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SUMMARY

The objective of this program was to establish the technology for small, high-
pressure liquid oxygen (LCX) pumping capability. Turbopumps in this category
are needed for applications in small, high-performance, reusable, versatile,
staged-combustion rocket engines. To accomplish this obiective, analysis and
design effort was expended to produce specifications and shop drawings in suffi-
cient detail to permit fabrication of test hardware.

To obtain high performance and minimize weight, the rotor speed was established at
7330 rad/s (70,000 rpm). The pump design included a single-stage centrifugal im-
peller preceded by an axial-flow inducer to reduce the net positive suction head
(NPSH) requirements. Rotor axial thrust controi was provided by incorporating a
self-compensating, double-acting balance piston as an integral part of the impeller
rear shroud. Power for the pump was developed by a single-stage, partial-admission
turbine using the combustion products of liquid hydrogen (LH7) and LOX as the
propellant. The rotor was supported on two ba'l bearings at each end. The pump
end bearings were cooled by recirculating LOX. The turbine end bearings, located
outboard of th~ turtine disk to provide auxiliary power takeoff capability, were
cooled by LH2. Controlled gap seals were used to accomplish sealing along the
rotor,

Hardware was fabricated for two complete turbopump assemblies. To provide a hot-
gas source for the turbine, a gas generator was designed, fabricated, and tested.

The turbine was calibrated at Wyle Laboratories with gaseous nitrogen as the
driving fluid and a torquemeter was used to measure output, The turbine efficiency

was measured at 51%, 9% below the predicted value at the design point.

The turbopump assembly was tested at Lima stand of Rocketdyne's Propulsion Research
Area (PRA). Eighteen tests were conducted on one turbopump assembly, with LOX

as the pump fluid on all but three tests. (Liquid nitrogen (LNj) was initially
used to verify integrity.) The turbine was propelled by ambient-temperature
gaseous hydrogen on seven tests, and by hot gas on the remaining tests. Speeds

in excess of the design level, up to 7765 rad/s (74,191 rpm) were explored. Pump
discharge pressures ranging up to 3175 N/m (4604 psia) were generated with flow-
rates up to 0.013 m3/s (193 gpm). The turbine was exposed to a maximum inlet
temperature of 1133 C (2040 F).

Analysis of the fluid dynamic performance of the pump revealed a need for addi-
tional development effort in the following arcas: the data indicated a low
suction performance either because the inducer generated insufficient head or
because of blockage at the impeller inlet. ‘he diffuser through-flow area was
smaller than required for good diffuser perfor.iance. Finally, the resistance
of the passages for the balance piston return ilow was too high, resulting in a
reduced balance range for the piston.

To resolve the first problem, a modified inducer configuration or rework of the
leading edges of the impeller will be necessary. The diffuser and balance piston
deficiencies should be resolved by minor changes to the appropriate hardware.

s ccloncedr Siko et o e K
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In terms of the mechanical operation o! the turbopump, only two discrepancies
were noted. The front bearings were discolored due to overheating, and a section
had split off from one ball. It could not be ascertained whether the bearing
overheating was caused by high bearing axial loads or by metal damage incurred
during operation in LNj. The other discrepancy was flaking and blistering of
the rotor chrome plating under the primary hot-gas seal. Increased radial
clearance and improved quality control over the chrome plating process are
expected to resolve this problem. The other components of the turbopump were

in good condition.
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INTRODUCTION

Systam studies have been conducted to determine the feasibility »f develoring

a reusable vehicle for performing future Air Force and NASA space maneuvering
missions. These studies have shown that, over the thrust range of interest,
high-pressure, staged-combustion-cycle engines offer the hig.est specific impulse
and payload capability. A review of the vehicle and engine svstem study results
indicates tnat a single-bell-nozzle, staged-combustion-cycle engine at 88,904 N
(20,000 pouads) thrust level is near optimum for the DOD and NASA mission
requirements.

This program was initiated to provide the required LOX turbopump technology base
for subsequent development of a high-performance, staged-combustion rocket engine.

Technology items of particular interest during the course of this program included
establishing the fluid dynamic parameters and design details for a small-capacity,
high-pressure LOX pump, and low-pressure-ratio, partial-admission turbine; opera-
tion of a balance piston with no axial rubbing features; balance and operation of
a high-speed rotor; high DN bearings in LOX; hydrogen-environment embrittlement
protection; and fabrication of small components with limited accessibility for
generating internal passages. To provide a hot-gas source for the turbine, work
was also performed on high-pressure, concentric-element, 02/H2 injector gas
generators.

The objectives of this program were to design, fabricate, and test a high-pressure
LOX turbopump capable of meeting the performance requirements of the 88,964 N
(20,000 pounds) thrust, staged-combustion-cycle engine, demonstrate its basic
capability, and identify any areas where additional effort due vo technology
limitations is required to place a future engine program on a solid basis.

Rocketdyne has assigned the designation '"Mark 48-0 Turbopump" to the small, high-
pressure, liquid oxygen turbopump design generated under this contract. The two
terms will be used interchangeably throughout this report.
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DISCUSSION
ANALYSIS AND DESIGN

ASE Engine Configuration

The objective of this program was to establish the technology base for small,
high-pressure, liquid oxygen pumping capability for application on the Advanced
Space Engine (ASE). The basic performance parameters for the ASE have “een es-
tablished in a preliminary design task, the results of which are reported in
Ref. 1.

A schematic of the Advanced Space Engine is presented in Fig, 1 . It is a staged-
combustion-cycle engine using liquid hydrogen and liquid oxygen as propellants.
The major components comprising the engine are two low-pressure, gas-driven b~ost
pumps; two high-pressure pumps; a preburner; a regeneratively cooled combustiion
chamber and nozzle; dump-cooled nozzle extension; and valves.

The small, high-pressure, liquid oxygen turbopump effort performed under this con-
tract was directed toward establishing the technology for the main oxygen

turbopump.

Turbopump Requirements

The performance requirements for the Mark 48-0 turbopump are listed in Table 1 .
The pump is required to deliver 16.4 kg/s (36.21 lb/sec) of liquid oxygen starting
with an inlet pressure of 68.9 N/cmZ (100 psia) provided by the low-pressure pump,
to a discharge pressure of 2977 N/cm2 (4318 psia). The propellant gas for the
turbine is a mixtu-e of free hydrogen and steam resulting from the combustion of
liquid hydrogen and liquid oxygen. The gas is provided at a temperature of 1041 K
(187 R) and an inlet pressure of 2320 N/cmZ (3366 psia). The total gas flowrate
avai.able is 1.34 kg/s (2.92 1b/sec). The horsepower requirement of the pump is
matched by adjusting the pressure ratio across the turbine. Since turbine pressure
ratio has a streng influence on the attainable engine combustion pressure in a
staged combustion cycle, it is to be maintained at the lowest possible level. As
noted in Table 1 , the mechanical operating requirements included multiple starts
with long operating durations and potentially long coast times between operations.

The values noted in Table 1 deviate slightly from the requirements expressed in
the original contract work statement. Refined computer runs of the engine balance
indicated minor shifts in the required pump discharge pressure, turbine inlet
temperature and pressure, and turbine hot-gas flowrate. The revised values were
incorporated in the requirements with the NASA Project Manager's approval.

In the area of the pump, the combination of low flowrate and high discharge pres-
sure imposed a difficult impeller fabrication task because of the relatively narrow
passages required compared with the outer diameter. The desire for high effici-
ency, compact packaging, and light weight placed the rotor speed into the 6282 to
9423 rad/s (60,000-to 90,000-rpm) range, pushing bearing DN value to the 1.5 x

106 mm rpm limit noted in the Design Ground Rules (Appendix A). The bearing
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TABLE 1. LIQUID OXYGEN TURBOPUMP NOMINAL DESIGN CONDITION

Metric Units

English Units

Turbopump

Capable of operation at pumped-idle
conditions ( 5 to 10 of full thrust)

0ff-design operation

Number of start-stop cycles

Time between overhaul

Pump
Type
Propellant

Inlet pressure
Inlet temperature
Discharge pressure
Mass flow

Number of stages

Turbine

Working fluid

inlet temperature
Inlet pressure

Pressure ratio

Flowrate
Number of stages
Type

Service life between overhauls:
Service-free life

MaxImum Single Run Duration:

Maximum time between firings
during mission:

Maximum time between firings
during mission:

Maximum storage time In orbit
(dry):

+20% Q/N at full thrust down
to 30% Q/N at 20% N

300

10 hours

Centrifugal
Liquid oxygen
68.9 N/cm2
90-95. 5K
2977 N/cm?
16.4 kg/s

One

Hp-05 combustion products
(H2 x HzO)

1041
3220 N/cm?

Minimum necessary to
develop pump horsepower
requirements.

1 34 kg/s
One

Partial admission

#300 Thermal cycles or 10
hours accumulated run time

*60 Thermal cycles or 2 hours
accumulated run time

2000 s

14 days

| minute

52 weeks

100 psia
162 to 172 R
4318 psia
36.21 1b/sec

1874 R
3366 psia

2.92 Ib/sec

Thermal cycle defined as enqine start (to any thrust level) and shutdown
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operation at high DN values in a turbopump installation as well as the dynamic
behavior of the rotor at high speeds needed to be demonstrated. Because of the
high operating speed involved, the bearings would not be able to take an appreci-
able axial thrust load. This condition dictated that an axial thrust balance
device be employed which, in 1liquid oxygen, would have to be of the nonrubbing
type. The operating characteristics of such a device also required evaluation.

In the turbine, the low-pressure ratio (approximately 1.4) and low arc of admis-
sion (28%) presented a combination for which no empirical data were available.
Performance predictions based on calculations needed to be validated or modified
by measured performance data.

From a structural consideration, the requirement for 300 thermal cycles was signif-
icant in that it established low-cycle-fatigue criteria and eventually necessi-
tated incorporating a liner in the turbine manifold to limit the maximum thermal
gradients in structural walls,

In addition to the performance criteria noted in Table 1, the contract work state-
ment included ce-tain ground rules relating primarily to the structural analysis
and mechanical design of the turbopump. These ground rules are enclosed in
Appendix A,

Turbopump Description

The mechanical configuration of the small, high-pressure, liquid oxygen turbopump
is illustrated in Fig. 2 , with the significant parts identified. The top assem-
bly requirements are established on Rocketdyne drawing number RS009820E, which is
included in Appendix B. The design was given the Rocketdyne internal designation
of Mark 48-0.

Liquid oxygen is introduced to the pump through the axial-flow inlet of 4.214 cm
(1.65¢ inch) diameter and passes through a four-bladed, constant-outer-diameter,
tarered-hub inducer which raises the pressure to an intermediate level. From the
inducer the liquid proceeds into a centrifugal impeller containing four partial
and four full blades. Subsequently, it is diffused in a radial diffuser which
incorporates 13 guide vanes. Downstream of the diffuser, liquid oxygen is col-
lected, further diffused in a volute section, and delivered through a single

2,54 em (1,00 inch) diameter duct.

Hot gas to the turbine is admitted through a scroll-shaped, constant-velocity in-
let, lined with a 1,57 mm (0.062 inch) metal liner to maintain the thermal gradi-
ents across the structural walls at an acceptable level., The inlet duct diameter
is 3.1 em (1.22 inch). The active arc of the partial-admission nozzle extendc

over 1.8 rad (103 degrees) or 28.6% of the circumference, and it includes seven
flow passages. The gas is fully expanded through the nozzle, after which it passes
through a single row of unshrouded impulse~type blades (79 blades) of the rotor.
The exhaust gas is directed through a row of stationary vanes which guide the gas
toward a single radial exit duct of 3.81 cm (1.50 inch) diameter.
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The pump shaft and the turbine disk are designed as an integral part. On the out-
board end, a stub shaft is used with a stud and nut to extend the rotor. Two
pairs of angular-contact, 20 mm ball bearings are used to support the rotor. The
pump-end bearings are cooled by recirculating liquid oxygen through them. The
outboard shaft seal is pressurized with liquid hydrogen, and the leakage toward
the outboard side is used as bearing coolant. A small amount of liquid hydrogen
is bypassed around the seal and introduced to the bearing directly as a redundant
source of coolant. The bearings in each pair are axially preloaded against each
other with Belville springs to prevent ball skidding. The turbine-end bearings
are free of other axial loads. The outer-race sleeve of the pump-end bearings is
axially retained so that the bearings absorb rotor axial thrust during transient
periods when the balance piston does not control the rotor axial position.

Under conditions other than early transient stage during startup or at the end of
shutdown, the rotor axial thrust is neutralized by a self-compensating balance
piston. The rotating member of the piston is the rear shroud of the impeller.

To operate the piston, high-pressure liquid oxygen from the impeller discharge
passes through a high-pressure orifice located at the outer diameter of the im-
peller into the balance cavity. From the cavity, the liquid passes through a low-
pressure orifice near the impeller hub into the sump. From there the liquid oxy-
gen is returned to the eye of the impeller through axial passages in the diffuser
vanes and radial holes in the diffuser and inlet. Thrust-compensating effect is
achieved by virtue of the fact that the high- and low-pressure orifice openings
vary with the axial position of the rotor, and the pressure force on the rear
shroud of the impeller varies correspondingly; e.g., an unbalanced load toward

the pump inlet causes a reduction in the high-pressure orifice gap and an increase
in the low-pressure orifice gap. This, in turn, causes a reduction in the pressure
force of the impeller rear shroud, introducing a compensating load change.

Because of the danger of explosion when rubbing in liquid oxygen, the balance
piston orifices were designed as noncontacting type, formed by the axial proximity
of close clearance, 0,038 mm (0.0015-inch) average, diametral, cylindrical surfaces.

To preclude mixing liquid oxygen from the pump with the combustion products from
the turbine, the two regions are separated by three dynamic seals. All three

seals are of the controlled-gap type, with two seal rings in each. The controlled-
gap concept was selected for this application primarily because it has low drag
torque, a "must" for idle-mode starts. This concept also minimizes power absorp-
tion during steady-state operation, and permitg very long service life. Pump fluid
is contained by the primary LOX seal. The oxygen which flows past this seal is
drained overboard from the cavity formed by the primary and intermediate seals.

A slinger containing pumping ribs was included upstream of the primary LOX seal

to reduce the pressure at the seal gap to a level that will vaporize the fluid.

The objective was to reduce the mass flowrate through the seal with this technique.

On the turbine side, because of the high pressure involved, sealing and drainage
was accomplished in two steps. An overboard drain was included downstream of the
first ring, which reduces the pressure between the two rings to 79 N/em2 (115 psia).
The small amount of turbine gas which leaks past the second ring is drained over-
board with a drain cavity pressure of approximately 14 N/cm (20 psia).
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To provide separation of the pump and turbine fluids, an intermediate seal was
incorporated between the two drain areas with a GHe purge which maintains the
cavity between the two rings at 35 N/cm? (50 psia).

