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SUMMARY i

The objective of this program was to establish the technology for small, high- i
= pressure liquid oxygen (LOX) pumping capability. Turbopumps in this category

are needed for applications in small, high-performance, reusable, versatile,

staged-combustlon rocket engines. To accomplish this objective, analysis and
design effort was expended to produce specifications and shop drawings in Fuffl-
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 slngle-stage centrifugal im-
peller preceded by an axlal-flow inducer to reduce the net positive suction head

(NPSH) requirements. Rotor axial thrust control was provided by incorporating a

self-compensatlng, double-acting balance piston as an integral part of the impeller
rear shroud. Power for the pump was developed by a slngle-stage, partlal-admlsslon

turbine using the combustion products of liquid hydrogen (LH2) and LOX as the

propellant. The rotor was supported on two ball bearings at each end. The pump

end bearings were cooled by recirculating LOX. The turbine end bearings, located

outboard of thq turbine 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 turbopumO 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.

i 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 (LN2) 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).

&nalysls of the fluid dynamic performance of the pump revealed a need for addi-
tional development effort in the following areas: the data indicated a low

suction performance either because the inducer generated insufficient head or

because of blockage at the impeller inlet. The diffuser through-flow area was

smaller than required for good diffuser performnce. 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.

1977020459-011
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In terms of the mechanical operation of 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 LN2. 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.

i

I ,

1
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INTRODUCTION

System studies have been conducted to determine the feasibility of develop±og

a reusable vehicle for performing future Air Force and NASA space maneuvering

missiol.q. These studies have shown that, over the thrust range of interest,

high-pres_ure, staged-combustion-cycle engines offer the hig.._st specific impulse

and payload capability. A review of the vehicle and engine s,,scem study results

indicates tL_at a single-bell-nozzle, staged-combustion-cycle engine at 88,9o4 N

(20,000 pounds) 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 inte1_st 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 hlgh-pressure, concentric-element, O2/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 _reas where additional effort due co 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 smal_ high-

pressure, liquid oxygen turbopump design generated under this contract. The two

terms will be used interchangeably throughout this report.

!

J

3
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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. i.

A schematic of the Advanced Space Engine is presented in Fig. i • 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 combustion

chamber and nozzle; dump-cooled nozzle extension; and valves.

lhe 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 i .

The pump is required to deliver 16.4 kg/s (36.21 ib/sec) of liquid oxygen starting

with an inlet pressure of 68.9 N/cm 2 (i00 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/cm 2 (3366 psia). The total gas flowrate

available is 1.34 kg/s (2.92 ib/sec). The horsepower requirement of the pump is

matched by adjusting the pressure ratio across the turbine. Since turbine pressure

ratio has a strong 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 I , the mechanical operating requirements included multiple starts

with long operating durations and potentially long coast times between operations.

The values noted illTable I 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 value= were
incorporated in the requirements with the NASA Project Manager's approval.

In the area of the pump, the combination of low flowrate and hlgh 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-

• en_y, eoupact packaging, end light we_ht plaeed the rotor speed into the 6282 to
9423 rad/s (60,000-to 90,000-rpu) range, pushlq bearims l_ff value to the 1.5 x
106 um rim limit noted in the Destsn Ground Rules (Appendix A). The burim8

.

1977020459-014



6



J

TABLE i . LIQUID OXYGEN TURB(IPUM_ NOMINAL DESIGN CONDITIO_I

• Hetric Units English Units

Turbopump

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

Off-design operation _20_ O/N at full thrust down
to 30_ 0JN at 20t N

Number of stArt-stop cycles 300

Time between overhaul IO hours

Pump

Type Centrifugal

Propellant Liquid oxygen

Inlet pressure 68.9 N/cm2 I00 psia

Inlet temperature 90-95.5K t62 to 172 R

Discharge pressure 2977 N/cm2 4318 psia

Hass flo_ 16.4 kg/s 36.21 Ib/sec

Number of stages One
d

Turbine

Working fluid H2-O2 combustion products
(H2 x H20)

Inlet temperature 1041 1874 R

Inlet pressure 3220 N/cm2 3366 psia

Pressure ratio Hinimum necessary to
develop pump horsepower
requirements.

Flowrate I 34 kg/s 2.92 Ib/sec
,

; Number of stages One

i Type Partial admission

Service life between overhauls: *300 Thermal cycles or IO
t hours accumulated run time
r
I

Service-free life *60 Thermal cycles or 2 hours!
F' accumulated run time

Haxlmum Single Run Duration: 2000 s
t

I Naxlmum time between firings

i during mission: 14 days

! Iqaximumtime between firings
during mission: I minute

Naximumstorage time in orbit

l . (dry): 52 weeks

Thermal cycle defined as enqlne start (to any thrust level) and shutdown

7
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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 liquid 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 i , the contract work state-

ment included c_.:tain ground rules relating primarily to the structural analysis
and mechanical design of the turbopump. These ground rules are enclosed in

Appendix A.

Turbo_ump Descriptio n

I

The mechanical configuration of the small, high-pressure, liquid oxygen turbopump j
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 I

of Mark 48-0. I7

i
Liquid oxygen is introduced to the pump through the axial-flow inlet of 4.214 cm J

(1.65_ inch) diameter and passes through a four-bladed, constant-outer-dlameter, j
tarered-hub inducer which raises the pressure to an intermediate level. From the

inducer the liquid proceeds _nto 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 cm (i.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 wails at an acceptable level. The inlet duct diameter

is 3.] cm (1.22 inch). The active arc of the partial-admission nozzle extends

over 1.8 rad (103 degrees) or 28.6% of the circumference, and it include_ 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.

i 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.

t

t i.
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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 tl,rough 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-inc_average, diametral, cylindrical surfaces.

To preclude mixing liquid oxygen from the pump with the uombustion 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-

gsp concept was selected for this application primarily because Jt has low drag

• torque, a "must" for idle-mode starts. This concept also minimizes power absorp-

tion during steady-state operation, and permit_ very long service life. Pump fluid

is contained by the primary LOX seal. The oxygen _lich 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/cm 2 (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).

I 10
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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 2 (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
established 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. i). 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 mmbearing 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.

0pen-Faced or Shrouded Impeller. Experience shows that a shrouded impeller re-
sults in a higher performance than an unshrouded. In 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

I adds rigidity to the impeller, which is desirable when an integral impeller-
: balance piston system is used Although more difficult to manefacture, the above!
1 factors dictate a shrouded impeller.

i! Axial Thrust Controlp 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 disadvantages of the

separate pistons: Weight, length, and performance losses are minimized; however,

thc 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 achleved with the integral sys-

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

. Fig. 4 , showed 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 friction losses. (For ex- *

perimental results see Ref. 2 , page 17, Fig. 6). A second advantage of the i_

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.

