar, only the J-2 engine system was considered. The engine transfer
functions used were:

.651 [1 +s/4.03] [1 + s/55.7)

Fe/Pos ) 1 +s/2.92] (1 + 5/5.79] [1 + .9245 s/124.6 + (s/124.6)7)
F/Pc = 305
.op/Plos (s)y = 446 L + s/7.74] 1 + s/42.9)
[1 +s/4.5] 1 +s/73.6] p + s/280]
where:
= engine thrust - lbs
c = chamber pressuf; - lbs/in2
pos = main LOX pump inducer inlet pressure - lb/in2
S = Laplace transfer variable
'op = main pump {(engine) LOX flow rate - lb/sec
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PUMP DYNAMICS

The engine flow rate equation requires the main pump inducer discharge
pressure to be known. Extensive testing of the J-2 LOX pump has
established that the best dynamic representation of the pump consists

of an inducer inlet and discharge compliance separated by a resistance
and an inertance, and a side branch resistance, inertance and compliance
coupled to the discharge compliance, The following are the necessary

pump dynamic equations:

t . .
P. = 1/cpr (Wos—wp)dt
o
_O 1 »
P = RW -P = L (dwp/dt)
os PP os p
1 t . . .
= W -Ww__-W dt
Pos 1/CPD‘ro ( P SB op)
P Lo p_ +R.W._+L (d\;l /dt)
os SB SB SB SB SB
th
P = 1/C :
dt
SB SB o SB
where:
CPI’ CPD' & CSB = compliances of the main pump inducer inlet,
discharge and side branch - in
Lp, LSB = inertances of the main pump inducer and side branch -
2, 2
sec /in
1 . . .
Pos’ Pos ,PSB = pressures at the main pump 1nduce? inlet,
discharge and side branch - 1lb/in
_PI ESB = linearized resistances of the main pump inducer
and side branch - sec/in2
W w,Ww , W = LOX flowrates in the inlet line, main pump

os’ p’ op’ SB
inducer ,engine, and side branch. - lb/sec
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LOW-SPEED INDUCER DYNAMICS

The low-~speed inducer dynamics were represented by an inlet and dis-
charge compliance separated by a resistance and an inertance. The

dynamic equations representing the low-speed inducer are:

t o .
P = 1/C - W dt
11 / 11f Wpp ~ ¥
o
- RW_ -P__=L_ (d¥W_/dt
pII 11 ID 1 ( I/ )
P = 1/C t (& - & ) dt
iD ID I ID
o
where:

2
pII’ pID = pressures at the low-speed inducer inlet and discharge-1lb/in
c_,C . . . . . 2

II ID = compliances at the low-speed inducer inlet and discharge-in
LI = low speed inducer fluid inertance - secz/inz
= 2
RI = liniarized restance of the low-speed inducer - sec/in

®
®
°

wII’ WI, wID = mass flowrates in the low-speed inducer inlet line,

main inducer, and main pump inlet line - 1lb/sec

A block diagram showing the relationship between the equations is
presented in Figure 36, In order to solve the equations, values had

to be assigned to the compliances and inertances. The values assigned
to establish a reference condition are given in Table I . To determine

the effect of individual parameters some of these parameters were

varied about their reference value.
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TABLE I

SYSTEM REFERENCE VALUES

WITHOUT LOW-SPEED

WITH LOW--SPEED

PARAMETER UNITS INDUCER INDUCER
TANK PROPELLANT HEIGHT inches 50 50
INLET LINE

RESISTANCE seC/in2 .01335 .00667

INERTIA secz/in2 .00298 .00149
INDUCER

INLET COMPLIANCE in2 - .025

FLUID INERTIA secz/inz - .04

OUTLET COMPLIANCE in2 - ,001

RESISTANCE SeC/in2 - .393
COUPLING LINE

RESISTANCE sec/in2 - .00667

INERTIA secz/in2 _ .00149
MAIN PUMP

INLET COMPLIANCE in2 .00667 .00667

FLUID INERTIA secz/in2 .0025 .0025

OUTLET COMPLIANCE in2 .001 .001

RESISTANCE sec/inz . 363 .363

SIDE BRANCH 9

RESISTANCE sec/in .5 2O

INERTIA secz/in2 .02 .02

COMPLIANCE in2 . 00667 .00667
FLUID DENSITY 1bs/in3 .0413 .0413
TURBINE FEED LINE

RESISTANCE seC/in2 - 29,2

INERTIA secz/in2 - .0395
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FREQUENCY RESPONSE ANALYSIS

To evaluate the effects of the low-speed inducer on engine feed system
responses it must be recalled that if the closed loop is unstable it

will be at a structural frequency where the loop gain is greater than

one and the loop ﬁhase shift is zero. If the gain of the engine-LOX

feed system portion of the loop can be reduced, the effect is stabilizing.
At a structural resonance, engine thrust leads the structural acceleration
by 90 degrees. To provide the zero degree phase condition for insta-
bilities, the thrust must lag the acceleration by 90° through the engine
and LOX feed system, Therefore, changing the phase lag of thrust to
acceleration in the range of critical structural frequencies is stabiliz-
ing. The critical frequency range encountered on rocket-powered vehicles

is about 5 to 20 Hz,

It should be noted that the gain expresses the ratio of chamber pressure
variation in lbs/in2 to structural acceleration in inches/second squared,
If the structural acceleration were expressed in terms of g's rather

than inches/secz, the gain curves would be shifted by + 52 db, the

-55 db shown in Figure 37 at .1 Hz becoming -3db. A change in units
does not affect the phase shift,