Turbopump Configuration Selection

The statement of work defined the configuration of the turbopump as a centrifugal

pump powered by a single-stage, partial-admission turbine. These guidelines were
astablished based on the result of a prior effort conducted under NASA-Lewis Re-

search Center contract in which the basic parameters of the Advanced Space Engine

were defined (Ref. 1). In addition, the speed of the LOX turbopump rotor was

limited to the range of 6282 to 9423 rad/s (60,000 to 90,000 rpm) to achieve <
reasonable efficiency and weight, while maintaining a maximum bearing DN limit ~
of 1.5 million.

Within the above-specified limits, the most important options which had to be con-
sidered were those relating to the type of axial thrust control concept and type
of impeller and diffuser to be used, and whether an inducer was necessary at the
pump inlet. Each of these features was studied with respect to advantages and
disadvantages, and the conclusions are discussed below. A summary is enclosed

in Fig. 3.

Impeller With or Without Inducer. The higher the pump speed that can be selected,

the higher the obtainable performance and the smaller the pump envelope and weight
will be. Therefore, the speed was selected based on the given bearing DN value
limitation as well as axial thrust control considerations, which limit the mini-
mum impeller diameter that can be used to achieve thrust balance. If we assume

a speed of 7853 rad/s (75,000 rpm), which corresponds to a DN value of 1.5 x 106
for a 20 mm bearing a pump suction specific speed of 24,000 would be required
(available NPSH 170 feet). This suction specific speed, however, can be obtained
only by using an inducer. It is for this reason that the inducer-impeller
combination was selected.

~

Open-Faced or Shrouded Impeller. Experience shows that a shrouded impeller re-

sults in a higher performance than an unshrouded. 1In addition, its performance
is independent of the axial rotor position, and allows a generous clearance be-
tween rotor and housing, thus eliminating an explosion hazard. The shroud also
adds rigidity to the impeller, which is desirable when an integral impeller-
balance piston system is used., Although more difficult to manufacture, the above
factors dictate a shrouded impeller,

Axial Thrust Control, Integral versus Separate Balance Piston. The advantage of

the separate balance piston is that its size can be selected such that any axial
thrust condition can be controlled. The disadvantages, however, outweigh this
advantage: pump length and weight increase, and pump performance decreases since
balance piston leakage losses and disk friction increase. Using an integral
impeller-balance piston system reverses the advantages and Jisadvantages of the
separate pistons: Weight, length, and performance losses are minimized; however,
the thrust balancing range is limited, being a function of the impeller size.

11
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To ensure that sufficient thrust control could be achieved with the integral sys-

tem, a parametric trade study was made. The results of this study, summarized in

Fig. 4 , showad that axial thrust control could be achieved if the impeller diam-

eter was maintained above 5.8 cm (2.3 inch). Based on this, the integral impeller
balance system was selected.

Vaneless or Vaned Diffuser. This option was considered only because a vaneless

diffuser is easier to manufacture. The pump efficiency, however, increases when

a vaned diffuser is used. A vaned diffuser reduces the velocity in a short length,
the flow path length is reduced and, therefore, the frictior losses, (For ex-
perimental results see Ref. 2, page 17, Fig, 6). A second advantage of the
vaned diffuser is that the pressure around the periphery of the impeller is more
uniform, resulting in reduced radial loads. For these reasons, the vaned diffuser
configuration was selected.
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Hydrodynamic Analysis_ of the Pump

Pump Speed Selectic... 1he speed selection involved a comp:.. .se between several
considerations. Xt ianciuded a design studv, critical spe.! snalyses as a function
of bearing stiffness axial thrust controcl calculatlons. ... bearing DN value, and
the effect of speed on pump performance. From the des’ .. ..;udy and critical speed
analyses, the use of - 7“0 wm bearing resulted which, ir .'a, fixed the maximum
speed at 7850 rad/s (75,u70 rpm) based on the 1.5 - “* . limit imposed in the
Design Ground Rules (see Appendix A). At an estir. . Learing stiffuness of

35,000 N/em (2 x 10° 1b/in. )/be=zlng. the second . . al is located at 5550 rad/s
(53 000 rpr): meanwhile, the third is located at i.s 0 rad/s (100,000 rpm). Thus,
from the standpoint of critical rotor frequenci:: . Lhe speed range of 6912 rad/s
(66,000 rpm) to 8376 rad/s (80,000 rpm) was accep.dble after a 20% allowance was
made for margin. Another criterion to be consiicred was the axial thrust control.
With a selected Impeller head coefficient of 0.47 (see Impeller Design) an impel-
ler diameter of 6.05 cm (2.38 inches) would resuit in a speed of 7850 rad/s (75,000
rpm). This diameter was only slightly larger than the 5.84 cm (2.3 inches) impel-
ler diameter thrust capability limit established by the parametric study (Fig. 4).
To ensure that enough axial thrust capability margin was incorporated, the impeller
diameter was <stablished at 6.48 cm (2.55 inches), resulting in an operating speed
of 7330 rad/s (70,000 rpm).

Inducer Inlet Flow Coefficient. The available nominal inlet pressure to the pump
is presently established at 68.94 N/cm? (100 psi). Initially in the program, this
value was 52.91 N/cm2 (76.75 psia) minimum, and the presented inducer analysis was
based on the latter pressure level. The NPSH available at the inducer inlet at
52.91 N/cm?® (76.75 psi) inlet pressure and 95.5 K (172 R) inlet temperature is

320 T/k; (107 feet), which correspond7 to a syztion specific speed of 111.5 rpm
m3/s)172(3/kg)3/4 [31,867 rpm (gpm)1/2 (£t)3/4]at 7320 rad/s (70,000 rpm). To obtain
the maximum margin on suction performance, particularly in view of the degradation
of obtainable suction specific speed due to the small-gize inducer, an inlet flow
coefficient ¢ = 0.085 was selected. With this flow coefficient, larger-size in-
ducers ha ve the poten?ial of reaching a cortected suction specific <peed of 192.5
rpm (m3/8)1/ 2/(3/xg)3/4 [55,000 rpm (gpm)l /2 (£¢)3/4, see Fig. 4, page 12 of NASA
Report SP8109] A second consideration in selecting 0.085 as the flow coefficient
was the limitation imposed by the inducer blade angle. With inducer tip and hub
diameters of 4.19 cm (1.65 inches) and 1.78 cm (0.7 inch), respectively, the inlet
blade angle of the tip becomes 0.15 rad (8.5 degrees). A lower flow coefficient,
which theoretically yields higher suction specific speeds and therefore a larger
design margin, would reguire even smaller blade augles. To provide sufficient
flow passage area, the inducer tip diameter would have to be increased and the
blades made thinner. As a consequence, the blades would be higher stressed, and
f:brication would become more difficult. Furthermore, the diameter ratio of the
lupeller would be unfavorably affected and, as a resulr, the pump efficiency would
drop. Therefure, the selected flow coefficient ¢¥ 0.085 represents the lower limit
and, heuce, the optimum choice for this application.

Inducer Inle: Blade Angles. The blade centerline was canted forward 0.16 rad

(9 degrees) from the radial direction to counteract the hydraulic loads oy cen-
trifugal forces. A 2.09 rad (120 degrees) sweep was used to ease the blade stress
conditions.
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As noted above, the blade angle at the inlet tip was established at 0.15 rad (8.5

degrees) in conjunction with the selection of the flow coefficient and tip diameter.

Angles at other radii were determined by the relationship

r tan B
cos (N.16 rad)

= constanz

where

T = radius
B = blade angle from tangential

cos (0.16 rad) = cant angle correction
The resulting blade angle at the hub is 0.339 rad (19.4 degrees).

Inducer Discharge Blade Angles. The inducer discharge blade angles were determined
by the 1mpe11er gyction capability, which was selected as Sg = 2,569 rad/s
(m3/8)1/2/(3/xg)3* (7000 rpm (gpm)1/2 (£t)3/4). Since the impeller front wear-
ring flow as well as the balance piston flow is returned to the inlet of the
impeller, dowmstream of the inducer, the following impeller flow was used:

kg/s 1b/sec
Through flow 16.44 36.21
Front wear-ring flow 0.7¢ 1.62
Balance-piston flow 2.19 4,83
Impeller flow 19.37 42.66 = 270 gpm

The value of the balance piston flow used in the impeller analysis was derived
trom a preliminary analysis. It is larger than thka flow which results when the
final tolerances are used. (See Axial Thrust Analysis section of this report)

Based on this impeller flowrate and Sy, the required impeller inlet NPSH is 2690
J/kg (900 feet). Assuming an available inducer inlet head of 52.9 N/cm (76.75
psia) results in a minimum inducer required headrise of 2346 J/kg (785 feet).

The inducer discharge angles were determined by using a head rise requirement of
301 1/kg (900 feet). This was done to account for the size effect. The discharge
blade angles from hub to tip are determined by the relation

r tan B = conatant

This does not produce an ideal constant head cutput from hub to tip, but eases
the rabrication considerably. First the angle at inducer discharge rms is
calculated:

Buler Head = (s (CU)r.a - A

g nhydr
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(C ) = —-__Al-l.,____g_
“rms nhydr “rns

?até%%%%%y = 27.1 m/s (SI)

(900)-(32.2) _
(0.8) (407) 89.1 ft/sec (English)

The exit area is
2

L) 2
Ay = % (Op - Dy
- ¥ a9’ - 2.29%) = 9.67 en” (5D
= 3 @es?-0.95) = 15 1n.? (English)

where Dt and Dy are the inducer tip and discharge hub diametevrs, respectively.
If the blockage is assumed to be 0.8,

= —9Q
m (A) (0.8)
= (0.0144) = 18.6 SI
(9.67 x 10~%) (0.8) n/s (SI)

(229) (144)
(449) (1.5) (0.8)

= 61.2 ft/sec (English)

with that, the relative flow angle at rms is

Qa = arc tan
2 rms u -C

18.6
= grc tan m 0.19 radian (SI)

61.2

T arc tan oGs - 89.1

10.9 degrees (English)

The total turning at the rms radius is 0,107 radian (6.16 degrees). Assuming
a deviation angle of 0.044 rad (2.5 degrees) results in a blade discharge angle
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of 0.24 radian (13.5 degrees) and, therefore, a blade tip angle, B3, of 0.19
radian (10.95 degrees). Based on this, it was decided to use 0.19 radian

(11 degrees) at the tip of the inducer discharge, which results in an angle of
0.34 radian (19.4 degrees) at the hub of the discharge.

Figure 5 shows the blade angle distribution as a function of the axial length,
and Fig. 6, the blade loading, which was calculated using Rocketdyne's VELDIS
computer program.

Impeller Design. With the inducer design established, the inlet eye diameter of

the impeller is alsc fixed (4.19 cm; 1.65 inches). The required pump head rise 1is
25,974 J/kg (8690 feet) which, at 7330 rad/s (70,000 rpm), corresponds to a stage
specific speed of 4.1 rpm (m3/5)1/2/(3/kg)3/4 (1174 rpm (gpm)1/2/(£t)3/4). From
this, using the available experience documented in Fig. 5 of NASA Report SP 8109,

an impeller diameter ratio of about 0.65 has to be selected to obtain a high pump
efficiency. Therefore, the impeller tip diameter is set to 6.48 cm (2.55 inches)
whict, with the selected speed of 7330 rad/s (70,000 rpm), results in a required
head coefficient of y = 0.4725. From Fig 16 of NASA Report SP 8109, the minimum num-
ber of blades required to obtain Y = 0.4725 is found to be between five and six,

Since a four-bladed inducer has been selected, it is desirable to also have four
blades at the impeller inlet. This will ensure minimum impeller inlet blockage
and, at the same time, ease producibility. However, an impeller with only four
full blades results in blade surface velocity gradients exceeding the limits.
Therefore, four partial blades were added. '

The final determination of the blade angles and shape is a function of blade load-
ing, stress, and producibility, all of which are also affected by the shroud con-
tour. Its curvature, therefore, was made moderate to avoid separation. The shroud
shape also has to be coordinated with the blade thickness required by stress.

After several iterations, hydrodynamics, stress, and fabrication could be satis-
fied using an impeller blade discharge angle of 0.454, 0.489, and 0.524 rad (26,
28, and 30 degrees) at the shroud, mean stream line and hub, respectively.

The tip width was established as 3.81 min (0.15 inch) which corresponds to an impel-
ler discharge flow coefficient of § = 0.151.

The assumptions used to arrive at these dimensions are as follows:
Total head to be generated:

HTOT = H pump + losses

The losses are:

1. Friction in impeller 4. Diffuser incidence loss
2. Impeller incidence loss 5. Volute loss
3. Friction in diffuser

For the design point, the incidence losses are assumed to be zero.
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The loss values for the pump design point performance calculation are shown in
Table 2 . These values are selected based on Rocketdyne's experience. For the
calculation of off-design performance, the loss coefficients were varied.

TABLE 2. LOSS VALUES FOR PUMP DESIGN POINT
PERFORMANCE CALCULATIONS
(Q = 232 gpm, N = 70,000 rpm)

Vaneless

inducer {mpeller Space Diffuser Volute
Roughness 0.000064 0.000064 J.20.N64 0.000064 0.00125
Momentum Loss - -- -- -- 0.00206
Coefficient
Incidence Luss 0.00426 0.00073 -- 0.0007 -
Coefficient
Skin Friction Loss 0.00947 0.00578 0.005438 0.01082 0.00609
Coefficient
Diffusion Loss 0.00121 0.00004 - 0.01761 -
Coefficient
Exit Diffuser Loss -- - -- -- 0.00144
Coefficient

The blade angle distribution is shown in Fig. 7, and the results of the blade
loading analysis, calculated using Rocketdyne's two-dimensional axisymmetric
blade-loading analysls computer program, are shown in Fig. 8 and 9. Figure 10
shows the predicted pump performance map, which is calculated using Rocketdyne's
loss isolation computer program.

Vaned Diffuser Design. The impeller is followed by a radial vaned diffuser. This

type is selected to provide maximum efficiency and, with proper volute design, a
more nearly constant static pressure around the periphery of the impeller, thus
minimizing radial bearing loads.

The radial clearance between the impeller discharge and diffuser inlet is set at
0.1 inch, which corresponds to approximately 4% of the impeller diameter. Thus,
the diffuser inlet diameter is 2.75 inches. The diffuser exit diameter is set at
3.65 inches, or 1.43 times the impeller diameter. The diffusion is produced by

13 vanes. Hydrodynamic loads are insignificant compared to the tensile load.

The cross-sectional area, therefore, must be selected to carry this load. Rocket-
dyne's diffuser computer program was used to determine the vane shape (Fig. 11).

Yolute. The diffuser discharges into a volute folded over toward the pump inlet.