13
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Hydrodynamic Anal_,is of the Pump

Pump Speed Selectiu,,, the speed selection involved a cor_p:,,se between several

considerations. It iacluded a design study, critical spe_ _ malyses as a function

of bearing stiffness a×lal thrust control calculations. ,: bearing DN value, and

the effect of speed on pu_p performance. From the des'/ ....._dy and critical speed

analyses, the use of c 20 am bearing resulted which, _r ,:'n, fixed the maximum .:
speed at 7850 rad/s (75,6:)0 rpm) based on the 1.5 ". ::'',_ limit imposed In the

Design Ground Rulesblo(see Appendix A). At an esr i,....:: _earlng stiffness of35,000 N/ram (2 x Ib/in.)/bea_ipg, the se,:om_ ' al is located at 5550 rad/s

(53,000 rpm); meanwhile, the third is !ocated at _, :00 rad/s (i00,000 rpm). Thus,

from the standpoint of critical rotor freq_enc_,_ , the speed range of 6912 rad/s

(66,000 rpm) to 8376 rad/s (80,000 rpm) was ac_,_able after a 20% allowance was ' ,,,.,.

i made for margin. Another criterion to be consl!ered was the axial thrust control.
• With a selected impeller head coefficient of 0.4? (see Impeller Design) an impel-

! ler diameter of 6.0_ cm (2.38 inches) would result 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 established 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 2 (i00 psi). Initially in the program, thls

value was 52.91 N/cm 2 (76.75 psla) 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 2 (76.75 psi) inlet pressure and 95.5 K (172 R) inlet temperature is

320 J/kg (107 feet) which corresponds to a suction specific speed of 111.5 rpm

<m3/s)172(j/kg)3/4 L31,867 rpm (gpm)I/2 (ft)3/4]at 7320 rad/s(70,000 rpm). To obtain
the maximum margin on suction performance, particularly In vlew of the degradation
of obtainable suction specific speed due to the small-slza inducer, an Inlet flow

i coefficient _ = 0.085 was selected. Wlth this flow coefficient, larger-slze in-

i ducers h_ve the potential of reaching a corrected suction specific tpeed of 192.5
, rpm (m3/s)l/2/(J/kg)3/4 [55,000 rpm (gpm)I/2 (ft)3/4, see Fig. 4, page 12 of NASA
i Report SP8109]. A second consideration In selecting 0.085 as the flow coefficient

'I was the limitation imposed by the inducer blade angle. With inducer tlp 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 tad (8.5 degrees). A lower flow coefficient,

which theoretically yields higher suction specific speeds and therefore a larger
design margin, would r_quire even smaller blade a,_gles. To provide sufficient

flow passage area, the inducer tlp diameter would have to be increased and the

blades made thinner. As a consequence, the blades would be higher stressed, and
f_brlcatlon would become more difficult. Furthermore, the diameter ratio of the

impeller would be unfavorably affected and, as a resulr, the pump efficiency would
drop. Therefore, the selected flow coefficient c¢ 0.085 represents the lower limit

and, hence, the optimum choice for this application.

Inducer Inlet: Blade Anl_.es. _he blade centerllne was canted forward 0.16 rad
(9 degrees) from the radial direction to counteract the hydraulic loads oy cen-
trlfuga] forces. A 2.09 tad (120 degrees) sweep was used to ease the blade stress
conditions.
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As noted above, the blade anFle at the inlet tip was estab1_shed at 0.15 rad (8.5

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

Angles at other radii were determined by the relationship

r tan B

cos (n.16 rad)= constant

where

r = radius

6 = blade angle from tangential

cos (0.16 tad) = 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 dotermined

by the _mpeller suction capability, which was selected as Ss = 2.569 rad/s

(m3/s)i/2/(J/kg) 3/4 (7000 rpm (gpm)i/2 (ft)3/4). Since the impeller front wear-

ring flow as well as the balance piston flow is returned to the inlet of the

impeller, downstream of the inducer, the following impeller flow was used:

ib/sec

Through flow 16.44 36.21

Front wear-rlng flow 0.7t 1.62

Balance-piston flow 2.19 _.83

Impeller flow 19.37 42.66 = 270 gpm

The value of the balance piston flow used in the impeller analysis was derived

from a preltmlnary analysis. It is larger than the flow which results when the

final tolerances are used. (See Axial Thrust Analysis section of this report)

Based on this impeller flowrate and Ss, the required impeller inlet NPSH is 2690
J/kg (900 feet). Assuming an available inducer inlet head of 52.9 N/cm (76.75

palm) results in a minimum inducer required headrlse of 2346 J/kg (785 feet).

The inducer discharge angles were de_ermlned by using a head rise requlrement of
301 f/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 = conqtant

Thio does not produc_ an ideal constant head output from hub to tip, but eases
the fabrication considerably. First the angle at inducer discharge rms is
calculated:

Euler Uead = rm_ = AH

g nhydc
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C / _ AH 8u qhydr ur/_s r_ls

_ (2690) = 27.1 m/s (SI)
- (0.8)(124)

(900)'(32.2) 89.1 ft/sec (English)
= (0.8) (407) =

t

The exit area is

= g
(4.192 - 2.292 ) ffi 9.67 cm2 (Sl)

= _ (1.652 - 0.92) ffi 1.5 in.2 (English)4

where DT and DH are the inducer tip and discharge hub diameters, respectively.
If the blockage is assumed to be 0.8,

= q
Cm (A)(0.8)

= (0.0144) = 18.6 m/s (SI)
(9.67 x 10-4) (0.8)

(229) (144)
= 61.2 ft/sec (English)

- (449) (1.5) (0.8)

with that, the relative flow angle at rms is

Cm2
ffiarc tan

2 rms u - c

rms u2
l-ms

18.6

= arc tan 124 - 27.1 ffi 0.19 radian (Sl)

61.2 ffi i0.9 degrees (English)
ffiarc tan 407 - 89.1

The total turning at the rms radius is 0.107 radian (6.16 degrees). Assuming

a deviation angle of 0.044 tad (2.5 degrees) results in a blade discharge angle
r

i i-
| 17 i
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of 0.24 radian (13.5 degrees) and, therefore, a blade tip angle, _2, of 0.19
radian (10.95 degrees). Based on this, it was decided to use 0.19 radian

(Ii degrees) at the tip of the inducer discharge, which results in an angle of
0.34 radlan (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 I,
the impeller is alsc fixed (4.19 cm; 1.65 inches). The required pump head rise is _

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/s)i/2/(J/kg)3/4 (1174 rpm (gpm)i/2/(ft)3/4). From

this, using the available experience documented in Fig. 5 of NASA Report SP 8109,

dn impeller diameter ratio of about 0.65 has to be selected to obtain a high pump
efflclency. 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 _ - 0.4725. From Fig 16 of NASA Report SP 8109, the minimum num-

ber of blades required to obtain _ = 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 ,_0 (0.15 inch) which corresponds to an impel-

ler discEarge 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:

I. 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 1
Table 2 . These values are selected based on Rocketdyne's experience. For the 4
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 Impeller Space Diffuser Volute

Roughness 0.000064 0.000064 0.30_%4 0.000064 0.00125

Momentum Loss ........ 0.00206 _gJ"
Coefficient

Incidence Luss 0.00426 0.00073 -- 0.0007 --
Coefficient

Skin Friction Loss 0.00947 0.00578 0.005438 0.01082 0.00609
Coeffirient

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-loadin_ analysis computer program, are shown in Fig. 8 and 9. Figure i0
shows the predicted pump performance map, which is calculated using Rocketdyne's

loss isolation compuuer 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.i 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. ii).

Volute. 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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Figure 10. Mark 48 Oxidizer Pump Performance
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Figure ii. Mark 48-0 Diffuser Vane Profile _
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The volute area distribution and location of each area wlth respect to the tongue

is calculated as a function of wrap angle, 8.

360 x CUln"
0 = rln" bd__/r

W 0.144 r

The total wra R angle Is 6.28 radlans (360 degrees) and Q, the f]owrate, Is ex-

pressed In fta/sec. The coefficient makes allowance for blockage to boundary layer
buildup. Figure 12 shows the resulting area di_rlbutlon as a function of the
wrap angle.