SYSTEM WITHOUT LOW-SPEED INDUCER

The gain and phase lag data determined for the system without a low-
speed LOX inducer are shown in Figures 37 and 38. The gain plot is
fairly flat from 0,1 Hz to 40 Hz, with the resonance due to the inlet
system at about 36 Hz. Other noticeable effects are the engine

resonance near 20 Hz and the side branch anti-resonance at about
15 Hz,
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SYSTEM WITH LOW-SPEED IRDUCER

A low-speed hydraulic turbine driven inducer was located in the LOX feed
line halfway between the tank exit and the main pump, The following

nominal values for the low-speed inducer were used:

-2
1/CII = 40,0 in
LI = 25,0 secz/in2
]
I/CID 1000.0 in

Gain and phase lag results for the reference run are shown in Figures 39
and 40 . For comparison, the system response without a lowespeed
inducer is shown in the same figures, The low-speed inducer reduces
the gain between approximately 5 and 25 Hz and increases the phase lag

for essentially all frequencies in the range covered,

Analysis of the frequency response data, for the low-speed inducer system,
shows a resonance occurring at approximately 5 Hz due to the combinatio:
of the main pump inlet compliance and the fluid inertance of the induce.
and coupling line. For the feed system considered the inducer fluid
inertance is much larger than the coupling line fluid inertance so that
changing the coupling line dimensions has very little effort on the

system resonances. Also evident are the anti-resonance of the main pump
side branch occurring at about 13 Hz and the resonance at 26 Hz due to the

inducer inlet compliance and inlet line inertance.
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EFFECT OF VARYING LOW-SPEED INDUCER DYNAMIC PARAMETERS

Inducer Inlet Compliance

The effect of increasing the inducer inlet compliance on system frequency
response characteristics is shown in Figures 41 and 42 ; the dashed
curves represent a compliance value of 2 in2 and the solid curves rep-
resent the reference compliance of 0.025 inz. The inlet line resonance
is lowered to approximately 3 Hz; the gain is significantly decreased
above approximately 4 Hz, and more phase shift is evident for nearly

all frequencies in the range considered.

Dynamic testing of pumps and a low-speed inducer has shown that the inlet
compliance varies with NPSH (net positive suction head); the compliance
increasing with decreasing NPSH., Therefore, feed line frequencies can

be controlled somewhat by control of NPSH. It must be remembered that
the frequency is also dependent on the inlet line fluid inertia and,

in some cases, the inlet duct mechanical compliance, in addition to the
fluid compliance. To date, no correlation has been found between
compliance-NPSH functions for different turbopumps. To determine this
relationship, a carefully controlled series of tests including the pump

and low-speed inducer would be required.

Inducer Fluid Inertance

Figures 43 and 44 show the effects on gain and phase shift due to
increasing the inertanice: of the fluid in the inducer. The dashed

curves represent an inertance value of 0,25 secz/in2 and the solid curves

represent the reference inertance of 0.04 secz/inz. The increased in-
ertance reduces the gain for frequencies above approximately 1 Hz, and
increases the phase shift up to about 20 Hz. The fluid inertance is
generally difficult to determine and values used for the J-2 turbopump were

derived from test data,
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Flight Acceleration Simulation Effects

The effect of simulated flight acceleration inputs are shown in Figures 45
and 46. In addition to the tank exit pressure oscillations generated

by acceleration,pressure oscillations caused by the structural acceleration
acting on the respective fluid column heights were included at the

inducer and main pump inlets. The only significant effect observed is

an increase in gain of approximately 10 db.

Two other inducer parameters were varied and they produced insignificant
changes in the system frequency response output. These parameters were,
{1) the fluid inertance of the inducer turbine feed line (varied from
one-half to twice its reference value of 0,0395 secz/inz) and, (2) the
inducer discharge compliance (varied from its reference value of 0,001

in2 to 0.002 inz).

Effects of Varying Main Pump Inlet Compliance

In a feed system with a low-speed inducer, the inlet pressure to tﬁe
main pump would be expected to be high enough to prevent any serious
cavitation., As a result, the main pump compliances will be small and
probably will not vary with inducer NPSH., The pump inlet compliance
curves, determined experimentally for the H-1, F-1, and J-2 turbopumps,
are presented in Figure 47, Due to the wide range of inlet compliance
values, frequency response data was obtained for variation in this
variable over the range of test results, The results, presented in
Figures 48 and 49 , show that a softer {larger) main pump inlet
compliance reduces the resonant frequency associated with the inducer

inertance., This, in turn, reduces the gain above 2 Hz,
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CONCLUSIONS

Based on the results of this study, the following conclusions are drawn:

10

The gain and phase of engine thrust to structural acceleration
can be significantly altered using a low-speed inducer located
in the LOX feed line upstream of the main pump.

The fluid inertance associated with the low-speed inducer and
the main pump inlet compliance cause a system resonance, If
the frequency associated with this resonance is low, a
beneficial gain reduction above this frequency is achieved,
Therefore the low-speed inducer fluid inertance and the main
pump inlet compliance are key parameters.

The resonance resulting in the maximum gain is caused by the
low-speed inducer inlet line. Therefore the low-speed inducer
inlet compliance is the third key parameter.

The maximum gain reduction occurs when the low-speed inducer
inlet line frequency is low relative to possible structural
resonant frequencies. The low NPSP capability of the low-speed
inducer provides the potential of reducing inlet line frequency

and avoid resonant oscillation with the vehicle structure,
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APPENDIX A

ENGINE START MODEL ANALOG COMPUTER DIAGRAMS
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