This type is used to minimize the outside diameter and to create a stable second-
ary flow pattern, which reduces volute losses.
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The volute area distribution and location of ea-~h area with respect to the tongue
is calculated as a function of wrap angle, 6.

360 x r:ln. cuin. bdr

W 0.144 T

6 =

The total wrag angle is 6.28 radians (360 degrezs) and Q, the flowrate, is ex-
pressed in ft°/sec. The coefficient makes allowance for blockage to boundary layer
buildup. Figure 12 shows the resulting area dietiibution as a function of the

wrap angle.

Turbine Aerothermodynamic Analysis

Preliminary Analysis. The turbine aerothermodynamic analysis was based on the
design parameters stated in Table 3. The developed power and operating speed
were established at 638 kW (856 hp) and 7330 rad/s (70,000 rpm) by pump
requirements.

A preliminary analysis was conducted under a prior program (Ref. 1) to determine
the basic configuration of the turbine. This study indicated that a single-stage,
partial-admission, impulse turbine would best meet the design requirements.

Turbine Aerothermodynamic Design. The turbine mean diameter of 11.94 cm (4.70
inches) was selected based on the results of a study to optimize turbine efficiency
as shown in Fig. 13. The analysis used the design requirements data, a maximum
hub-to-tip diameter ratio of 0.9 for partial admission, and efficiency trends with
velocity ratio and partial admission from Ref. 3. Turbine blade speed was main-
tained within structural limits. The trade study compared the increase in per-
formance from increased blade speed (larger diameter) to the reduction in per-
formance due to reduced arc of admission. The smallest diameter was desirable to
minimize turbopump weight. The 11.94 cm (4.70 inch) diameter resulted in a mean
blade speed of 437 m/s (1435 ft/sec) at 7330 rad/s (70,000 rpm).

The design analysis was conducted utilizing Rocketdyne's turbine design computer
programs which have been developed and verified with rocket engine turbine opera-
tional data and experimental turbine test data. The gas path elewent wall friction
and turbulence losses were established from the expansion and kinetic energy
coefficients, which are a function of the blade deflection angles and blade size.
The program establishes gas path energy distributlon and exit energy losses, and
adjusts the turbine diagram efficiency. Table 3 presents a summary of the turbine
design data, including the design requirements. Table 4 is a summary of the

energy balance for the turbine design, and Table 5 presents the turbine blade

path summary.

The turbine manifold was designed to minimize the inlet flange velocity head
energy loss. Inlet flange velocity head energy is a significant part of the
available energy i. a low-pressure-ratio turbine. The manifold torus was sized
to maintain the inlet flange velucity constant over the single arc of admission.
The nozzle inlet was designed for minimum incidence within the structural
constraints.
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TABLE 3. MARK 48-0 HIGH-PRESSURE OXIDIZER TURBINE DESIGN SUMMARY

Metric Units English Units

Type - Single-Row impulse, Partial-Admission

Stage
Working Fluld - LOZ/LH2 (JANNAF Data)
Turbing rean Diameter, D 11.94 ¢cm 4.70 inches
Speed, N 7330 rad/s 70,000 rpm
Tota) Turbine Inlet Temperature, Ttl 1041 K . 1874 R
Total Turbine Inlet Pressure, Pt' 2321 N/em 3366 psia
Static Turbine Exhaust Pressure, P52 1630 N/cm2 2364 psia
Pressure Ratio, PR (Tota! to Static) 1.424 1.424
Turbine Mass Flowrate, W, 1.33 kg/s 2.92 1b/sec
Turbine Horsepower, hpy 638 kw 856 hp
Pitch Line Velocity, U, 437 /s 1435 fe/sec
Nozzle Arc of Admission 28.5% 28.5
1.8 rad 103 degrees
Turbine Velocity Ratio, U/C, (Total to Statlc) 0.343 0.343
Turbine Efficiency, n,, ‘Total to Static) 0.598 6 0.598
Turbine Avallable Energy (Total to Static Ahat-S) 3}223 x 10 348.9 Btu/1d
Turbine Specific Work, Ahw 0.485 x IO6 208.6 Btu/1b
J/kg
Aerodynamic_Mesn Radlius Loading, 1.26

2
I (94ah /2IV 2)

27



OPTIMUM DIAMETER

0.600 } 11.9% cm (4.7 INCHES)
<
<
Q 0.596 |-
3
<
-
o
Lok
> 0.592%+
z
b}
o
w
i R
- 0.588
=
=
¢
>
-

0.584

0.580 1 1 1 L 1 1

h.2 b4 h.6 4.8 5.0 5.2 5.4 5.6
TURBINE MEAN DIAMETER, INCHES
1 1 4 1
n 12 13 14

TURBINE MEAN DIAMETER, cm
Figure 13. Mean Diameter Optimization

TABLE 4. TURBINE ENERGY DISTRIBUTION

Energy Available
kJ/kg Btu/lbm Energy, &
: Flow Passage Losses
§ Nozzle Expansion Energy Loss 67.7 29.1 8.3
g lotor Kinetic Energy Loss 134.4 57.8 16.6
f Turbine Leaving Loss 42.3 18.2 5.2
4 Additional Losses
f Tip Clearance Loss 17.4 7.5 2.1
; Partial-Admission Losses
H Rotor Windage, Inactive Arc bl 4 19.1 5.6
_ Jet Expansion Loss in Rotor 4.2 1.8 0.5
l End of Sector Pumping Loss 15.8 6.8 1.9
Turbine Specific Work 485.1 208.6 _59_2__
Turbine Available Energy 811.3 348.9 100.0




TABLE 5.

MARK 48 LO, TURBINE BLADE PATH SUMMARY

2

(METRIC UNITS)

TURBINE GAS PATH

STATION
1

Working Fluid - LOZ/LH2
Speed, rad/s
Power, kW

Gas Path Element

Number (Vanes, Blades)
Height, cm

Axial Widith, cm

Inlet Arnje, rad

Exit Vector Angle, rad

Outlet Area, cm2

Station

Pressure, Total, N/cm2
Pressure, Static, N/cm2
Temperature, K

Specific Volume, m3/ﬁg

77777,
NOZZLE ROTOR
- - 3
D
97ﬁ77777r77C777c77522: NN SRR
N
N
N N
7330 5
-
638 n
Nl IR f
E
7 79 i
0.61 0.72 t
1.27 0.3i8 0.762
0.79 0.4k
0.28%* 0.44
1.51 3.00
1N 2 3
2321
1630 1630
1041 994 977
0.134 0.136

*0.017 radian deviation from blade angle

e st
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TABLE 5. (Concluded)

(ENGLISH UNITS)

TURBINE GAS PATH

STATION
1

/
/ LLLLLL Ll Ll e
(lllééLLHLZZZZZzn

Working Fluid - L02/LH2
Speed, rpm

Horsepower, hp

Gas Path Element‘

Number (Vanes, Blades)
Height, inch
Axisl Width, inch

Iniet Angle, degrees
Exit Angle, degrees

Qutlet Area, ln.2
Station

Pressure, Total, psia
Pressure, Static, psia
Temperaturce R

Specific Volume, ft3/lb

NOZZLE ROTOR
- 2 - <+ 3
\ \
70,000
856
[ 1R
7 79
0.2% 0.285
0.50 0.i25 0.300
4s 25
16 (vector 25(vec-or
angle)* angle)
0.2333 0.4658
1 3 3
3366
2364 2364
1874 1798 1759
2.156 2.189

< D = 4.70

*] degree deviation from blade angle

390
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The turbine isentropic available energy was 0.813 x 106 J/kg (348.9 Btu/lb) from
the nozzle inlet plane to the rotor exit plane for the inlet temperature and
pressure and outlet pressure noted in lable 3. The entire pressure drop occurs
across the nozzle for the partial-admission, impulse design. The nozzle inlet
angle of 0.79 radian (45 degrees; angle from the tangential) was selected for
minimum incidence with adequate vane structural section. The nozzle outle*~ angle
of 0.25 radian {15 degrees) was selected to provide high performance witl.in the
blade height limitations. The nozzle expansion energy coefficient was 0.916 per
Ref. 4 for a total nozzle loss of 0.0676 x 10 J/kg (29.1 Btu/lb). The nozzle
outlet veloeity of 1221 m/s (4006 ft/sec) is shown in the velocity vector diagram
in Fig. 14 and 15. The kinetic energy available to the rotor to produce work is
presented by Wy in Fig. 14 and 15.

The rotor blade inlet angle was set for zero incidence. The rotor outlet angle
of 25 degrees was seiected for high work output and low leaving loss. For the
selected rotor axial width of 0.76 cm (0.300 inch), the rotor kenitic energy
coefficient was 0.589 per Ref. & . Rotor outlet kinetic energy is represented
by Wy in Fig. 14 and 15. The rotor leaving loss velocity 1is represented by Co of

291 m/s (955 ft/sec). Rotor kinetic energy loss was 0.123 x 10 J/kg (57.8 Btu/lb).

The vector diagram specific work shown in Fig. 14 and 15 was 0.567 x 106 J/ kg

(244 Btu/lb) for the flow through the nozzle and rotor passages. Additional losses
exterior to the flow passages reduce the turbine work output. These additional
losses, summarized in Table 4, include tip clearance losses and partial-admission
losses.

Tip clearance loss was determined using the empirically established efficiency
ratio data reported by Cordes in Ref. 5 for an unshrouded impulse turbine as a
function of tip clearance/blade height ratio. The radial tip clearance established
by mechnaical design considerations was 0,127 mm (0.005 inch) which resulted in
clearance/blade height ratio of 0.0175. Tip clearance losses are significant for
unshrouded, high-turning —-otating blades. Any increase in operating tip clearance
will result in significant efficiency degradation.

Partial-admissior. losses were minimized in this design by maintaining the arr

of admission greater than 25% of the circumference and by grouping the nozzles in
one sector of admission. Partial-admission losses of blade windage in the inactive
section of the rotur, nozzle jet expansion through the rotor, and pumping loss at
the end of the sector were determined using correlations by Traupel and Suter,

and by Stenning reported by Horlock (Ref 6).

The summation of the gas path losses, tip clearance losses, arnd partial-admission
losses resulted in a turbine output specific work of 0.485 x 106 J/kg (208.6 Btu/lb
as listed in Table 4.

Nozzle Vane Profile. The nozzle profile was designed to accelerate aad direct the
turbine flow correctly to achieve design performance. The low-turning, radially
convergent design was selected for use with the tangential inlet, constant-
velocity, low-pressure-loss, turbine inlet manifold. The 0.79 radian (45 degree)
nozzle inlet angle was selected as a structural and performance compromise.
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U=10437m/s © =
FLOW PASSAGE SPECIFIC WORK
A Cu

=
m

= U
m

(C, cos a, + Uz cos 82 - Um)

= 437 (1221 cos 0.28 + 621 cos 436 ~ 437)
= 0.567 x 108 J/kg

Figure 14.

Figure 15. Turbine Gas
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Turbine Gas Path Calculation Velocity Vector Diagram (Metric Units)

PASSAGE SPECIFIC WORK

Uu AC

m = "y

qgJ

v, (Cl cos a) + W, cos ¢, = U )
g4J

1435 (4006 cos 16° + 2038 cos 25° - 1435)
3277 x 778.2

224 Btu/1bm

Path Calculatiun Velocity Vector Diagram (English Units)

e TR .

-




Seven nozzle passages, grouped together, were used to provide a low prime number
with an acceptable throat aspect ratio near 2 with the low-turning nozzle. Seven
nozzles result in passage dimensions that can be fabricated. The axial width of
1.27 cm (0.5 inch) provided adequate passage length for gradual radial convergence
and a rectangular ontlet throat section. Leading and trailing edges are radial.

The nozzle outlet throat area was determined from the gas path calculation throat
flow area and the passage fillet area. The gas path flow area includes the effects
of the nonideal gas characteristics and compressibility for the high-pressure
hydrogen/oxygen combustion products.

The nozzle profile is shown in the turbopump housing drawing in Fig. 16. The
profile has a straight back suction surface from the throat to the trailing edge.
The trailing edge has a 0.195 mm (0.0075 inch) radius to minimize nozzle wake
intensity. The straight back suction surface angle was set at 0.25 radian (15
degrees). The pressure and suction surfaces upstream of the throat are defined
by circular arcs. The profile section is adequate to carry the structural loads
resulting from the high pressure in the torus. The nozzle inlet was sized to
accept the manifold torus velocity with minimum losses and blockage.

The profile surface velocity distribution was calculated for the pitch diameter
section assuming constant blade height using the Dcouglas-Neumann analysis program
reported in Ref. 7. The suction and pressure surface velocity distribution are
shown in Fig. 17. The velocity distribution showns gradual acceleraticn, with
maximum overspeed of 1.1 of the exit velocity. The analysis confirms the fluid
turning required of the flow passage. The actual inlet/outlet velocity ratio
would be lower than indicated because the nozzle inlet height is larger than
assumed.

Rotor Blade Profile. Maximum axial width was used for low weight, consistent
with minimum manufacturable throat opening. Blade spacing was set to give a
prime blade number for an aerodynamic loading coefficient (Zweifel number) con-
sistent with previous rocket engine turbine practice.

Rotor blade throat area was determined from the required gas path throat flow area
ratioed by the actual arc of admission toc equivalent full-admission flow area plus
the rotor root fillet area. Throat opening at the mean diameter was determined
from the rotor total throat area divided by the number of blades and the blade
height.

The rotor blade profile at the mean diameter is shown in Fig. 18. The profile
was designed in accordance with Rocketdyne's established practice for this type
of inpulse bl.ding. This procedure calls for zero incidence angle according to
the gas path calculation and a slightly convergent passage to provide a smooth
velocity pattern. The velocity distribution for the rotor blade is presented in
Fig. 19 .

The rotor blade height overlaps the nozzle outlet height by 1.143 mm (0.045 inch)
or 19%, .s indicated in Table 5. lwzzle/rotor blade axial spacing was set at
3.175 mm (0.125 inch) to minimize nozzle wake effects at the rotor inlet. Rotor
blades are unshrouded for ease of fabrication and structural reasons.