Turbine Aerothermodynamlc Analysis

Prellmlnar_yAnalysls. The turbine aerothermodynamlc analysis was based on the

design parameters stated in Table 3. The developed power and operating speed

were establlshed 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. i) to determine

the basic configuration of the turbine. Thls study indicated that a s_ngle-stage,

partlal-admlsslon, impulse turbine would best meet the design requirements.

Turbine Aerothe.rmodynamlc 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 Flg. 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 ftlsec) at 7330 rad/s (70,000 rpm).

The design analysis was conducted utilizing Rocketdyne's turbine design computer
programs'whlch have been developed and verified wlth rocket engine turbine opera-

tional data and experimental turbine test data. The gas path element wa_l 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 distribution 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 st,mmary 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 velocity constant over the single arc of admission.
The nozzle inlet was designed for minimum incidence within the structural
constraints.
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F+gure 12. Hark 48-0 Volute Area Distribution /

TABLE3. HARK48-0 HIGH-PRESSUREOXIDIZER TURBINE DESIGN SUHNAR¥

Hetric Units English Units

Type - Slnqle-Row Impulse, Partlai-Admlssion
Stage

Working Fluid - LO2/LH 2 (JANNAF Data)

Turbine Mean Diameter, Om 11.94 cm 4.70 inches

Speed, N 7330 rad/s 70,O00 rpm

Total Turbine Inlet Temperature, IOkl K 1874 R

Total Turbine Inlet Pressure, Pal Tel 2321N/cm 2 3366 psi*

Static Turbine Exhaust Pressure, Ps2 1630 N/cm2 2364 psla
Pressure Ratio, PR (Total to Static) 1.424 1.424

Turbine Hess FIowrate, Wt I._3 kg/s 2.92 Ib/sec

Turbine Horsepower, hpt 638 kW 856 hp

Pitch Line Velocity, Um 437 m/s 14j5 ft/sec

Nozzle Arc of Admission 28.5t 28.5
1.8 red IO3 degrees

Turbine Velocity Ratio, U/Co (Total to Static) 0.343 0.343

!_ Turbine Efficiency, nt, _Total to Static) 0.598 106 0.598
i Turbine Available Energy (Total to Static _hlt-S) 0.813 x

348.9 Btu/lb

I J/kg

Turbine Specific Work, Ahw 0.485 x 106 208.6 gtu/Ib
J/kg

Aerodynamic Mean Radius Loading, 1.26

I I (gJ&hw/2_Um2)

+1
|

1 27
I

1

, ,+ , j I I I ;
I

1977020459-038



OPTI HUM DIAHETER

•-.t-w<_'-.J O,0"600596-- _7 INCHES)

,c [ -0

_" O. 592 -
Z

'_ 0.588-LI_ I,
Z

N
g

0.._4 -

0.580 I I . I I i I
4.2 4.4 4.6 4.8 5.0 5.2 5.4 1.6

TURBINE MEAN DIAMETER, INCHES
i I I I,_.
II 12 13 14

TURBINE HEAN DI/_iETER, r.m

Figure 13. MeanDiameter Optimization

TABLE 4. TURBINE ENERG_ DISTRIBUTION

Energy Available

kJ/kg Btu/Ibm Energy,

Flow Passage Losses

Nozzle Exl_nslon Energy Loss 67.7 29.1 8.3

i _otor Kinetic Energy Loss 134.4 57.8 16.6
Turbine Leaving Loss 42.3 18.2 5.2

Additional Losses

Tip Clearance Loss 17.4 7.5 2.1i
! Partial-Admission Losses

_ Rotor Windage, Inactive Arc 44._ 19,1 5.6

Jet expansion Loss in Rotor 4.2 1.8 0.5

End of S_ctor Pumping Loss 15.8 6.8 1.9

Turbine Specific _rk 485.1 208.6 59.8m

Turbint Available Energy 811.3 348.9 I00.O

- 28
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{
TABLE 5. MARK 48 LO2 TURBINE BLADE PA?_[ SUMMARY |.

(METRIC UNITS)
J

TUR,BINE GAS PATH

¢/////]/1/
/111177"7",,

STAT I ON NOZZLE I ROTOR "

1 _---- 2 - 3\\\ \ \ \\_.

% \

Working Fluid - LO2/Ltf 2 E
; Speed, rad/s 7330 o

Power, kW 638 o_

Gas Path Element N-I I-R z
E

Number (Vanes, Blades) 7 79 =1

Height, cm 0.61 0.72 {

Axial Width, cm 1.27 0.3i8 0.762

Inlet A-gle, tad 0.79 O.h4

Exit Vector Angle, rad 0.28* 0.44
2

Outlet Area, cm !.51 3.00

Star,on i _

Pressure, Total, N/cm 2 2321

Pressure, Static, N/cm 2 1630 1630

Temperature, K IO41 994 977

SpeciFic Volume, m3/kg 0.134 0.136

,0.017 radian deviatlon from blade angle

29
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TABLE 5. (Concluded)
!

(ENGLISH UNITS)

TURBINE GAS PATH

/ l ,tl / ,f'_/'l_ _ I I I Z,/ / I I I I I '/

STATION I 1

NOZZLE ROTOR
1 - 2 -- 3

_LT__ f / / / / "_u_ ,,,,,,,_,, ,,

\

_torklnq Fluid - LO2/LH2 o
Speed, rpm 70,000

Vorsepower, hp 856 E T

Gas Path Element N-.._J.I I-R [

Number (Vanes, Blades) 7 79

Height, inch 0.2_ 0.285

Axial Width, inch 0.50 0.i25 0.300

Iniet Angle, degrees 45 25

Exit Angle, degrees 16(vector 25(vet=or
angle)* _ngle)

Outlet ArM, In. 2 0.2333 0.4658

Station _ _

Pressure, Total, psia 3366

. Pressure, Static, psla 2364 2364
+

TemperaturL R 1874 1798 1759

-! Specific Volume, ft3/Ib 2.156 2.189

a *1 degree deviation from blade angFe

.... ......... _ _ .... ; . .i
!
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The turbine isentropic available energy was 0.813 x 106 J/kg (348.9 Btu/ib) from

the nozzle inlet plane to the rotor exit plane for the inlet temperature and
l

" pressure and outlet pressure noted in fable 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 radlan (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 106 J/kg (29.1 Btu/ib). The nozzle

octlet velocity 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 WI in Fig. 14 and 15.

The rotor blade inlet angle was set for zero incidence. The rotor outlet angle

of 25 degrees was selected 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 pe_ Ref. 4 . Rotor outlet kinetic energy is represented
by W2 in F_g.14 and 15. The rotor leaving loss velocity is represented by C2 of
291 m/s (955 ft/sec). Rotor kinetic energy loss was 0.123 x 106 J/kg (57.8 Btu/ib).

The vector diagram specific work shown in Fig. 14 and 15 was 0.567 x 106 J/_g
(244 Btu/Ib) 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-admisslon losses were minimized in this design by maintaining the arc

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 rotor, nozzle jet expansion through the rotor_ and pumping loss at

the end of the sector wore determined using correlations by Traupel and Surer,

and by Stenning reported by Horlock (Ref 6).

The summation of the gas path losses, tip clearance losses, and partial_admlssLon
losses resulted in a turbine output specific work of 0.485 x lO6 J/kg (_08.6 Btu/ib
as listed in Table 4.

Nozzle Vane Profile. The nozzle profile was designed to accelerate a,lddirect the

turbine flow correctly to achieve design performance. The low-turning, radially
convergent design was selected for use with the tang_ntlal 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.