Kk




s 4282218 ®
%
A) oY
4 2
) surFace M ~ep0— /&
SECTION AE-AEE o -
MO SCALE; DEVELOPED AT (2.380] RADIVS oes
=/ THE PASSAGL DIFINING SECTION 13 ® 7
Y/ A SECTION DEVELOPED A 2.330 BASIC .
a%\u:c ALL LINE ELEMENTS ARE AW R—
\ uNES.
y/ PASSAGE FILLAT R
‘[ Y/, ® 7z Paasa APACED AS SHOWN
\ 7 @Je [.coz OA]
L/~ N/ .
7 'une‘lPr.l OF MOZ2LE
IPASSASE *|
|/




< Lo
A » \ )
2010 § h
X 4
N,
’ 260
LOS0 B, 2 PLACES
8
\‘ 2%0]R, 2 PLACES
\‘ 4460228
DIA
A

020233%

&8 Figure 16. I.O2 Turbopump

werce H Turbine Nczzle

FOLDOUT Fraseer



A .ﬂ //.ﬂl_, o TR e T e

Y

.

g e s, m v e N P T T PN

Inding uuewnaN-se18noq pazITPWION 2TZ2ZON 0-8% YIBW */T 2and14

8°0

(H1G1M TVIXY) X G3Z1TVWYON
9°0 g0 %0 £€°0 Z°0

1°0

32viuns

3YNSSIYd

-

I I 1 ] 1

32v44¥nS NOI1INS

z°0

%0

L AR

llXSA/A

(72
[ g

o —



36

DIRECTION OF ROTATION ——————t
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Turbin2 Predicted Performance. The predicted turbine efficiency as a function of

mean velocity ratio is shown in Fig. 20. A design efficiency of 0.598 at a mean
velocity ratio of 0.343 is shown in Fig. 20. The off-design performance charan~
teristic was established using the test results from Ref. 3 for a turbine of
similar size and arc of admission. Crossplots of Ref. 3 test data indicated
near liner torque-speed characteristics. The characteristic slope for the Mark
48-0 turbine arc of admission was plotted through the design point to establish
the turbine off-design performance.

The predicted turbine flow parameter characteristics are shown in Fig. 21 The
flow parameter as defined in Fig. 21 is a function of turbine pressure racio and
rotational speed over the square root of inlet temperatuve ratio. The {low para-
meter characteristics were determined from an iterative computer calculation
matching flow element areas with turbine operating conditions.

It should be noted that Fig. 21 1s constructed for gaseous hydrogen as the working
fluid; however, 1t can be used also for L02/LH2 combustion products by applying
prcper corrections for fluid properties.

0.7

06 -
DESIGN POINT

05 -

0.4 F

TURBINE TYPE

03
1STAGE, IMPULSE, PARTIAL ADMISSION

'71-_3 — TURBINE EFFICIENCY

02 y

0.1~

0 1 " } i
0 0.1 0.2 9.3 04 06

U/C, — MEAN VELOCITY RATIO

Figure 20. Small High Pressure LOX Turbopump Predicted
Turbine Performance Map
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(METIRiC UNITS)

FLOW PARAMETER =

i

P, = TURBINE TOTAL INLET PRESSURE

)
P, = TURBINE TOTAL EXHAUST PRESSURE, Nemd (PAIS)

2
A, = NOZZLE AREA, cn® (IN.%)

]
nm = PITCH DIAMETER, cm {INCH) %

Nt » TURBINE SPEED, rad/s (RPM)
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Axial Thrust Control

The unbalanced axial thrust forces generated by the inducer-impeller, the slinger
mounted between pump bearing and seals, and the turbine are balanced by a thrust
balance piston machined integral with the impeller. A number of different axial
thrust systems were investigated. They include impellers with different wear
ring diameters, inboard pump and turbine bearing arrangement, inboard pump and
outboard turbine bearing arrangement, turbine disk with and without wear rings,
as well as with and without a slinger between bearing and seals.

The configuration finally selected is shown in Fig. 22. The forces acting on tur-
bine, impeller, and slinger are calculated for nominal design conditions using
the pump map shown in Fig. 23. For the forces acting on the slinger, it is
agsumed that vapor is generated on the slotted slinger side.

The total balance piston travel is set to 2.54 mm (0.010 inch). Both the high-
and low-pressureorifices are of the nonrubbing type. The diametral orifice
clearance is set to 0.066 and 0.0178 mm (0.0026 and 0.0007 inch), respectively.
Figure 24 shows the pressure behind the impeller and slinger as they are
affected by th2 different balance piston positions. In Fig. 25 the net balance
piston restoring force is shown as a function of the balance piston travel.

Bearing Design

The Mark 48-0 bearings are 20 mm bore, angular-contact ball bearings arranged in
two spring-preload pairs. The forward pair is located immediately behind the
pump impeller and is cooled by LOX. The aft pair is located on the downstream
side of the turbine disc and is cooled by LHZ'

The Mark 48-0 bearings are identical to those designed earlier for the Mark 48-F
turhopump. Dual use of the same bearing is technically feasible because the
design speed of the fuel pump is higher, 9948 rads/s (95,000 rpm) than that of
the LOX pump, 7330 rad/s (70,000 rpm). Economy in procurement was also effected
by purchasing only one type of specially designed bearing.

The internal geometry of the bearing was optimized for 9948 rad/s (95,000 rpm)
and formalized into the Rocketdyne Souice Control Prawing, RES1174 (Tig. 26).
There was no existing bearing with satisfactory features, so a special bearing
was designed and fabricated with the following features:

1. Bearing Size. The dimensions of the dynamic components were minimized
to reduce the inertial forces due to speed as far as possible, At the
time of selection, the LOX pump's bearing DN value of 1.4 x 106 was within
the state of technology for LH-coolied bearings, but was beyond the 1.1 x
106 established in Rocketdyne IR&D testing for LOX-cooled bearings. In
subsequent testing, a 7.5-hour life at 1.8 x 106 DN was achieved for the
SSME LOX pump bearings.

The pitch diameter and outer race outer diameter were made different
than those existing for a standard metric envelope to accommodate, at
minimum size, the thicker inner race cross section required to
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FOLDOUT FRAME \

— — — K 2
CHARACTERISTIC ENGLISH UNITS 51 UNITS
ENVELOPE_DiMS, -
BORE o78725 00000 D'As 20 mm
OUTER DIA. 145354 © DiA. 39 mm
WIDTH (INDIVIDUAL RINGS) 39378 10 o
{ACROSS BEARING) «393 ¢, 002 10m
INTERNAL GEQMETRY -
PITCH DIA. 1175 DIA. (REF) 29.8 mm
RACE RADII (OUTER RACE) 52%0F BALL DIA. (RER)
(INNER RACE) 53%0F BALL DIA. (REF)
DIAMETRAL CLEARANCE (UNFITTED) 0020 TO 0023 IN. 0.051 T0 0.058 mm
(OPERATING) 00!l TO 0014 IN, (REF.) 0.028 T0 0.036 mn
BALL COMPLEMENT (NUMBER) TEN .
(DIAMETER) «1875 DIA. (NOMINAD 4.76 mm )
SHOULDER HEIGHTS (OUTER RACE) 20%0F BALL DIA. (REFR)
(INNER RACE) 23%0F BALL DIA, (REF) ;
CAGE CLEARANCES (BALL POCKET) +020 TO 4025 INe 0.51 TO 0.64 mm ]
(GUIDING LAND) 003 TO .009 IN. 0.98 T0 0.22 mm
MATERIALS -
PACES CEVM 440-C R, 58-62
BALLS CEVM 440-C R, 60-64
CAGE GLASS FABRIC
SUPPORTED TEFLON (ARMALON)
CAGE WEB THICKNESS (AT PITCH DIAJ 15 IN. (REF.) 3.96 mm

=TT

>

8. IDENTIFY FACES “"A*s"B"

7. BALLS SHALL BE AFBMA GRADE 5

6. BEARING TOLERANCES NOT SHOWN SHALL BE PER ABEC 7.

5, CLEAN & PACKAGE FOR LiQUID HYDROGEN SERVICE.(CLEAN & (

4, THE ARMALON CAGE SHALL MEET REQUIRMENTS OF RBOI30-OI.

3. ONLY THE ITEM DESCR!BED ON THIS DWG WHEN PROCURED FR
SUPPLIER LISTED, IS APPROVED BY ROCKETDYNME, CANOGA PARK, C
IN THE APPLICATION SPECIFIED HEKEON. A GUBSTITUTE ITEM SHA
JSED WITHOUT PRIOR TESTING & APPROVAL BY ROCKETDYNE,

2. THE ITEM SHALL BE DURABLY & LEGIBLY MARKED PER MIL-STD-I.
ADDITION THE ROCKETDYNE CONTROL DWG NO. SHALL BE MARKED (

le MFGs SHALL PREPARE ANY NEW DWGS REQD & ASSIGN PART NO. F
& SHALL OBTAIN' ROCKETOYNE ENGRNG. REVIEW OF PROPOSED CH
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withstand the bolt tension load in the Mark 48 LH7 turbopump. The
thicker inner race is also less prone to brittle fracture from tensile
and thermal stresses.

Ball Complement. A ball diameter of 4.7625 mm (0.1875 inch) was selected

in preference to the off-the-shelf bearing size of 5.556 rn (0.21875
inch) to reduce the centrifugal force and extend the fatigue life of the
outer race. The number of balls was set at 10 to maintain a web thick-
ness in the cage of over 3.81 mm (0.150 inch) to provide adequate wear
life and cage strength.

Race Radii. The race radii, which are expressed as curvature (percent

of ball diameter), were selected to obtain maximum fatigue life consis-

tent with practical manufacturing limitations. The outer race conforms
closely to the ball surface with a 52% curvature. Lower curvatures
closer conformity) is avoided because excessive nonrolling action will
occur in the ball-race contact. In addition, contact angle will vary
rapidly for small changes in bearing internal clearance due to manu-
facturing tolerances, press fits, and thermal expansion.

The bearing fatigue life is maximized if the lives of the inner and
outer races are equal. Therefore, the inner race curvature of 53%

was selected to balance the race lives. Use of a higher (less conform-
ing) curvature on the inner race is a reversal of commercial practice
for low-speed bearings. It was done here to maintain reasonable life,
contact angle, and clearance for the overall bearing while maximizing
the fagitue life of the cuter race, which is adversely affected by ball
centrifugal forces at high speeds.

Race Shoulder Heights. The race shoulders were made deep enough to con-
tain the ball contact "prints' at the contact stress-limited axial load.

This configuration takes full advantage of the bearing's potential capa-

city and at the same time does not excessively restrict the coolant flow

area.

Cage Dimensions. The cage is outer land guided, so its outer diameter
is dictated by the outer race inner diameter (dependent on bearing pitch
diameter, ball diameter, and shoulder, height) and adequate minimum
clearance., Cage diametral clearance, 0.075 mm (0.003 inch)minimum at
ambient temperature, is based on experience with larger cryogenic bear-
ings and scaled to bearing size. Tha cage inner diameter was selected
to maximize coolant flow area and to ensure that the ball equators

would meet the cylindrical section of the ball pockets with a minimum

of 0.254 mm (0.010 inch) margin., The ball is then prevented from "plow-
ing under" the cage. The resulting diametral clearance between the cage
inner diameter and the inner race outer diameter is 1.778 mm (0.070 inch)
to 1.930 mm (0.076 inch), resulting in a minimum coolant flow area of
86.6 mm2 (0.134 in.2). The cage axial cross-sectional area is 170 mm?2
(263 in.2). To provide adequate cage wear-life and strength, the cage
web thickness between the ball pockets was held to 3.81 mm (0.150 inch)
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7.

minimum in selecting the number of balls (10). The resulting nominal
cage web thickness at the pitch diameter is 3.96 mm (0.156 inch).

The cage ball pocket clearance was made large, 0.51 to 0.64 mm (0.025
inch) to permit ball position adjustments during operation without
excessive cage forces. Adequate pocket clearance has been found to
greatly reduce the amount of heat generated at the cage where radial
loads or misalignments occur.

Diametral Clearance. The specified diametral clearance as measured on
an unmounted bearing was based on the value required for dynamic opera-
tion with additional amounts to compensate for the expansion of the
inner race due to press fit on the shaft and centrifugal expansion of
the inner race at speed.

Analysis. The selected bearing design was analyzed using a digital
computer program that calculates forces, deflections, and stresses for
e2ach ball, and overall forces, deflections, and fatigue life of the
individual races and the entire bearing. The spring preloads required
for satisfactory operation of the bearing were calculated using ar
emprically developed relationship of ball size, speed, contact angle,
and pitch diameter. The preloads required are 245 N (55 pounds) for
the LOX pump bearing.

In selecting the bearing design, a comparison was made of the effect

on life of using the minimum bore diameter with the resulting bearing
pitch diameter and required preload. Figure 2?7 presents the By (99%
survival) life for a 19 mm bore and 20 mm bore bearing. The 20 mm size was
selected to obtain a standard bore size as well as provide some margin

on the shaft size. As can be seen in Fig. 27, no substantial benefit

in life would have been achieved by using a 19 mm bore bearing. The
10,472 rad/s (100,000 rpm) speed used in the Mark 48~F bearing analysis
was later reduced to 9948 rad/s (95,000 rpm), but this change would not
alter the results significantly. Figure 28 presents the selected design's
fatigue life (shown here as Bjg or 90% survival life) as a function of
axial load at the Mark 48-F speed of 9948 rad/s (95,000 rpm). The pre~
load criterion resulted in a required axial load of 431 N (97 pounds)

at this conditiow. For the LOX pump, Fig. 29 indicates the calculated
life at the required preload of 245 N (55 pounds).

Figure 30 presents the analytical values of radial stiffness (used in
shaft dynamic analysis) as a function of axial load and speed. Radial
stiffness affects shaft dynamic response and is affected by axial load;
therefore, proper design and deflection control of the preload springs
is important. Figure 31 presents the effect of speed on the relative
axial deflections for given axial loads. This relationship was used in
specifying the thickness of the inner race spacers so that both the
following will be achieved:

1. Adequate preload at speed

L DI N}
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2. Compensation for the increased loading by speed effects,
therefore avoiding unnecessary increase in axial load with
attendant reduction in life.

Seal Design

Main Shaft Seal System. The oxidizer seal system is designed to contain the
high-pressure LOX and turbine hot gas and maintain safe separation of the oxi-
dizer and fuel-rich, hot-gas drain cavities. The seal system (Fig. 32 ) consists
of a rotating slinger containing pumping ribs upstream of the primary LOX seal

to reduce the pressure from 1637 to 79 N/cm2 (2375 to 115 psia). The LOX is
vaporized in the slinger pumping region to reduce the seal leakage. The LOX seal
leakage is drained overboard from the cavity formed by the primary and inter-
mediate seals.

The intermediate seal is purged with gaseous helium at 35 N/cm2 (50 psia) to
maintain a pressure barrier between the oxidizer and hot-gas drain cavities for
safe separation of the combustible fluids. Approximately one-half of the purge
gas leaks out through each side of the intermediate seal and mixes with the seal
leakage for overboard drainage.

The high-pressure 1631 N/cm2 (2365 psia) turbine hot gas is contained with a
double seal and a two-stage drain system. The primary turbine seal and over-
board drain reduces the pressure to 41 N/cm? (60 psia). The secondary turbine
seal further reduces the pressure to 11 N/cm? (16 psia) in the drain cavity
formed by the intermediate and turbine seals.

The system allows failure of one seal at a time without the hot-gas pressure 2x-
ceeding the intermediate seal purge pressure. The seal drains are sized to
accomrodate the additional leakage of a failed seal without exceeding safe pres-
sure levels. Table 6 presents a summry of the seal leakages and pressures for
nominal and failed conditicns.

Turbine Bearing Seal System. A three-element seal with a high-pressure, 2410 N/
cm2 (3497 psia) hydrogen purge is utilized to contain the turbine hot gas and
provide coolant to the turbine bearings (Fig. 33 ). The hydrogen purge provides
a pressure barrier to prevent turbine hot gas from leaking into the bearing area.
A portion of the purge leaks into the turbine area where *: mixes with the hot
gas. Pert of the purge is vented through the turbine wheel for cooling. The
remainder of the purge leaks through the two seal elements into the bearing

area to provide bearing coolant.

A bypass vent hole is provided in the seal housing to ensure sufficient bearing
coolant flow in the event of low seal leakage.

The three-element seal and purge system provides fail-safe operation in the event

of one seal failure at a time. A summary of the leakages and pressures for
nouinal and failed conditions i1s given in Table 7..
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Detail Design. All of the sealing elements utilize a floating-~ring, controlled-

gap seal ring. The floating~ring element consists of an inner carbon or AmCerMet
ring for wear resistance, and an outer Inconel X-750 ring for strength and ther-
mal expansion/contraction control. The outer ring material is selected to pro-
vide the same thermal expansion and contraccion rate as the shaft material, so
that a constant clearance gap is maintained as the temperature changes. The
outer ring is sufficiently strong, relative to the inner ring, to control the
diameter of the composite ring. The inner ring is maintained in compressive
hoop stress with an interference fit.

The load induced by unbalanced radial pressure (Fig. 34 ) is supported by the
composite ring in compressive hcor stress. The radial deflection caused by the
compressive stress is proportional to ring rigidity. The radial section and
modulus of elasticity are selected to minimize the deflection. The initial clear-
ance is adjusted to allow for the deflection and provide the desired operating
clearance.

STEEL RING

~ARBON
RING
UNBALANCED
RADI AL _\\\
PRESSURE “; HIGH PRESSURE
LOAD

LOW PRESSURE
Z"-—'UNBAL»QNCED AXIAL

PRESSURE LOAD

Figure 34. Pressure Forces on a Floating-Ring Seal

The axial force induced by differential pressure (Fig. 34 ) loads the floating
ring against the stationary housing to provide a static seal. A wave spring is
provided to ensure sufficient contact load to maintain a static seal. The seal
ring is partially prassure balanced by relieving the axial contact surface

and minimizing the housing-to-shaft clearance to reduce the unbalanced axial-
pressure-induced load. The floating-ring element is restrained from rotation
with two antirotation tangs that engage slots in the housing.
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The seal ring clearance gap was established by first performing a thermal analy-~
sis to determine the temperature gradient in the turbopump shaft seal area. The
shaft temperature distribution is shown on Fig. 43 (page 78) for the main shaft
geals and on Fig. 47 (page 83) for the turbine bearing seal.

A nite-element stress analysis was performed using the temperature distribution
and centrifugal loading to establish the shaft operating diameter. The seal

ring design was established to maintain the require. operating clearance gap.

The Inconel X-750 retaining band material has approximately the same thermal
contraction and expansion rate as the Waspaloy and Inconel 718 shaft materials

to minimize the gap change due to temperature. The seal ring insert materials
were selected for wear resistance and fluid compatibility. The shaft seal
materials are given in Table 8,

The seal ring design was optimized by utilizing a computer program in which the
temperature, pressure, materials, and overall dimensional data are input. The
computer calculates the seal ring stresses and deflections for varying radial
sections of the retaining band and insert. The seal ring dimensions were then
gselected, consistent with the proper stress la2vels, to provide the minimum
change in clearance gap. The static ambient seal ring clearance gaps were
established, consistent with the clearance differential, to provide the required
operating clearance gaps. A summary of the seal ring stresses, deflections, and
clearances is given in Table 9.

Static Flange Seals. All static flange seals are of the pressure-sensitive metal

spring type (Fig. 35). The seals were designed and fabricated for each specifi:
application by Hydrodyne Division of Donaldson Co. 1Inc. The base material was
Inconel X-750 with a 0.0076 mm (0.0003 inch) thick silver plating applied to
improve sealing effectiveness.

e LOW PRESSURE
SIDE

HIGH PRESSURE SIDE
Figure 35. Typical Static Flange Seal Configuration

Impeller Wear Rings. Internal recirculation of LOX around the impeller front

is controlled by step labyrinth wear rings (Fig. 36). The nominal diametral
clearance between the rotating member and stationary platform is set at 0.15 mm
(0,006 inch). With this clearance, some rubbing contact is expected because of
eccentricities and deflection. To moderate the effect of rubbing, a 0.25 mm
(0,010 inch) thick layer of silver plating is applied to the stationary platforms.
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Rotordynamics

The critical speeds of the rotating assembly were calculated by the lumped para-
meter method in which ti.e rotor is simulated by a series of mass points whose
spacing approximates the mass distribution of the actual hardware. The calculated
mass properties of the rotating assembly are given in Table 10; a schematic of
the rotordynamic model is shown in Fig. 37.

The initial approach was to have all four bearings share in carrying the radial
load. The predicted critical speeds for this configuration are indicated in

Fig. 38. 1t is evident that the second critical speed falls essentially on the
operating speed of 7330 rad/s (70,000 rpm), which is not an acceptable condition.
To resolve this problem, the radial constraint on the outboard pump bearing was
removed. The critical speed prediction for this case is presented in Fig. 39,
Since this configuration provides a satisfactory margin around the operating
speed, it was accepted for the final design. The radial constraint is removed
from the outboard pump bearing by making the bearing sleeve bore larger than the
outer race diameter by 0.25 mm (0,010 inch).

The mode shapes for the first, second, and third critical speeds as a function
location along the length of the rotor are given in Fig. 40.

Material Selection

The materials selected for the more significant components of the Mark 48-0
turbopump are inlicated in Fig. 41, 1In Table 1l specifications and properties
for these materials are summarized.

The principal criteria for choosing the materials in the pump were: strength
and ductility at cryogenic temperature, LOX compatibility, resistance to corro-
sion, thermal contraction coefficient, and ease of fabrication.

The impeller, inlet housing, diffuser, and volute were all made of Inconel 718.
Inccnel 718 is a nickel-base, precipitation-hardenable alloy which has both
excellent strength and ductility at cryogenic temperatures. The same material

was used for these four parts because it was desirable to have a common thermal
coefficient to maintain control over critical radial and axial clearances. Silver
plating was applied to the inlet housing in the inducer tunnel and on the impeller
front wear ring labyrinth lands to permit light contact with the rotating parts

in these areas with a minimum of local heating. For the same reason, the station-
ary lands of the balance piston low- and high-pressure orifices were also plated
with silver.

K-monel, an age-hardenable, nickel-copper alloy, was selected as the inducer
material because it has satisfactory strength, excellent ductility at cryogenic
temperatures, and it has roughly twice the thermal conductivity of Inconel 718.
The latter is a desirable quality because it tends to minimize local heat buildup
in the event of rubbing.
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TABLE 10.

f';b' .

PRCPERTIES (METRIC UNITS)

LOX TURBOPUMP ROTATING ASSEMBLY MASS

Diametral Mass
Joint | Mass Group| Distance Moment of Point Mass Moment
Number Number Along Axis Wet Mass Inertia, 5‘0)’ of lnertia, (lp)
(J) (6) (x) (W), gm gm cm gm cm?
1 | 3.05 | 81.2 85.4 100
2 -- 4.57
3 -- 5.33
4 2 6.1 332.0 750 1165
5 -- 7.16
6 3 8.33 h2.6 2.7 36.6
7 4 9.09 29.9 13.5 24.0
8 3 9.96 h2.6 21.7 36.6
9 5 11.10 75.3 Sh. b4 92.5
10 o 12.10 232.7 509 974
il - 13.21
12 7 14,12 161.5 190 246
13 - 12.95
14 8 16.84 172.4 209 214
15 8 19.30 172.4 209 214
16 21.76 1026.9 6903 13420
17 -- 22.86
18 10 24,51 194.6 290 244
19 -- 25.91
20 H 26.92 38.6 22.2 37.8
21 12 27.69 24.0 26.9 22.5
22 1 28.58 3s.. 22.2 37.8
23 14 29.72 43.1 25.2 37.2
24 15 32.39 132.4 201 101
Total 2840.7




e e e

TABLE 10.

" 1

{Concluded)

(ENGLISH UNITS)

Diametral Mass| Polar Mass
Joint |Mass Group | Distance Moment of Moment of
Number Number Along Axis |Wet Mass (W), | Inertia (ip), |lnertia (lp),
(J) (G) (X), inches pounds 1b/in.2 1b/in.2
1 1 1.20 0.179 0.0292 0.0342
2 -~ 1.80
3 -- 2,10
4 2 2.40 0.732 0.260 0.398
5 -- 2.82
5 3 3.28 C.09% 0.0074 0.0125
7 ) 3.58 0.266 0.0046 0.0082
8 3 3.92 0.094 0.0074 0.0125
9 5 4.37 0.166 0.0186 0.0316
10 6 4.80 0.513 0.1739 0.333C
11 -- 5.20
12 7 5.56 0.356 0.0648 0. 0841
12 -- 5.10
4 8 6.63 0.380 0.0715 0.0731
15 8 7.60 0.380 0.0715 0.0731
16 9 8.57 2,262 2.3588 4.5856
17 - 9.00
18 10 9.65 0.429 0.0992 0.0834
19 -- 10.20
20 1 10.60 0.085 0.0076 0.0129
21 12 10.90 0.053 0.0092 0.0077
22 11 11.25 0.085 0.0076 0.0129
23 b 11.70 0.095 0.0086 0.0127
24 15 12.75 0.292 0.0686 0.0344
Total 6.25

69

-



wea3detg UOTINQTIIISTIJ SSLW pue SSaVIITIS 10308 °( 2a1n813

ver gzc zze Tzr oze 6Ir  SIL  LIL OTF sIe yIr
519 P19 £19 219 119 019 69 89 8
& — —©-
|
/
€Ic zir TIC Oir 6f 8F L 9r St L €€ L If
L9 99 §9 £9 ¥3 €9 20 1
o .
P
W W z

70



T 1
R
B
i |
SN
e i i

111
il
1
B R

.
toa
THIRD CRITICAL —— ]
: ;% . :
SECOND CRITICAL

fa

i
|
|
1
|
l
|
1
1

_
—-

LY

I

H
i

MK 48-0 CRITICAL SPEEDS
BRI

i INITIAL MODEL
i} H 1
i

_FIRST CRITICAL .
!

]

———

I
FE IPUS SN ot
s B o n _.._ Lill

e

Wd¥ ‘03345 TVIHLIYD

105
‘LB/IN./BEARING)

| T .

|

105

10!‘

2)(103

KZO AND K22 BEARING STIFFNESS N/mm/BEAR NG

Mark 48--0 Rotor Critical Speeds, Initial Model

¥’ zure 38.

71



| P B B e I“.lli hmatly ll..ql T T 4_ _ ™ ~r allnsm
L. N T R S - S I . .
“,“ HE A S L [ I T A it
: _ i i :
T R N L o] e — ey, [ N N _ [ — of e ._
' i ) affoat ‘ RHTN [ ST
Bak et R e [l Tk ..:w... proeme } mome o | o - —-—] .} ol . © .._m
JUUR U . . e =8 1]
»lﬁll ”r fooss - vomre | @ m ey om .IN3 ; - - Nl - —f. Rs“ = :.m._
B e ._.. N B = - - ‘.I/I-* 1o .USI_._..: T
] \L I B“. H _._m
_..... /., X i : D“ : :
N A e %“ - ;. I ..rl._lu. T
L - _ : . . . : + M“ _‘
,- O 0 I ) O O AR 1 B : e = i
| w 74
| |
v kS
2 Al .
. E =g -4
V] W ;@u
- [
1§y n o ¢ 4
1o f
! 7))
35 T
T - t S w.
=3 H
]l .]Jo M . __w
. m H m. ."”“
Hu.'n- ® fwl. . - - .___1.
..l'.”l “ . L _— - — .rl,'IT..l | Y
A " i nl R
“. »h, <9 na.
TN S N g _ - - - - -voam 'o!.'l.ﬂ:.. m .Iﬂ:l
i = st
10 1 O U I Y R N~ I
. ' o w IA
L g w
[ Ll oW :
. O3 :
.. ! e “_
— | - —4 - - '.- - - s s mmd L SR RO B A
' ' ., !
; C i
it [ L

106

w\
o

WdY € 0334S TvIIL11¥)

LB/ IN./BEARING

1

|0S

IO“

2 x 10°

N/mm BEARING
BEARING STIFFNESS (xa. Km' "zz)

Figure 39. Mark 48-0 Rotor Critical Speeds, Final Model

72



NORMALIZED RADIAL DEFLECTION (NO UNITS)
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Figure 40, Mark 48-0 Mode Shapes
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Two alloys were in primary contention for the rotor (Astroloy and Waspaloy); b th
would have satisfied the structural requirements. The decision to use Waspaloy
was based on procurement time and cost considerations.

The high operating pressures and temperature dictated the use of Rene'4l for

the main structural walls of the turbine manifold. Rere'4l is a double, vacuum-
melted, precipitation-hardenable, nickel-base alloy. Although difficult to
fabricate because of strain-age cracking in weld heat-affected zones, it has
superior strength in the operating temperature zone of the Mark 48-0 turbine
manifold.

The turbine nozzle and the seal support section of the housing were made of
Haynes 188 which is easier to fabricate, has adequate strength, and is unaffected
by the heat treatment cycle to which the Rene'4l details have tu be subjected
after assembly welding.

The main section of the rear bearing sujpport, which is primarily in a cryogenic
environment, was made of Inconel 718. However, the section which forms the tip
seal over the rotor blades required a special consideration because of a need

to minimize the blade tip clearance growth at the high operating temperatures.
To accomplish this, Inconel 903, an iron-nickel-cobalt base alloy with excellent
properties at the operating temperature and a very low thermal expansion coeffi-
cient was selected.

Heat Transfer Analysis

Heat transfer calculations were made to establish the thermal conditions on those
components that would be subject to high temperatures or thermal stresses. These
included primarily the turbine wheel and turbine manifoid; but calculations were
also made to determine the critical diameters of the shafts in the dynamic seal
areas during operation.

The initial rotor configuration analyzed did

not include coolant holes in the turbine disk.