:i

i
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-U AC
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- U (CI cos (xI + W2 cos B2 - Um)m
- 437 (1221 cos 0.28 + 621 cos [_36 - 437)

- 0.567 x 106 J/kg

"" Figure 14. Turbine Gas Path Calculation Velocity Vector Diagram (Netric Unite)
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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 e_,tlet throat section. Leading and trailing edges are radial.

The nozzle outlet throat area w_s 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 Douglas-Neumann analysis program •

reported in Ref. 7. The suction and pressure surface velocity distribution are

shown in Fig. 17. The velocity distribution showns gradual acceleration, with

maximum overspeed of I.I 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 thenozzle inlet height is larger than
assumed.

Rotor Blade Profile. Maximum axial width was used for low weight, consistent

with mlnimummanufacturable throat opening• Blade spacing was set to give a

prime blade number for an aerodynamic loading coefficient (Zwelfel 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 to 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 bLding. 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)

• ior 19%, ,_sindicated in Table 5. Nozzle/rot:or 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. _

33
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I K (AXIAL LENGTH)

Figure 18. Blade Cross Section on Developed Cylinders
Radius = 2.35)
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Turbine 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-deslgn performance charac-

teristic was established using the test results from Ref. 3 for a turbine of

slml]ar 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-deslgn 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 ratio and

rotational speed over the square root of inlet temperature ratio. The _low para- ,,,

meter characteristics were determined from an Iteratlve computer calculation

matching flow element areas with turbine operating conditions.
#
n

It should be noted that Fig. 21 is constructed for gaseous hydrogen as the working

fluid; however, it can be used also for LO2/LH 2 combustion products by applying
proper corrections for fluid properties.

0.7r

0.6

0 0.1 0.2 0.3 0,4 0.5

; U/Co- MEANVELOCITYRATIO
!

k i

i Fisure 20. Small Hish Pressure LOX Turbopump Predicted

i Turbine Performance Map
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Ptl - TURBINE TOTAL INLET PRESSURE

, Pt2 = TURBINE TOTAL EXHAUST P_ESSURE, N/cm 2 (PALS)

ANI = NOZZLE AREA, cm2 (IN. 2)

Dm - PITCH OIAMETER, cm (INCH)
Nt " TURBINE SPEED, rad/s (RPH) ._

Ttl = TURBINE TOTAL INLET TEh,_RATURE, K (R) F _ _

R = GAS CONSTANT, J/kg K (ft Ib/lbm R)

0.5 F 3.8 Wt = TURBINE MASS FLOW, kg/s (Ibm/sec) _RESSURE RATIO]

J

FLUID - GH2 " p /p J

t I t 2 J
""-" 1.80 /

i 3.4

1.4o

_! z" 3.2

; _ 28'

3.0

2.6L
0 10o 200 3oo _oo 5o0

SPEED PARN4ETER, Om N/ R_'_tI(ENGLISH UNITS)

I I I I
0 50 IO0

SPEED PARAMETER, Dm N/ _ (METRIC UNITS) i

Ftsure 21. }4ark 48-0 Turbine F1ov-Speed Parameteri i
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Axial Thrust Control |i
The unbalanced axial thrust forces generated by the inducer-impeller, the slinger I

mounted between pump bearing and seals, and the turbine are balanced by a thrust

balance piston machined integral with the impellez, A number of different axial

thrust systems were investigated. They include impellers with different wear I

ring diameters, inboard pump and turbine bearing arrangement, inboard pump and

outboard turbine bearing arrangement, turbine disk with andwithout 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 actillg on tur- 1
blne, 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

assumed 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-pressure orifices 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 the different balance piston positions. In Fig. 25 the net balance

piston restoring force is shown as a function of the balance plston travel.

' Bearing Design

The Mark 48-0 bearings are 20 mm bore, angular-contact ball bearings arranged in

two spring-preloGd 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 tuzSine disc and is cooled by LH2.

The Mark 48-0 bearings are identical to those designed earlier for the Mark 48-F

turbopump. Dual use o@ the same bearing is technically feasible because the

design speed of the fuel pump is higher, 9948 rad/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 Soulce Control Drawing, RESII74 (Fig. 26).

There was no existing bearing with satisfactory features, so a special bearing

was designed and fabricated with the following features:

i. 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 LOXpump's bearing DN value of 1.4 x 106 was within

! the state of technology for LH2-cooled bearings, but was beyond the i.i x
106 established in Rocketdyne IR&D testing for LOX-cooled bearings. In

subsequent testing, a 7,5-hour llfe 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, =he thicker inner race cross section required to

it
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Ftsure 22. Hark 48-0 Balance Plston
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L..-.
.... :'rENG-I.iSN uNITs I UNITSCHARACTERISTIC s

ENVELQPE DIMS.- o
+oOOOl_

BORE .787Z5 -,,,<,_tZooD°A. 20 mm

_.fi.3,54:'._ DO_
OUTER DIA. 39 an
WIDTH (_NDIVIDUAL RINGS) .3937 + I0 am

(ACROSS BEARING) o,.,393"..ooz 10 m

INTERNAL _EQMETRY-
PITCH DIA. 1,175 DIA. (REE) 29.8 mm
RACE RADII (OUTER RACE) 52_0F" BALL DIA. (REF,)

(INNER RACE) 9,,_OF BALL DIA. (REF.)

DIAMETRAL CLEARANCE (UNFITTED) .0020 TO .0025 IN. O.051 TO 0.058 mm
(OPERATING) °OOII TO .0OI4 IN, (REF.) 0.028 TO 0.036 m_

BALL COMPLEMENT (NUMBER) TEN i
(DIAMETER) .1875 DIA. (NOMINAL.) 4.76 me ,

SHOULDER HEIGHTS (OUTER RACE) 20_,OF BALL DIAo (REF.) I-
(INNER RACE) 23_0F BALL DIA, (REF,) ,_

CAGE CLEARANCES (BALL POCKET) oOZO TO °025 IN, 0.51 TO 0.64 ram
!

(GUIDING LAND) .003 TO .DO9 IN. 0.08 TO 0.22 mm

MATERIALS -
PACES CEVM 440-C Rc 58-62
BALLS CEVM 440-C Re COO-64
CAGE GLASS FABRIC

SUPPORTED TEFLON CARMALONI

CAGE WEB THICKNESS (AT PITCH DIA.) .1_6 IN. (REF,,) 3._)6 ram

,,(i

8. IDENTIFY FACES "A*&"B '_
7, BALLS SHALt BE AFBMA GRADE 5
6° BEARING TOLERANCES NOT St..IC_/NSHALL BE PER ABEC 7,
5, CLEAN & PACKAGE FOR LIQUID HYDROGEN SERVICED(CLEAN & t'
4° THE ARMALON CAGE SHALL MEET REQUIRMENTS OF RB01..,_)-OI,.