As a result, the downstream side of the disk N

was exposed to cold hydrogen coolant from .

the outboard seal purge; whereas, the upstream NN COOLANT
side of the disk was surrounded by hot gas. N . BLEED
Analysis of tbis configuration indicated - HOLE
high ax{al thermal gradients, which led to - —p—H-
unacceptable strains and deflections. To :
equalize the temperatures on either side

of the disk, coolant bleed holes were added

as shown in Fig. 42, PUMP

SIDE

The steady-state thermal profile of the

rotor with the covulant passages and a

turbine gas temperature of 1060 K (1909 R)

is shown in Fig. 43. An enlarged view of

the disk thermal map is included in Fig.

44, The bulk of the disk operates at Figure 42, Mark 48-0 Turbine Wheel

77



BN R et s e s s < Areme

R

306 K
(550 R)

225 K
(405 R)

144 K
(260 R)
72 K

129 R)

“-\\~\~\\~‘

L+ 1 1 4t & 1 4 t -+ 1 1 1

8

Figure 43,

Finite Element Temperature Profile of Shaft and Disk
at Maximum Gas Temperature (1061 K, 1909 R)




RN

|

l

1057 (1903) __

., (1857) 1031

944 (1700} £

(1700) 944

778 (1400) N —
]
556 (1000)

301 (542) oo

333 (600}

286 (514)

(1400) 778

r" (1000) 556
Y (907) 504

333 (600)
{483) 268

TEMPERATURE

IN DECREES KELVIN
(iN PARENTHESES,
DEGREES RANKINE)

— 170 (306)

— 280 (505 —t 118 (212)
|
B 111 (200)
- 272 (490) \ 86 (155)
— 4 |7 69
— 118 (212) ass 102 229 ) g2
‘/ l

- S 69

102 (184) ne2) _jusor Juzs) f oo
- 96 |8 73 67 68

| | o Jhesp 3] loze) lp23} ] ] ] |

Figure 44.

Temperature Profile of Turbine Disk at

Maximum Temperature 1061 K, (1909 R)

79



very Jow temperature; only at the rim does the temperature level increase to
approach the gas temperature. The temperature of the turbine blades during
steady-state cocnditions is equal to the gas temperature.

Analysis of the turbine manifold included both transient and steady-state condi-
tions. Beceuse of idle-mode start planned for the Advanced Space Engine, the
start transients did not impose auny significant thermal gradients on the mani-
fold. Steady-state thermal grandients and resulting strains were also acceptable.
In contrast, the cold-gas shutdown purge Introduced severe transient thermal
gradients that would have precluded meeting the 300 life cycle requirement with

a safety factor of four. The shutdown temperature characteristics are illustrated
in Fig. 45. To improve the situation, a 1.57 mm (0.062 inch) thick Inconel 903
liner was included in the design, which acts as a thermal shield for the main
structural walls during cutoff transients. The predicted temperatures (Fig. 46)
are such that the 300 life cycles can be achieved with adequate safety margin.

Figure 47 presents the results of the analysis relative to the thermal profile
of the aft-stud shaft in the area of the outboard seal.
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Stress Analysis

A detailed structural analysis was conducted in accordauce with established
Rocketdyne procedures and the ground rules incluced in Appendix A . Detail infor-
mation 1y presented below on the most critical components.

Impeiler. A f{inite element model of impeller back plate was constructed and used
to establish stress, strain, and deflection levels. Tue analysis was based on a
maximum required operating speed c¢i 8063 rad/s (77,000 rpw) ard the pressure load
schedule shown on Fig. 48. The basic sizing of the impeller was performned using
the following cast Inconel 718 properties.

Fry 69,000 N/cm? (110,000 psi)
Fru 82,700 N/cm« 120,000 ,si)
Elong 5.5%

This was to provide the flexibility of producing the impeller either by cascing
or machining from a wrought alloy. T!e first two impellers were fabricated by the
latter method; consequently, they have higher safety fzaictors by a ratio of 1.6:1,0.

Based on cast properties and a notch factor of 2.0, the burst speed was c~lculated
at 10,000 rad/s (95,500 rpm), which establishes the allowable operating speed at
8335 rad/s (79,600 rpm) using a 20% margin. The factcr of cafety on the spline
was 3.83 based on shear ult:mate. The factor of safety on th:' vane stresses was
calculated at 1.93. The radial and tangential stress profile resulting from cen-
trifugal effects on the backplate is plotted in Fig. 49, as a function ¢i radial
location. Figures 30 and 51 present effective stress profije and maximum effec-
tive stresses r2sulting from combined centrifugal and pressure loads. The effec~
tive strain profile from the combined loading is shown in F.g. 52; Fig. 53 shous
the deformed structure of the impeller with radial and axial deflections indicated
at the critic:l location of the balance piston high-pressure orifice lip. The
Goodman diagram for the vanes, taking into account cen*rifugal and pressure et-
fects, is included in Fig. 54. It shows that the calculated alternating srress

of 1944 N/cm?2 (2820 psi), 30 percent of pressure loading, is far below the allow-
able 6984 N/cm2 (10,000 psi) for a mean stress of 43,300 N/cmZ (62.003 psi).

Inducer. The inducer blade stresses were computed by dividing the blade into a
series of pie-shaped sactions, loading each section with pressure and centrifugal
forces, and calculatiug the measurements and stresses at the blade root. The com-
puted stresses and Izsctors of safety were:

Net bending stress 9075 N/cm2 (13,164 psi)
Centrifugal direct stress 5600 N/cuw2 ( 8,127 psi)
Me~n stress 14,675 N/em2(21,291 psi)

Alternating stress (30% of Prcssure Rending) = 11,424 N/cm? (16,571 psi)
Factor of -1aiety on mean stress = 6.0
Factor of safety on alternating stress = 2.0
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Y \
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.\\\
CONSTANT MININUM MAX | MUM
79,300 N (8835 POUNDS) 'iL7"° N (3539 POUNDS) 674k0 N (15,162 POUNDS)
e

Figure 48. Pressure Loads on Oxidizer Pump Impeller
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A Goodman diagram for the inducer blade (Fig. 55) shows that the calculated alter-
nating stress of 11,424 N/cm2 (16,571 psi) is well below the allowable alternating

stress of 23,800 N/cm? (34,500 psi) at the mean stress of 14,675 N/cmZ (21,291 psi).

Volute. To aid in establishing the structural characteristics of the volute a

finite element model was made. The effective stress profile obtained from the
computer run of the model is shown in Fig. 56, Strain levels in the structure
are presented in Fig. 57, The deflections calculated at the critical locations
(seal joints), assuming and unrestrained structure, are noted in Fig. 58. The
factor of safe*y on ultimate strength using cast Inconel 718 properties was 2.81.

Turbine Wheel. The finite clement model of the turbine disk used for heat transfer

analysis was also utilized to calculate the stress and strain levels., Using a
conservative assumption of 866 K (1100 F) for an average disk temperature and
corresponding properties of 93,760 N/cm2 (136 ksi) for ultimate strength, 73,100
N/cm? (106 ksi) for yield strength and 15% elongation, the burst speed was calcu-
lated at 10,158 rad/s (97,000 rpm). The maximum allowable operating speed, with
a safety factor of 1.4 on the ultimate is 8587 rad/s (82,000 rpm).

The radial and tangential stress levels as a function of radius are presented in
Fig. 59. The effective strain profile is shown in Fig. 60 and 61 for the maximum
and nominal gas temperature condition., Radial and axial deflections were estab-
lished at the rim to permit prover setting of assembly clearances. The rim de-
flections are indicated in Fig. 62. The stress rupture life of the disk , as a
function of temperature, is shown in Fig. 63; included in the curve is a safety
factor of 1.4. Figure 64 is a modified Goodman diagram of the stresses in the
turbine blades at a gas temperature of 1055 K (1900 R). It shows that the calcu-
lated alternating stress of 2070 N/cmZ (3000 psi) is well below the allowable al-
ternating stress of 8270 N/cm2 (12,000 psi) at a mean stress of 27,600 N/cm2
(40,000 psi).

Turbine Manifold. The turbine manifold was analyzed for steady-state and tran-

sient conditions using a finite element model (Fig. 65). Because of the type of
idle mode start planned for the ASE, the start transients did not present struc-
tural problems. The engine cutoff on the other hand is characterized by a cold
hydrogen lag in the preburner, which introduces severe thermal gradients in the
manifold wallas., To reduce these thermal gradients,a 1.57 mm (0.062 inch) thick
Inconel 903 liner was incorporated in the inlet torus. The strain profiles with
the liner are ir.cluded in Fig. 66 for steady-state conditions and Fig. 67 for
cutoff. The maximum strain observed is 0.0037 for steady-state and 0.0058 for
cutoff transient.

The maximum pressure-induced stress level in the manifold is 27,600 N/cm2 (40 kai)
with the resulting safety factor of 3.5 on pressure stresses. The steady-state
effective stress profile, including thermal effects is shown in Fig. 68; the maxi-
mum stress level is 64,000 N/cm? (93 ksi). Similarly, the stress distribution
under cutoff transients is shown in Fig. 69; the maximum stress observed is
68,100 N/cm2 (98.8 ksi), which results in a factor of safety of 1.4, based on a
tensile ultimate of 96,500 N/cm2 (140 ksi).
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Figure 65. Finite Element Pressure Plus Temperature Steady-State

Condition Model
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Gas Generator

The gas generator was designed as a piece of special test equipment to provide
the drive gas for turbopump testing. The requirements that are imposed to meet
the basic intent of such a facility item were: (1) stable operation at all op-
erating points, (2) repeatable high performante, (3) uniform exhaust gas temper-
ature profile, (4) reliable ignition, and (5) durability and long life.

The gas generator design uses separate injector and combustor assemblies which

are attached with a bolted flange (Fig. 70). The injector has five coaxial in-
jection elements which are designed for stable operation, high-performance and
complete mixing., The nominal operating parameters for the injection elements are
given in Table 12, Analysis of the element design, using the Rocketdyne steady-
state combustion model, indicated complete combustion within a distance of 3.5
inches from the injector face (Fig. 71). The output from this model was also used
to conduct a Priem analysis to evaluate the sensitivity of the combustion process
to transverse acoustic modes in the combustor. The results of this analysis in-
dicated the gas generator will have stability superior to the J-2 and J-2S engines
(higher A), which exhibited dynamic stability to all but intermediate size bombs
(Fig. 72). The injectcr element was also designed with adequate injection pres-
sure drop (P/Pc = 0.13) to isolate the gas generator from feed system coupled
modes.,

TABLE 12. LOX TURBOPUMP GAS GENERATOR INJECTOR
NOMINAL OPERATING PARAMETERS

Nomenclature S| Units English Units
Number of Coaxial Elements 5 5
Number of Film Coolant Orifices 20 20
Flowrate/Element* 0.25 kg/s 0.55 1b/sec
Oxidizer Injection Velocity 22.6 m/s 74 ft/sec
Fuel Injection Veloci:y 218.7 m/s 718 ft/s
Minimum Fuel Sleeve Gas 3.68%X10°4 m 0.0145 inch
Number of Centering Devices/ 4 b
Element
*Film coolant flow=5% total weight flow
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The injection elements are a self-contained design in which each element is built
as a brazed assembly for individual calibration (Fig. 73). The elements have a
recessed oxidizer post with four centering devices for positive alignment within
the fuel sleeve. The element material is CRES 304L.

The injector body is an all-welded assembly fabricated from CRES 347. The injec-
tor elements and NARloy faceplate are brazed into the injector body. GRAYLOC
fittings are used as propellant inlets to interface with the test facility. An
envelope was retained in the center of «the injector for use of the spark igniter.

The combustor is an all-welded assembly of the combustor body, elbow, and transi-
tion section. Addad margin for complete mixing and a uniform exit temperature
has been provided by using the elbow to induce circulation. The combustor is
cooled by film coolant injected from orifices at the periphery of the injector.
The film coolant temperature is shown in Fig. 74 as a function of the distance
from the injector face.

Acoustic absorbers were placed in :he combustor wall, directly below the injector
face, to provide added stability margin by damping acoustic modes in the combus-
tor. A summary of acoustic absorber experience (Fig. 75) shows that the design
open area of the gas generator acoustic absorber lies in a favorable position.

A welded transition section was used between the gas generator and turbine mani-
fold because analysis showed that the high temperature in this area would prohibit
effecting 2 positive seal with a flanged joint. The joint is fabricated by weld-
ing the Inconel 625 transition piece to the Rene' 41 turbine manifonld (Fig. 76).
This weld is then heat treated. After the Inconel 625 gas generator transition
piece is welded to the combustor elbow, the two transition pieces are joined with
an electron beam weld. TL> gas generator transition piece has a liner section
which extends over the transition piece welded to the turbine manifold. This
forms a thermal barrier which ensures that the life of protected transition piece
is consistert with that of the turbine manifold. The design of the transition
section allows the gas generator to be removed and rewelded to the turbine mani-
fold without harming the heat treat or weld between Rene' 41 an. Inconel 625 since
the rework can be made in the protected Inconel 625 transition pieces.

Ignition of the gas generator was to be accomplished using pyrotechnic igniters
similar to the Rocketdyne part number 651876 igniter extensively used for J-2 gas
generator and turbopump development testing. Two pyrotechnic igniter ports were
originally provided in the combustor. The subsequent development of a spark
torch igniter under company funding, based on prior work conducted under NASA-
Lewis Research Center direction, obviated the necessity of ucilizing the pyro-
technic igniters.
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FABRRICATION

Component Fabrication

The methods employed in fabricating the major components of the LOX turbopump are
discussed in the following paragraphs.

Inducer. The inducer blades were machined from K-monel bar by pantographing. No
difficulties were encountered in its fabrication. Figure 77 shows the completed
inducers.

Impeller. The impeller internal flow passages were generated by electrical dis-
charge machining. Eleccrodes were introduced from the inlet as well as the dis-
charge side to form the blade surfaces. Some difficulty was experienced in obtain-
ing a smooth transition between the inlet and discharge, in the area where the
leading edge of the partial blade is located. The difficulty was presented by a
combination of small passage width (3.81 mm, 0.15 inch) and small blade angle at
the discharge (0.49 rad, 28 degrees) and large blade wrap angle (2.65 rad, 152
degrees). One set of impellers were scrapped because of discontinuity in the
passages as a result of a machine indexing error. The delivered impellers were
accepted only after several hand rework operations were performed to obtain a
smooth transition.

Diffuser. The diffuser was machined from an Inconel 718 forging by conventional
methods with the exception of the vane surfaces which were generated by electrical
discharge machining. No difficulties were encountered in fabricating this part.

A Y
Volute. Because of the contoured surfaces included in the volute, it was moré&
econor.. ;:al to produce it by casting. The investment casting technique yielded an
excellent quality part from the standpoint of conformance to drawing dimensions
and surface finishes in the flow passage. The unmachined castings are shown in
Fig. 78.

Turbine Manifold and Housing. The fabrication process of the housing is illus-
trated with a series of photographs in Fig. 79. It was the most costly of the
LOX turbopump parts, and it required the longest time to complete.

The housing (Fig. 79A) was machined from a Haynes 188 forging. Intersecting
holes were drilled of electrical discharge machined and capped by welded plates

to provide drain ports for the primary hot-gas seal, secondary hot-gas seal, and
primary LOX seal, as well as purge passage for the intermediate seal. In addition,
six instrumentation ports and passages were incorporated.

The nozzle (Fig. 79B) was also fabricated from Haynes 188 forging, with the flow
passages generated by electrical discharge machining. The throat area of one of
tbe two nozzles fabricated was 5% over the nominal required per blueprint. It

was estimated that this would degrade the efficiency of the turbine 2.7% but would
reduce the engine chamber pressure only 0.165 x 106 N/m? (24 psi). The deviation
was accepted.
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To maintain thermal gradients at cutoff at an acceptable level, the liner shown
in Fig. 79D was formed from Incoloy 903, and the liner details were joined by
welding. Metal-to-metal contact between the liner and the manifold was limited
by chem milling 0.13 mm (0.005 inch) from part of the outer surface of the liner
leaving only high spots to contact.

The main structural details of the manifold were machined from Rene' 41 and joined
by welding. The two principal details are shown in Fig. 79C with the inlet trans-
ition welded to 2ach cylindrical half. Hastelloy was used as the principal weld
filler metal, but an Incoloy 88 weld overlay was applied on the inside surface of
each Rme' 41 joint to minimize hydrogen environment embrittlement. An example

of the weld overlay is shown in.Fig. 79E for the closeout weld that joined the

two manifold halves. Figure 79F through 791 show the housing and manifold in
successive stages of assembly. Difficulties were encountered in obtaining sound
welds where the inlet and discharge transitions were attached to the manifold
halves, primarily because varying material thickness~s and difficult-to-fit coni-
cal welds were involved. Repeated grindouts and weld repairs were made before
penetrant and radiographic inspection criteria could be satisfied. On future
parts, it is recommended that these transitions be machined-integral with the
manifold halves.

Rotor. The rotor (Fig. 80) with the¢ pump inlet, volute, diffuser, and inducer,
was machined as an integral piece from Waspalloy forging. The unshrouded blades
were generated by electrical discharge machining, plunging radically inward
with an electrode plate which formed both sides of the blade concurrently. The
electrical discharge machining setup is illustrated in Fig. 81.

Rear Bearing Support. The rear bearing support was a welded assembly, with the

main support machined from Inconel 718 and the discharge gas straightening vanes
from Inconel 903. Copper plating and Incoloy 88 weld overlay was applied to the
transition ring that supports the straightening vanes, since this area is poten-
tially subject to hydrogen environment embrittlement factors such as high strain
and high-pressure hydrogen at close to ambient temperature.

Turbopump Assembly

Rotor Balance. The Mark 48-0 rotor operates at a maximum speed of 8063 rad/s
(77,000 rpm); as a result,a bigh degree of precision in its balancing is -mpera—
tive. A Gisholt dynamic balance machine with a capability for detecting 6 x 10™4
mm (25 yinch) radial motion was used. For the Mark 48-0 rotor m.ss of 2.84 kg
(6.25 pounds) this translates into machine accuracy limit of 0.18 gm cm (0.07 gm
inch), which would cause a radial load of 98 N (22 pounds) at the design speed of
7330 rad/s (70,000 rpm). The rotor was supported in the balance cradle by two
pairs of turbopump bearings, each pair axially preloaded in the bearing cartridge
exactly as in the turbopump assembly (Fig. 82). Balancing was initiated using
the main rotor and the rear stub shaft assembly, and wax corrections were made in
the plane of the turbine wheel and the stub shaft.
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Subsequently, the slinger, impeller, inducer, and instrumentation sleeves were
added, making wax correction in the plane of each component before the next part
was added. After the wax corrections were completed, several repeatability checks
were marde in which the rotor was disassembled and reassembled, and the change in
residual imbalance was established and the runouts at several stations were meas-
ured. Satisfactory repeatability was obtained in the amounts of imbalance as well
as the runouts of the parts. The final runout values are shown in Fig. 83. Subse-
quently, the permanent balance of the rotor was effected by grinding material in

designated areas of the component parts.

Turbopump Buildup. The buildup of the turbopump was accomplished in the following
sequence:

1. All components were cleaned for LOX service.
2. Front and rear bearing inner race spacer thicknesses were established

to provide the desired bearing preloads. The final preload character-
istics obtained are shown in Fig. 84 and 85.

3. The slinger hub thickness was adjusted to obcain .3.175 mm (0.125 inch)
turbine nozzle to rotor blade axial clearance.

4. Diametral clearances and fits of critical mating parts were established.
The measured values are shown in Fig. 86 through 89.

5. Dinensions were taken to determine the impeller position when bottomed

axially on the stationary parts. This was required to establish mini-
mum operational clearances.

6. Measurements were taken to determine the slinger and ‘urbine wheel
bottomed positions.

7. Measurements were taken to establish the relative positions of the balance
piston stationary and rotating orifice features to facilitate measuring
bearing axial loads as a function of balance piston position.

8. Rotor push/pull tests were performed with a dummpy shaft to establish
the bearing loads as a function of balance piston position. Shim thick-
nesses at the front bearing cartridge were adjusted until the satisfac-
tory characteristics shown in Fig. 90 were obtaired.

9. Final assembly was initiated by installing into the main housing the
intermediate and primary LOX seals, slinger, and the rotor subassembly
consisting of the rotor, stub shaft, and stud.

10. The rear bearing seal was installed in the rear bearing support, and the
created subassembly was installed on the housing.

L1. The réar bearing cartridge subassembly was added.

12. The diffuser subassembly including the front bearing package and the
volute were added to the pump end of the housing.

13, The imwpeller and impelier uut were installed.

14, Measuvements were taken to establish the impeller, slinger, and turbine
wheel a- lal clearances.
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15.
16.
17.

18.

19.

20.

Bearing preloads as a function of balance piston position were verified.
The inducer was installed.

The instrumentation sleeve rear cover, three Bently proximity indicators,
speed and temperature probes were installed.

The shaft seals and external flanges were checked for leakage rates.
The measured values are shown in Table 13,

The shaft torque was measured. It ranged between 3.5 and 10.6 N cm
(5 and 15 in-oz).

The turbopump was weighed. The total weight was 54.5 kg (120 pounds),
including gas generator body and auxiliary gear drive features.

TABLE 13. MARK 48-0 TURBOPUMP S/N 01-OA SHAFT SEAL
LEAK CHECK RESULTS

Pressurizing Medium: Gaseous Helium
Pressure Level = 21 N/cm2 (30 psig)

Flow |
Seal m3/sec scfm

Primary LOX 0.012 2.4
Intermediate

Pump Side 0.015 3

Turbine Side 0.030 6
Primary Hot Gas

Primary Drain Open Only 0.024 4.8

Secondary Drain Open Only 0.018 3.5
Outboard Seal

Turbine Side 0.020 h.o

Outboard Side 0.019 I 3.8

The assembled turbopump was installed on a support fixture, as fllustrated in Fig.
91 and 92. Mounting was accomplished by two brackets attached to the volute flange,
each of which provided support in the axial, vertical, and lateral direction. Addi-
tional vertical stabilization was provided by a ball joint support attached to the
rear bearing carrier flange.
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TESTING

Gas Generator Testing

In conjunction with the hot-streak/erssion problem encountered with the LHy turbo-
pump gas generator combustor, the two LO7 turbopump gas generator injectors wure
dimensionally inspected and water-flowed to evaluate impingement patterns and
coaxial-element, quantitative-flow distributions During the hydrogen-side, water-
flow tests on both injectors, leaks were observed between the fuel sleeves and the
injector-face material. A microscopic inspection of the braze joints in the
affected areas revealed voids in the braze material. Both injectors were rebrazed
successfully at Rocketdyne. A vacuum .eak check of the oxidizer manifold showed

no evidence of interpropellant leak paths within the internal LOj posts/injector
joints. Figure 93 shows the resu’.cs ¢ the initial water-flow tests showing the
leakage areas. (Note: The outtc¢ 10 elements of the injector are plugged since

the same injector pattern is usred for the LHp turbopump gas generator injector.)
Table 14 presents the dimensioial inspection results on injector P/N RS005024E-161,
Units 1 and 2, while Tables 15 and 16 presents the results of the water-flow tests
after the rebraze cycle. Prior to the water-flow tests on each injector, the LOp
posts were mechanically aligned with special fixtures. Subsequent to the water-
flow tests, the posts were checl.ad to ensure correct aiignment.

Prior to the initial hot-fire test of the LOj turbopump gas generator, an LHjp
blowdown through the hardware was conducted to verify the analytical main .fuel
valve manual set-point position calculation during the hydrogen lead sequence of
the tect. The znalytical calculations agreed closely to the cryovgenic blowdown
data. A manual set-point position of 16.57 open was selected for the main fuc’
va'+e (compared to 57% open for the LHp turbopump gas generator tests).

Table 17 presents an overall test summary of the LO2 turbopump gas generator devel-
opment tescing, while a more detailed discussion of various aspects of the program
is included below.

Prcpellant Servovalve Operation. The performance of the gas generator depends on

a closed-loop pressure fuel back signal using propellant injection pressures as

the control parame:er. The hydrogen and oxyge. servovalve injection set pressures
are predetermined based on the required performance level and the hydraulic resist-
ance of the individual injector system. The gas generator rerformar..e is balanced
to achieve the desired flowrates through the injector by th: use of a Rocketdyne-
prepar :d GE~-Timeshare computer program (RECAL 2). This information is translated
into s:rvovalve contrecller settings, which are manually set prior to the test.

Tests 016-030 and -031 failed to achieve main propellant ignition because of the
system characteristics of both the gas generator injector and the facility LOj
servovalve controller. The objective of these tests was t. demonstia“e the igni-
tion transition charvacteristics of the 107 turbonump injrctor. The test sequence
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TABLE 17,

"

e | ! {

LOp TURBOPUMP GAS GENERATOR TEST HISTORY
INJICTOR, P/N RS005024E-161, U/N 2

Yest Accumulated
Test OQuration, Duration

Number jTest Date Objective seconds | Tests | seconds Remarks

016-030 {10-7-75 Main Propellant 0.0 | 0.0 igniter stage OK. Mainstage (M/S) not achieved

tgnition (MP!) due to servovalve system response.

016-031 |10-7-75 MNP 0.0 2 0.0 Mainstage not achieved. Cutoff initiated at
time MLV started to open. Sequencing for next
test modified.

016-032 |10-9-75 MNPl 0.32 3 0.32 Objective achieved.

016-033 |10-9-75 Mainstage 2.0 4 2.32 Objective achieved.

Transition
016-034 ] 10-14-75 | Mainstage-Injector 2.0 H 4.32 Objective achieved.
Resistance
Verification
016-035 | 11-6-75 Mainstage 0.0 6 4.32 Fuel injector temperature continue gate cutoff -
Performance safety sequence problem.
016-036 [11-7-75 Mainstage 2.0 7 6.32 Objective achieved.
Performance
016-037 j11-7-75 Mainstage 5.0 8 11.32 Objective achieved.
Performance
016-038 [ 11-7-75 Mainstage 0.0 9 11.32 fgnition detect cutoff - spark probler
Performance
016-039 [ 11-9-75 Mainstage 5.0 10 16.32 Objective achieved.
Performance
016040 | 11+11-75 | Mainstage 0.0 A 16.32 Ignition detect cutoff - spark problem.
Duration
016-041 | 11-11-75 | Mainstage 0.0 12 16.32 Ignition detect cutoff - spark problem.
Duration
016-042 | 11-11-75 | Mainstage 15.0 13 3.32 Objective achieved.
Duration
016-043 | 11-11-75 | Mainstage 0.0 10 31.32 Ignition detect cutoff - spark problem.
Duration
016-0kk4 | 11-12-75 | Mainstage 0.0 15 31.32 Ignition detect cutoff - spark problem.
Duration
016-048 | 12-4-75 Mainstage 33.0 ] 64.32 Premature cutoff at 33 seconds mainstage due to
Duration an erroneously high chember pressure auto-cut-
off. An intermittant short in an [nstrumenta-
tion power supply cable caused splke In chamber
pressure transducer output sigeal., Gas generator
performance satisfactory.
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times were based on the successful test sequencing demonstrated during the testing
of the LHy turbopump gas generator. 1In the case of the LOp turbopump gas generator,
two phenomena occurred:

1. The hydrogen lead flow was about one-half that of the LH? gas generator
and required a significantly longer period during the fuel lead sequence
for the fuel injection temperature to decay below 88.89 K (-300 F), which
is a control gate to permit the main LO; valve to open, and

2. Since the hydraulic resistance of the L0y side of the injector was higher
than the LHp turbopump gas generator LO2 injector, the same injection
purge lockup pressure of 1268 N/cm2 (1850 psig) resulted in a LO2 injec-
tion pressure (during fuel lead) of about 762 N/cm? (1113 psig). As a
result, the actual opening of the main LOj servovalve was delayed, and
the tests were terminated when the mainstage duration timer expired.
Basically, the problem can be attributed to a lack of sequence character-
ization experience with the LOj turbopump gas generator system as well
as the required short mainstage duration. Figure 94 depicts the LOj
servovalve system operation for the LHy turbopump gas generator, while
Fig. 95 shows the empirically observed results of tests 016-030 anc -031.
Note the difference in the control delay time between Fig. 94 and 95.

An open-control enable signal is given to the LOg valve system, but the
actual start of servosystem operation is delayed until the fuel injection
temperature drops below 88.89 K (-300 F). The LOj turbopump gas genera-
tor hydrogen injection priming takes about 0.2 second longer due to the
reduced flowrate. The LOy servovalve controller system was designed with
a control pressure ramp time of about 2.0 seconds to reach the desired
set pressure; therefore, the pressure ramp rates vary depending on the
level of the injection set pressure. That is, P, buildup may be expected
to increase with higher LO2 injection set pressures (higher required
chamber pressures, or increased hydraulic resistance of the injector).
Since the controller feedback control was based on monitoring LO7 injec-
tion pressure, no opening command of the main LO) valve is signalled by
the controller system because of the cxisting LO7 injection pressure,
which is the result of injector purging duri~g the hydrogen-lead phase.
Once the controller system internal set ramp rate pressure exceeds the
actual monitored LO; injection pressure, the uaain LO; valve starts to
open to maintain the required LO7 injection pressure. Main propellant
ignition is normally experienced about'0.35 second after opening of the
main LOj valve. Pretest calculations had shown that the 1267 N/cm

(1850 psig) LOj system purge lockup pressure was necessary to maintain

an acceptable gas generator mixture ratio during LO; feed line LO, expul-
sion at cutoff. Actual LOy feed line LO) expulsion time was 3 seconds

as compared with 1 second for the LHy turbopump gas generator.