ONLY THE ITEM DESCRIBED ON THIS DWG WHEN PHOCURED FR,

SUPPLIER LISTED, IS APPROVED BY ROCKETDYNE, CAN('_,APARK, C
IN THE APPLICATION SPECIFIED HEHEON° A C,,UBSTITUTEiTEM SI-_
USED WITHOUT PRIOR TESTING & APPROVAL BY ROCKETDYNE',

2o THE ITEM SHALL BE DURABLY & LEGIBLY MARKED PER MIL+STD-I
ADDITION THE ROCKETDYNE CONTROL DWG NO, SHALL BE MARKED C

I, MFT_ SHALL PRE_ ANY blEW DWGS REQO & ASSIGN PART _C)o F
& SHALL OBTAIN' ROCKET{)YNE ENGRNG, REVIEW OF PROPOSED CI'

I
iiIIOll _ IB 4b
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.051 TO 0,058 mm

.O28 TO 0.036 mm

4.76 mm
.51 TO 0.64 mm
,08 TO 0.22 mm

3.96 mm V/_"....
I

m

, ,.,:_,,,.,'._,+,_,,,_ ,..,. ,,,,,,,0.l
-SHALL BE PER ABEC 7, I-o_ _ ) l I /
YDROGEN SERVICE,(CLEAN& DRY) -"

REQUIRMENTS OF RBOI,._-OI_ F'lguce 26. Bea_:Ln8Dea£sn
HIS OWGWHEN PI_CURED FROM THE "._t,_CF ( WIROL U_AWING
• ROCKETDYNE.CANC_.APARK.CALIF'.FORUSE " ' " =_
:I_EON.A SUBSTITUTEITEMSHALLNOT B_ m,_..,_..,_,_,.- w. J 0 _'_'_

U:_PROVALBY ROCKFTDYNE. ,-,+ja)'+...;._;
_IBLY MARKEDPER MIL-STO'I30, IN _" • m
" OWGNO. _HALLEMARK_DON THE ITEM. _'_m_+.m.m_m_P?,j_d..r-.-- AN(,ULAR CONTACT
REQD 8,ASSIGN PART NO. I:_RMIL-D-I(X"_ / \ • _ �_"_ "_:'_""'_
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withstand the bolt tension load in the Mark 48 LH 2 turbopump. The

• thicker inner race is also less prone to brittle fracture from tensile
and thermal stresses.

2. Ba]l 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 _m (0.21875

inch) to reduce the centrifugal force and extend the fatigue life of the
outer race. The number of balls was set at i0 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.

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

of ball diameter), were selected to obtain maximum fatigue llfe 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 llfe 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 llfe,

contact angle, and clearance for the overall bearing while maximizing

the fagltue llfe of the outer race, which is adversely affected by ball

centrifugal forces at high speeds.

4. Race Shoulder Heights. The race shoulders were made deep enough to con-

tain the ball contact "prints" at the contact stress-llmlted 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.

5. 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, helght) and adequate minimum

clearance. Cage diametral clearance, 0.076 mm (0.003 inc_ minimum at

ambient temperature, is based on experience with larger cryogenic bear-

ings and scaled to bearing size. The 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 _n (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-sectlonal area is 170 mm2

(263 In,2). To provide adequate cage wear-llfe and strength, the cage

web thickness between the ball pockets was held to 3.81 mm (0.150 inch)
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minimum in selecting the number of balls (i0). The resulting nominal
cage web thickness at the pitch diameter is 3.96--, (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.

6. 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.

7. Analysis. The selected bearing design was analyzed using a digital

computer program that calculates forces, deflections, and stresses for
each 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 am

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 27 presents the BI (99%
survival) life for a 19 mm bore and 20 mm bore bearing. The 20 _m 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 mmbore bearing. The

10,472 rad/s (i00,000 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 llfe (shown here as BlO or 90% survival llfe) 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 conditiot_. 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 3_ 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 t_e
_ following will be achieved:

, _,_ I. Adequate preload at speed
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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 aiLdhot-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-pre_sure 1631 N/cm 2 (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 2 (60 psia). The secondary turbine

seal further zeduces the pressure to Ii N/cm 2 (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 _x-

ceeding the intermediate seal purge pressure. The seal drains are sized to

acco,,roda_e the additional leakage of a failed seal without exceeding safe pres-

sure levels. Table 6 presents a summ_ry of the seal leakages and pressures for
nominal and failed conditicns.

Turbine Bearln8 Seal System. A three-element seal with a high-pressure, 2410 N/

cm2 _3497 psla) 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 _I mixes with the hot

gas. P_rt 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
nominal and failed conditions is given in Table 7.

54

1977020459-067



) 1 I I _....t i l !

55

i _, i I i i 1 ........ li ............... I,,....

"10770704£$0-008



1977020459-069



57

1977020459-070



58

...... i

1977020459-071



1977020459-072



J I I :,JL I _ I •

60

1977020459-073



Detail Deslsn. All of the sealing elements utilize a floatlng-ring, controlled-
gap seal ring. The floating-ring element consists of an inner carbon or AmCerMet

rlng for wear resistance, and an outer Inconei X-750 rlng for strength and ther-
mal expansion/contraction control. The outer ring material is selected to pro-

vide the same thermal expansion and contraction rate as the shaft material, so C
that a constant clearance gap is maintained as the temperature changes. The
outer rlng 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 hro_ stress. The radial deflection caused by the

• compressive stress is proportional to rlng 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.

L RI NG
"ARBON

RING

UNBALANCED-__RADIAL _. y

PRESSURE HIGH PRESSURE -
LOAD

l _, _ 1

" LOWPRESSURE
L---UNBALANCED AXIAL

PRESSURE LOAD

Figure 34. Pressure Forces on a Floatlng-Rlng Seal

The axial force induced by differential pressure (Fig. 34 ) loads the floating

rlng against the stationary housing to provide a static seal. A wave spring is
provided to ensure sufflclent contact load to maintain a static seal. The seal

rlng is partially pr_.ssure balanced by relieving the axial contact surface
and minimizing the houslng-to-shaft clearance to reduce the unbalanced axial-

pressure-lnduced load. The floating-rlng element is restrained from rotation

wlth two antlrotation 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
seals 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 requlrel 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, m_terials, 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
selected, consistent with the proper stress levels, to provide the minimum

change in clearance gap. The static ambie-t seal rlng clearance gaps were

established, consistent with the clearance differential, to provide the resulted

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-sensltlve metal

spring type (Fig. 35). The seals were designed and fabricated for each specific
ap_llcatlon by Hydrodyne Dlvislo_ of Donaldson Co. Inc. The base material was
Inconel X-750 wlth a 0.0076 m (0.0003 inch) thick silver plating applied to

improve sealing effectiveness.

LOMPRESSURE
SIDE

HIGHPRESSURESlOE

Figure 35. Typical Static Flange Seal Configuration

Impeller Wear Rings. Internal recirculatton of LOX arolmd the impeller front
is controlled by step labyrinth wear rings (Fig. 36). The nominal dtametral
clearance between the rotating member and stationary platfor_ is eet at 0.15 mm
(0.006 inch). With this clearance, eolm 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.

v
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Rotordynamics

The critical speeds of the rotating assembly were calculated by the lumped para-
meter method in which tLe rotor is simulated by a series of mass points whose

spacing approximates the mass distribution of the actual hardware. The calculated

mass oroperties of the rotating assembly are given in Table I0; a schematic of

the rotordynamlc model is shown in Fig. 37.

The initial approach was to have all four bearings share in carrying the radial

i load. The predicted critical speeds for this configuration are indicated inFig. 38. It is evident that the second critical speed falls essentially on the
I 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 pmnp bearing was ""

] removed. The critical speed prediction for this case is presented in Fig. 39.
I 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 nun (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

o

The materials selected for the more significant components of the Mark 48-0 {
turbopump are inJicated in Fig. 41. In Table Ii specifications and properties
for these materials are summarized.

_,_ 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-bas_ precipitatlon-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 o£ the balance piston low- and hlgh-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 I0. LOX TURBOPUMP ROTATING ASSemBLY MASS

PROPERTIES (METRIC UNITS) j

Dlametral Hass
Joint Hass Group Distance Homentof Point Hass Moment

Number Number Along Axls Wet Mass Inert;_, _ID) , of Inertia, (Ip)
(J) (G) (X) (W), gm gm cm- gmcm2 i
! I 3.05 81.2 85.4 100

2 -- 4.57

3 -- 5.33 +
4 2 6.1 332.0 7_0 1165

5 -- 7.16

6 3 8.33 42.6 2!.7 36.6

7 4 9.09 29.9 13.5 24.0

8 3 9.96 42.6 21.7 36.6

9 5 i1.10 75.3 54.4 92.5

I0 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 2r9 214

15 8 19.30 172._ 209 214

16 9 21.76 1026.9 6903 13420

17 -- 22.86

18 I0 24.51 194.6 290 244

19 -- 25.91

20 II 26.92 38.6 22.2 37.8

21 12 27.69 24.0 26.9 52.5

22 II 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 !
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TABLE i0. (Concluded)

(ENGLISH UNITS)

l Diametra| Mass Polar _iass
Joint Mass Group Distance Moment of Moment of
Number Number Alon9 Axis Wet Mass (W), Inertia (ID) , Inertia (Ip),

(J) (G) (X), inches pounds 1b/in.2 lb/in. 2

I I 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

6 3 3,28 0.094 0,0074 0,0125

7 4 3,58 0,066 0,0046 0.0082

8 3 3,92 0.094 0.0074 0,0125

9 5 4,37 0,166 0,0186 0,0316

I0 6 4,80 0,513 0,1739 0,3330

11 -- 5.20

12 7 5,56 0,356 0,0648 0.0841

1_ -- 5.10

|, 8 6.63 0.380 o.0715 0.0731

15 8 7.60 0.380 o.o715 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 I1 10.60 0.085 0.0076 0.0129

21 12 10.90 0.053 0.0092 0.0077

22 II li,25 0.085 0.0076 0.0129

23 14 11.7o 0.095 0.0086 0.0127

24 15 12.75 0.292 0.0686 0.0344

Total 6.25
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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'41 for

the main structural walls of the turbine manifold. Rene'41 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 uL_affected

by the heat tc,_atmentcycle to which the Rene'41 details have tu be subjected ""
after assembly welding.

The main section of the rear bearing sulport, 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 calcu]atlons 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 manifold; but calculations were

also made to determine the critical diameters of the shafts in the dynamir seal
areas during operation.

The iuitia! rotor configuration analyzed did
not include coolant holes in the turbine disk.

As a result, the downstream side of the disk

was exposed to cold hydrogen coolant from

the outboard seal purge; whereas, the upstream • \ , COOLANTside of the disk was surrounded by hot gas. BLEED

Analysis of tbls configuration indicated HOLE

high axial thermal gradients, which led to
unacceptable strains and deflections. To

equalize the temperatures on either side
of the dlsk, coolant bleed holes were added

• as shown in Fig. 42. PUMP

SIDE
The steady-state thermal profile of the
rotor with the coolant 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
|
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Figure 43. Finite Element Temperature Profile of Shaft and Disk
at Haximum Gas Temperature (1061 K, 1909 R)
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very )ow temperature; only at the rim does the temperature level increase to

approach the gas temperature. The temperature of the turbine blades during i

steady-state conditions is equal to the gas temperature.

Analysis of the turbine manifold included both transient and steady-state condi-

tlons. Because of idle-mode start planned for the Advanced Space Engine, the

start transients did not xmpose _ny 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 p
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

s=ructural 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 thL aft-stud shaft in the area of the outboard seal.
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Figure 45. ASE LO 2 Turbine Manifold Shutdown Transient

+

81

1977020459-094



1398

2 59 95 134 171 185 l_':m_, _ --11

.-38 34_ '8 I 142 186J 204.,,.
• ., /,4/ 3,o/. _o

•2 -260J / I 348/ 439 iii,,oi,,.i
-13 110 287 347

Kelvin Scale

1032

249 257 288 306 330 351 358 I025f _

237 _ 3;tO :_; 851 938 1T/ _,/_ 1 1033

----_T _ 3111

111 170 | /I I
248 317 415 448

Fahrenheit Scale

Figure 46. ASE LO^ Turbine Inlet Manifold Temperature D1sCributlon
(Stead_ State)

82

1977020459-095



83

1977020459-096



I I I I I 1 I #

Stress Analysis

A detailed structural analysis was conducted in accordauce with established

Rocketdyne procedures and the ground rules included in Appendix A. Detail infor-

mation is presented below on the most critical components.

Impeller. A finite element model of impeller back plate was constructed and used
to establish stress, strain, and deflection levels. The analysis was based on a

maximum required operating speed ef 8063 rad/s (77,000 rpln) ar,d the pressure load

schedule shown on Fig. 48. The basic sizing of the impeller was perfornled using

the following cast Inconel 718 properties.

69,000 N/cm 2 (IG0,000 psi)Fry
_. Fru 82,700 N/cm_ _120,000 ksi)

Elong 5.5%

This was to provide the flexibility of producing the impeller either by casting

or machining from a wrought alloy. Tie first two impellers were fabricated by the

latter method; consequently, they have higher safety f=c=ors by a ratio of 1.6:1.0.

Based on cast properties and a notch factor of 2.0, the burst speed was relcul_ted
at i0,000 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 _pllne

was 3.83 based on shear ultimate. 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 o_ radial
location. Figures 50 and 51 present effective stress profile and maximum effec-

tive stresses resulting _rom combined centrifugal and pressure loads. The effec-

tlve straln profile from the combined loading is shown in F_g. 52; Fig. 53 sho_s

the deformed structure of the impeller with radial and axial deflections indicated

at the cri_ic_l location of the balance piston hlgh_pressure orifice lip. The

' Goodman diagram for the vanes, taking into account centrifugal and pressure ef-

fects, is included in Fig. 54. It shows that the calculated alternating s,:ress

of 1944 N/cm2 (2820 psi), 30 percent of pressure loading, is far below the allow-

able 6984 N/cm2 (I0,000 psi) for a mean stress of 43,300 N/cm2 (62.0C0 psi).

Inducer. The inducer blade stresses were computed 5y dividing the blade into a

series of ple-shaped s_ctlons, loading each section with pressure and centrifugal

forces, and _alculatJng the measurements and stresses at the blade root. The com-

puted stresses and factors of safety were:

Net bending stress 9075 N/cm_ (13,164 psi)
C_ntrlfuga! direct stress 5600 N/c_2 ( 8m127 psi)

Me'- stress 14,675 N/cm2(21,291 psi)

Alternating stre_s (30% of Pressure Bending) = 11,424 N/cm? (16,571 psi)

Factor of _a_ety on mean stress = 6.0

Factor of safety on alternating stress = 2.0
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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-

hating stress of 11,424 N/cm2 (16,571 psi) is well below the allowable alternating

stress of 23,800 N/cm 2 (34,500 psi) at the mean stress of 14,675 N/cm 2 (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 element 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 (ii00 F) for an avecage disk temperature and

corresponding properties of 93,760 N/cm2 (136 ksi) for ultimate strength, 73,100

N/cm 2 (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 proflle Is shown in Fig. 60 and 61 for the maximum
and nominal gas temperature condition. Radlal and axial deflectlons were estab-
lished at the rim to permit pro_er setting of assembly clearances. The rim de-
flections are indicated in Fig. 62. The stress rupture llfe of the disk , as a
function of temperature, is shown in Flg. 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/cm 2 (3000 psi) is well below the allowable al-

ternatlng stress of 8270 N/cm2 (12,000 psi) at a mean stress of 27,600 N/cm2
(40,000 psi).