Although tests 016-030 and -031 did not achieve main propellant ignition, signifi-
cant data were obtained to characterize the L0 turbopump gas generator sequencing
control, Adjustment of the starting sequences from tests 016-030 and -031 was
successful in achieving the first main propellant ignition test of the LO turbo-
pump gas generator. A main chamber pressure of about 2068 N/em? (3000 psig)

was obtained for a mainstage duration of 0.32 second. A posttest inspection of
the injector and combustor revealed no damage.
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Combustor Exit Plane Temperature Profile. During testing of the LH; turbopunp

gas generator, a large thermal gradient, wall to gas core, existed at the combus-
tor exit plane. Eight thermocouples were used during that period and recorded
temperature gradients of about 278 K (500 R). A modification to the combustor
(90-degree meter bend) solved the problem by enhancing the mixing of the gas pro-
ducts prior to exiting the combustor. The LOj turbopump gas generator combustor
was fabricated very close to the geometry of the initially designed LHp turbopump
combustor. The major difference existed in the chamber characteristic length, L%,
which increased as a function of the exit nozzle area change, or about 2.2 times
the LH2 turbopump gas generator combustor L*. It was concluded that the LOp tur-
bopump gas generator combustor would be tested in the as-fabricated condition to
observe the actual thermal gradient during hot fire before any modification, simi-
lar to the LH, turbopump gas gemerator combustor, could be considered. Four exit
plane thermocouples (chromel-alumel) were inserted in the thermocouple exit ring
at various insertion depths: 0.175, 0.196, 0.425, and 0.575 inch. In addition,
prior to the last test (016-048), eight external-skin thermocouples were attached
to the combustor exit to obtain heat transfer information on the long test as well
as providing additional redlines as a safety precaution during the long test.
Figure 96 presents a schematic of the gas generator combustor locating the external
and internal thermocouples. Table 18 presents the results of the exit plane tem-
perature study for all mainstage tests conducted during this phase of testing.
Only one data slice is shown, but the data are representative of the entire applic-
able test.
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Prior to test 016-048, eight thermocouples were attached to the combustor outer
wall as previously discussed (Fig. 96). Five of the upper combustion zone skin
thermocouples were monitored as redlines 1033 K (1860 R maximum) to ensure ade-
quate safety precautions for the projected long-duratior test. Previous calcu-
lations had indicated that the gas wall temperature and outsid: wall temperature
would reach thermal equilibrium in about 100 seconds of mainstage duration. Figure
97 shows skin temperature No. 3, the maximum observed temperature for the eight
locations versus the test time base. Figures 98 and 99 present graphs of the
combustion gas temperature and chamber pressure versus the test time base for
test 016-048. Figure 100 shows the gas generatcr inscallation prior to test 016-
48, indicating the locations of the skin thermocouples. Figure 101 shows the

ondition of the combustor with the injector removed. No erosion or other damage
.0 either the combustor or injector was noted.

Throughout the test program, a uniform gas temperature (minimum thermal gradient)
had been recorded across the gas generator exit plane. The average temperature
variation of the four~thermocouple measureme.t was about 20 K (36 R), or about

27 of the operating temperature. Since the gas generator combustor unit will
provide the required hot-gas temperature with a minimum thermal gradient and a
sufficient thermal margin in the hardware, it is concluded tha: the existing LO,
turbopump gas generator injector and combustor design is acceptable for use with
the LOj turbopump testing.

Performance Res.lts. A total of 16 tests were conducted on the LO; turbopump
gas generator using a five-element coaxial design injector, P/N RS005024, Unit
No. 2. Seven of those tests achieved mainstage of sufficient duration to obtain
performance characteristics of the system. Table 19 presents a summary of the
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TABLE 18. Lo

2

TURBOPUMP GAS GENERATOR COMBUSTOR TEMPERATURE STUDY

(Metric "nits)

Average 4!
Total Overall Mainstage Exit Temperature |
Test GG GG Combustor Exit Varia.ion i
Test Duration, Pc, Flow ate, Mixture Temperature, (4 Mcasurements) .
No. seconds Nlcmz kr,/sec Ratio K K
016-032 0.32 ~-+——————— T00 SHORT FOR PERFORMANCE -—————m
016-033 2.0 2097 1.456 0.713 7his 19
016-034 2.0 2234 1.247 1.19 1030 52
016-036 2.0 2275 1.418 0.72% 800 17
016-037 5.0 2279 1.431 0.759 795 24
016-039 5.0 2316 1.466 0.777 808 13
ME-G42 15.0 2309 1.383 0.888 924 f
016-048 33.0 2306 1.370 1.023 1077 7
| i _
(English Units)
W Average o
Total Overall Mainstage Fxit Temperature
Test GG GG Combustor Exit Variation
Test Duration, Pc, Fl-wrate, Mixture T-mperature, (4 Measurements),
No. seconds psia ‘b/sec Katio R R |
016-032 0.32 e T00 SHORT FOR PERFORMANCE —
016-033 2.0 3042 3.208 0.713 1340 34
016-034 2.0 3240 2.749 .19 1854 94
016-036 2.0 3300 3.!2] V.75 1441 31
016-037 5.0 3309 3.154 0.759 1431 4b
016-039 57 3359 3.231 0.1 1455 23
016-042 15.0 3349 3.050 0.88% 1663 15
016-048 33.0 3345 3.021 1,023 1938 13
151
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Figure 100. LO2 Turbopump Gas Generator Installation, Test 016-048
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mainstage performance obtained during the gas generator testing phase (1975).
Also included in Table 20 is the gas generator performance during the hot-fire
testing of the Mark 48 oxidizer turbopump (1976).

As discussed earlier, the performan e level ot the gas generator is balanced using
a GE-computer program (RECAL 2), which uses as input parameters, the LO2 and hydro-
gen injector hydraulic resistances, required chamber pressure, flowrate, and mix-
ture ratio. The control function used to obtain the required performance 1s the
applicable system injection pressure, which is obtained by the use of servocontrol
valves in a closed-loop mode. Figure 1021is an injector performance map for LO2
turbopump injector, P/N RS005024, Unit ¥». 2, in the region near the design level.
While testing the turbopump, a variation from the design level was necessary due

to the off-nominal turbine pressure ratio; however, the off-nominal conditions
proved to be no problem in the recalibration procedure.
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Figure 102, LO2 Injector Unit 2 Performence Map
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Turbine Calibration

Calibration of the Mark 48-F turbine to establish its aerothermodynamic performance
was accomplished with ambient-temperature GNj as the propellant. The rotor speeds .
were maintained in the range of 523 to 1885 rad/s (5000 to 18,000 rpm) to simulate v
the operational wheel tip speed/gas spouting velocity ratios (U/Co).

The basic test setup is 1llustrated in Fig. 103, Power developed by the turbine

was absorbed by a Mark 4 pump which recirculated water from a reservoir. A Levow

in-line torquemeter was installed between the turbine and the power-absorbing pump J
to indicate the torque developed by the turbine.

Prior to ausembly, the turbopump rotor was balarced dynamically. The radial run-
outs on the significant rotor diameters were measured, and are noted in Fig. 104.
Similarly, measurements were taken to establish the critical internal radial and
axial clearances, and are presented in F.« 105. Figure 106 shows the assembled
turbine calibration unit.

The testing was performed at Wyle Laboratory, F1 Segundo, California, during the
period 4 through 9 February 1976. The installation of the test unit in the
facility is illustrated in Fig. 107 and 108.

A total of 11 tests were made, with GNy working fluid, at velocity ratio (u/C,,
total to static) ranging from 0.115 tu 0.606, and turbine speeds from 523 to

1885 rad/s (5000 to 18,000 rpm). A tabulation of turbine test data appears in
Table 20, and a plot of turbine t2st efficiency is shown in Fig. 109. Turbine
efficiency wz; calculated with Lebow torquemeter torque and isentropic available
e.ergy (total to-static) across the turbine. At a design velocity ratio of 0,343,
the turbine total-to-static measured efficiency was 51% compared with a predicted
value of 59.8%. Calculations sirow that with the measured performance the press re
ratio of the turbine would have to be increased from the design value of 1.424 tc
1.54 to generate the required power level.

The combination of low-pressure ratio (1.42) and low arc of admission (28.5% of
circumference) places this turbine in an operating region in which turbine techno-
logy has not been developed. Potential improvement in the performance may be
realized by increasing the number of active nozzle passages and reducing the
throat width to obtain the required total throat area. Depending on the engine
installation, improvements in the exhaust manifolding may be possible to minimize
the pressure losses charged to the turbine.
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Figure 109. Mark 48-0 Turbine Performance
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Turbopump Testing

Test Discussion: Testing of Mark 48-0 turbopump P/N RS009820E, S/N 01-0, began
in the Lima test stand of the Rocketdyne Propulsion Research Area (PRA) on 9 July
1976 and was concluded on 11 August 1976. A total of 18 turbopump tests for an
accumulated duration of 266.8 seconds was accomplished on the turbopump assembly.
The test effort was divided into two main categories: Performance mapping, using
GH2 as turbine drive media, with LN, and LO2 as the pumped fluid; and integrity
testing, using a L02/LH2 gas generator as tne turbine drive gas media, with LO?2
as the pumped fluid. Gas generator inje.tcr P/N RS005024-131, S/N 2, a coaxial
five-element design, was used during the hot-fire testing.

Facility propellant supply and discharge systems are shown schematically in Fig. 110
(cn2 turbine drive system) and Fig. 111 (gas generator turbine drive system).

Figures 112 through 115 show the turbopump assembly in various views installed in

the test stand during the initial LN, testing phase. After the third test (016-
013), blast protection screens were added because of the amount and proximity

of the two propellant combinations (LO2/LHp). Figures 116 and 117 show the pro-
tective blast screen installed as a precautionary measure in case of hardware
failure during the LO2 pumping test phase. Figure 118 shows the pretest chill
conditioning during the hot-gas testing phase, with gas generator injector (LO2 -
unit 2) installed.

Table 21 presents a summary of the turbopump test program accomplished while a
more detailed discussion of the individual tests is presented below.

Test No. 1: (016-011)
Test lCate: 7-9-76
Duration: 30 seconds

Objective: Checkout and integrity test of turbopump at 3141 rad/s (30,000 rpm)
using LNy as the pumped fluid and GH) as turbine drive media.

Results: Satisfactory. The turbopump speed and discharge pressure were
manually adjusted simultaneously during the test by the controller
operator. The performance of the turbopump was monitored on an X-Y
plotter which displayed turbopump discharge pressure and turbopump
discharge venturi differential pressure (a measure of the turbopump
discharge flowrate). Maximum rpm achieved was 3204 rad/s (30603 rpm).

Analysis: Prior to the test, a turbopump H-Q map chart was prepared for the
X-Y plotter system which enabled the controller operator (GHy spin
valve and turbopump discharge throttle valve controller) to evaluate
the turbopump real-time performance. The system responded closely
to the H-Q analytical predictions. A posttest review of the data
revealed a turbine pressure ratio of 2,12 rather than a desired 1.4
to 1.6 value. The higher-than-desired pressure ratio was caused
by too large a turbine discharge orifice (D = 1.7668 cm, 0.6%956 inch).
Prior to the next test, a turbine discharge orifice of 0.5765 inch
was installed. A turbopump shaft torque check through the LOj inlet
showed the torque to vary from 10.6 to 49.4 mN (15 to 70 in-o0z). A
visual examination of the rear bearing was accomplished by removing
the rear bearing housing. No visual discrenancies were noted.

170

‘g-*'%'} TR e e



9AT I aurqan] ud30apAH snoasesn ‘] waisAs Q[ 2an814

WALSAS MO 3 LNVIOOU
ONINV3IE UVv3aY

<+ IATIVA 131 2 IATVA
439N “01 CFERTFERIMELY
—{ dWNdoauN:
wo_u.zo‘—.—._
3IDHVHISIA INIGYNL
IHNLNIA :
not
|7|\_ CERRIE
AQO8 99 #.r
IATVA3ud
IATVA Zon
aasne
Adl JATVA
371108HL
Zo
IHNLNIA S
NOVLS LNIA ¥olvannay v
N3ISOHAAH IN3A dWna (1Sd 0001) IN3A
Ty Zon Z'W3/N 689 Zon
(1Sd 0009} (154 0009) 3<Nww.w.—m
cWI/N Lyve ZWI/N LYYE €
. (1vo 0z2) ATdens
‘gld TO9) zZon
gw Ll cwEBO
T

AddNS ZHOD

n

. ed e

[

e L P S

v am——— e

—ava




'g&‘
[

9ATI(Q SUTGIN] 103BIBUIY SsBSH ‘1] Wa3IsL3

WILSAS MO 4 ANVIO00D
ONIHV3I8 ¥V3IL

*TIY @an3d1g

—~— ATVA IATVA G339
13N 200 1378 Zon
3514140 E dNNJOBHNL
39WY ADSI0 INIBYNL
IMNLNIA nor
IATVA ' — 1 w3139
a3ane A8 ._
IATVAING
IATVA tov
AdPt
IMNINIA a3ane
s |'UNINIA IAIVA
2VLLOMML
Al
¢ ‘ THNLINIA
NOVLS FATVA
AN3IA ZHn Zon HOLVINO3Y (184 0008)
/N 089
Yv®o 000t) t
(184 0009) g sse ANIA
ZWI/N LYYE 5;“:00 Zon
(g1d ZOD) &
ew il
AVddNS THO

172



LOX/LN

LOW-PRESSURE
SUPPLY TANK

© L v ——

. oo
- Bk !
ag L
: =7
- ?\a
@ -
="

x
>
ul
1%
<
«

1
I
[=]

x
~

o~
a
[5-]

R ‘r'
~ —

—— A
© a1 [ PR W W &

1HS53-7/9/76-S1 A%

Series 1 Mark 48-0 Turbopump Testing

Figure 112,

173



" g . - - 2 e 7 A
. v i - 4 - ! - 1%- !
, QIR rr MRy HOT—GAS IR IRIN . i
DRAIN LINE =
,J - . :‘",;: L]
- L] F td
SECONDARY HOT-GAS 6Ny T |+ !

CRAIN LIN GH, SUPPLY LINE

3

' TURBINE DISCHARG—E_
sl DUCT

AN e

R X - ,l*ﬁ

-

FACILITY EXHAUST DUCT

1H853-7/9/76-S1E*

Figure 113, Mark 48-0 Turbopump Test Installation
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Figure 116, Lima Stand Turhopump Installa »n
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Lima Stand Turbopump Iustallation

Figure 117.
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