TurblneManlfold. The turbine manifold was analyzed for steady-state and tran-
slent 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 walls. To reduce these thermal gradlents, a 1.57 mm (0.062 inch) thick
Inconel 903 liner was incorporated in the inlet torus. The strain profiles with
the llner are i_aluded in Fig. 66 for steady-state conditions and.Fig. 67 for
cutoff. The maximum strain observed is 0.0037 for steady-state a_d 0.0058 for
cutoff transient.

The maxlmumpressure-induced stress level in the manifold is 27,600 N/cm2 (40 k_i)
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 2 (93 ksi). Similarly, the stress distribution
under cutoff transients is shown in FiB. 69; the maximum stress observed is

68,100 N/cm 2 (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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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 _mposed to meet
the basic intent of such a facility item were: (_) stable operation at all op-

erating points, (2) repeatable high performance, (3) uniform exhaust gas temper-

ature profile, (4) reliable ignition, and (5) durability and long llfe.

The gas generator design uses separate injector and combu_tor assemblies which
are attached with a bolted flange (Fig. 70). The injector has five coaxial in-

Jection elements which are designed for stable operation, hlgh-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 Prlem 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 injector 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 SI Units English Units

Number of Coaxial Elements 5 5

Number of Film Coolant Orifices 20 20

Flowrate/Element* 0.25 kg/s 0.55 Ib/sec

Oxidizer Injection Velocity 22.6 m/s 76 ft/sec

Fuel Injection Velocity 218.7 m/s 718 ft/s

Minimum Fuel Sleeve Gas 3.68X10"6 m 0.0165 Inch

Number of Centering Devices/ 6 6

,Element

I *Film coolant flow_---5_ total weight flowi

10#
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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. j

The injector body is an all-welded assembly fabricated from CRES 347. The injec- "

I tor elements and NARIoy faceplate are brazed into the injector body. GRAYLOC

i 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. Added 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 functlon of the distance

from the injector face.

Acoustic absorbers were placed in the combustor wall, directly below the injector

face, to provide added stability margin by damping acoustic modes in the combus-

tot. A sur_ary 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

effectlng _ positive seal with a flanged Joint. The joint is fabricated by weld-

ing the Inconel 625 transition piece to the Rene' 41 turbine manifold (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. Th_ 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 consistent with that of the turbine manifold. The design of the transition

section allows the gas generator to be removed and rewelded to the turbJne mani-
fol_ without harming the heat treat or weld between Rene' 41 an,_Inconel 625 since

the _ework 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 u=illzlng the pyro-

technic igniters.

i
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FABRICATION

Cqmponent Fabrication

The methods employed in fabricating the major components of the LOX turbopump are

discussed in the following paragraphs. _,

!

i 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- a-
charge machining. Electrodes 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 trdnsition 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 tad, 152

degrees). One set of impellers were scrapped because of dlmcontinuity 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 encountezad in fabricating this part.

%

Volute. Because of the contoured surfaces included in the volute, it was mor_

econo_ :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 o_ 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 passage_ 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

tbo 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 2 (24 psi). The deviation
was accepted.

L
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To maintain thermal gradients at cutoff at an acceptable level, the llner shown

in Fig. 79D was formed from Incoloy 903, and the llner details were Joined by

welding. Metal-to-metal contact between the liner and the manifold was limited

I by chem milling 0.13 mm (0.005 inch) from part of the outer surface of the liner 'r

. leaving only high spots to contact.

i The main structural details of the _anlfold were machined from Rene' 41 and Joined r

by welding. The two principal details are shown in Fig. 79C with the inlet trans-

ition welded to each cylindrical half. Hastelloy was used as the principal weld
I filler metal, but an Incoloy 88 weld overlay was applied on the inside surface of

; each Rme' 41 joint to minimize hydrogen environment embrlttlement. An example _

i of the weld overlay is shown In.Fig. 79K for the closeout weld that Joined the :
two manifold halves. Figure 7_F 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 thicknesses 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 Bearin_ 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 Hark 48-0 rotor operates at a maximum speed of 8063 rad/s

(77,000 rpm); as a resultta high degree of precision in its balancing is impera-
tive. A Gisholt dynamic balance machine with a capability for detecting 6 x 10 -4
In (25 _inch) 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._8 _a 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 balanct cradl_ 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 assembl_ and wax cozrections wtre made in

the plane of the turbine wheel and the stub shaft.

J 121
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Figure 82. ttark48-0 Rotor on the Gisholt Balancing Hachine
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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 repeatabi]ity checks
were m_de 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:

i. 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 obtain .3.175 mm (0.125 inch)
turbine nozzle to rotor blade axial clearance.

4. Diametral clearances and fits of critical mating parts were establ_shed.

The measured values are shown in Fig. 86 through 89.

5. D_ensions 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. F_al assembly was initiated by installing into the main housing the

intermediate and primary LOX seals, sllnge_ and the rotor subassembly

consisting of the rotor, stub shaft, and stud.

i0. The rear bearing seal was installed in the rear bearing support, and the
created subassembly was installed on the housing.

[i. The rear bearing cartridge subassembly was added.

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

13. The i_peller and impeller nut were installed.

14. Measu,'ements were taken to esrabllsh the impeller, slinger, and turbine
wheel a'£al clearances.
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Figure 86. Mark 48-0 Turbopump S/N 01-0 Pump Diametral Clearances
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Ftsure 88. Mark 48-0 S/_ 01-0 Seal Dtametral Clearances
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15. Bearing preloads as a function of balance piston position were verified.

16. The inducer was installed.

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

18. The shaft seals and external flanges were checked for leakage rates.

( The measured values are shown in Table 13.

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

20. 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 = 21N/cm 2 (30 psig) .
Flow

Seal m3/sec scfm
i

Primary LOX 0.012 2.4

Intermediate

Pump Side 0.015 3

TfJrbine 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 4.0

Outboard Side 0.019 I 3.8
Ii

The assmbled turboptmp was Installed on a support fixture, as illustrated in Fig.
91 and 92. Mounting was accompllshed by two brackets attached to the volute flange,
each of which provided support in the axial, vertlcal, and lateral direction. Addl-

J tlonal vertlcal stabillzatlon 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/erosion problem encountered with the LH2 turbo-

pump gas generatJr combustor, the two LO2 turbopump gas generator injectors wure
dimensionally inspected and water-flowed to evaluate impingement patterns and

I coaxial-element, quantitative-flow distributions During tb_ hydrogen-side, water-
flow tests on both injectors, leaks were observed between the fuel sleeves and thei

injector-face _mterial. A microscopic inspection of the braze joints in the
affected areas revealed voids in the braze material. Both injectors were rebrazed

successfully at Rocke_dyne. A vacuum _eak check of the oxidizer manifold showed

no evidence of interpropellant leak path_ within the internal LO2 posts/injector

joints. Figure 93 shows the resu!_ c the initial water-flow tests showing the
leakage areas. (Note: The outf c I0 elements of the injector are plugged since

the same injector pattern is u_ed for the LH2 turbopump gas generator injector.)
Table 14 presents the dimensio_ml inspection results on injector P/N RSOO5024E-161,

Units 1 and 2, while Tables 15 and 16 presents the results ef the water-flow tests

after the rebraze cycle. Prior to the water-flow tests on each injector, the LO2
posts were mechanically aligned with special fixtures. Subsequent to the water-

flow tests, the posts were checl.ed to en_ure correct alignment.

Prior to the initial hot-fire test of the LO2 turbopump gas generator, an LH2
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 tel't, The enalytical calculations agreed closely to the cryogenic blowdown

data. A manual set-point position of 16.5% open was selected for the main fuL"

v_'_'e (compared to 57% open for the LH2 turbopump gas generator tests).

Table 17 presents an overall test summary of the LO2 turbopump gas generator devel-

opment testing, while a more detalled discussion of various aspects of the program
is included below.

Pr___c.pellantServovalve Operation. The performance of the gas generator depends on

a closed-loop pressure fuel back sib_nal using propellant injection pressures as
the control parameter. The hydrogen and oxyge,L servovalve injection set i_ressures

are predetermined based on the required performance level and the hydraulic resist-

ance of the individual injector system. The gas generator Ferformar .e is balanced

to achieve the desired flowrates through the injector by the use of a Rocketdyne-

prepared GE-Timeshare computer program (RECAL 2). This informstion is translated

into s_rvovalve controller settings, which are manually set prior to the rest.

Test:_016-030 and -031 failed to achieve main propellant tgnltion because of tbe

system characteristics of both the gas generator injector a,Ad the facili=y LO2
servovalve controller. The objective of these tests was tJ demonstrate the igni-

tion transition characteristics of the LO 2 turbopump injector. The test sequence
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TABLE 17. LO 2 TURBOPUMP GAS GENERATOR TEST HISTORY

INJECTOR, P/N RSOOSO24E-161, U/N 2

i

[ Accumulated I _'_Test L . ,
I Test Ouratlon, Duration I

Number Test 0atel Objective seconds Te_ts seconds Remarks

0i6-030 10-7-75 Rain Propellant 0.0 I 0.0 Igniter stage OK. Heinstage (H/S) not achieved
Ignition (RPI) due to servovalve system response.

016-031 10-7-75 RPI 0.0 2 0.0 Ma;nstage not achieved. Cutoff Inltleted at
time HLV started to open. Sequencing for next
test modified.

016-032 10-9-75 RPI 0.32 3 0.32 Objective achieved.

016-033 10-9-75 Halnstege 2.0 k 2.32 Objective achieved.
Transition

016'03_ 10-1_-75 _J,ainstage-lnjector 2.0 5 k.32 Objective achieved.
Resistance
Verification

016-035 11-6-75 Rainstage 0.0 6 4.32 Fuel injector temperature continue gate cutoff - •
Performance safety sequence problem.

016-036 11-7-75 Hainstage 2.0 7 6.32 Objective achieved.
Performance

016-037 11-7-75 Nainstage 5,0 8 11.32 Objective achieved.
Performance

016-038 11-7-75 Hainst_ge 0.0 9 11.32 Ignition detect .cutoff - spark proble_
Performance

016-039 i 11"9"75 Malnstage 5.0 I0 16.32 Objective achieved.
Performance

016-0_0111-11-75 Hainstage 0.0 II 16.32 Ignition detect cutoff - spark problem.
Duration

016-0_1111-11-75 Halnstage 0.0 12 16.32 Ignition detect cutoff - spark problem.

i Duration

016-0k2 11-11-75 Halnstage IS.0 13 31.32 I Objective achieved.
, Duration

016-0E3 %1-11-75 Halnstage 0.0 Ik 31,32 Ignition detect cutoff - spark problem.
Duration

OI6-Ohk 11-12-75 _alnstage 0.0 15 31.32 Ignition detect cutoff - spark problem.
0uration

016-0_8 12-_'75 Nainstage 33,0 J 16 6_.32 Premature cutoff et 33 seconds malnstage due to

Duration l an erroneously high chember pressure auto-cut-

off, An Intermlttant short In an Instrumenta-

tion power supply cable caused spike In chamber
pressure transducer output slg,_al. Get generator
performance satisfactory.
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times were based on the successful test sequencing demonstrated during the testing

of the LH2 turbopump gas generator. In the case of the LO2 turbopump gas generator,
two phenomena occurred:

i. The hydrogen lead flow was about one-half that of the LH2 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 LO2 valve to open, and _

2. Since the hydraulic resistance of the L02 side of the injector was higher

than the LH2 turbopump gas generator LO2 injector, the same injection
purge lockup pressure of 1268 N/cm2 (1850 pqig) resulted in a LO2 injec-
tion pressure (during fuel lead) of about 762 N/cm 2 (lll3 psig). As a

result, the actual opening of the main LO2 servovalve was delayed, and ="
the tests were terminated when the mainstage d_ration timer expired.

Basically, the problem can be attributed to a lack of sequence character-

ization experience with the LO2 turbopump gas generator system as well
as the required short mainstage duration. Figure 94 depicts the LO2

servovalve system operation for the LH2 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 LO2 valve system, but the
actual start of servosystem operation is delayed until the fuel injection

temperature drops below 88.89 K (-300 F). The LO 2 turbopump gas genera-
tor hydrogen injection priming takes about 0.2 second longer due to the ,.

reduced flowrate. The LO2 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, Pc buildup may be expected

to increase with higher L02 injection set pressures (higher required
chamber pressures, or increased hydrauli_ resistance of the injector).

Since the controller feedback control was based on monitoring LO2 injec-

tion pressure, no opening command of the main LO2 valve is signalled by

the controller system because of the existing LO2 injection pressure,
which is the result of injector purging during the hydrogen-lead phase.

Once the controller system internal set ramp rate pressure exceeds the

actual monitored LO2 injection pressure, the main LO2 valve starts to

open to maintain the required LO2 injection pressure. Main propellant
ignition is normally experienced about'0.35 second after opening of the

main LO2 valve. Pretest calculations had shown that the 1267 N/cm 2
(1850 psig) LO2 system purge lockup pressure was necessary to maintain

an acceptable gas generator mixture ratio during LO2 feed llne LO2 expul-
sion at cutoff. Actual LO2 feed line LO2 expulsion time was 3 seconds

as compared with i second for the LH2 turbopump gas generator.

Although tests 016-030 and -031 did not achieve main propellant ignition, signifi-

cant data were obtained to characterize the LO2 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 LO2 turbo-
pump gas generator. A main chamber pressure of about 2068 N/cm 2 (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 LH2 turbopu_@
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 27B 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 LO2 turbopump gas generator combustor _
was fabricated very close to the geometry of the initially designed LH2 turbopump

(. combustor. The major difference existed in the chamber characteristic length, L*,

I. which increased as a function of the exit nozzle a_ea change, or about 2.2 times

the LH2 turbopump gas generator combustor L*. It was concluded that the LO2 tur-
bopump gas generator combustor would be tested in the as-fabrlcated condition to

observe the actual thermal gradient during hot fire before any modification, simi-
lar to the LH2 turbopump gas generator 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 attach@d

to the combustor exit to obtain hegt 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 fop 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.

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 temperatvre and chamber pressure versus the test time base for

! test 016-048. Figure I00 shows the gas gene_atcr Installation prior to test 016-

: _48, indicating the locations of the skin thermocouples. Figure I01 shows the

ond_tion of the combostor with the injector removed. No erosion or other damage
_o 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 measurem_,it was about 20 K (36 R), or about

2% 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 LO2
turbopump gas generator injector and combustor design is acceptable for use with
the LO2 turbopump testing.

Performance Results. A total of 16 tests were conducted on the LO2 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

149

I
...... ' f-- ..........i 1 ..............• L

1977020459-164



I IGNITER L02 INLET
ASSEMBLY

'1

INJECTOR _ _ =,ll
1 [I ..,--- LH2 INLET

i_ __...__ ---" FIvE(5)SKINT/CE{,:;LLY
SPACEDIN THIS PLANE
(#1, 5-8)

OMBUSTOR

TURBINESIMULATION _ __ BODY

SKIN TEMP#2

TEMP #4

THERMOCOUPLERINO
; i
' 1

FJgure 96. LO2 TurbopumpGas Generator

i, 150
L _

1977020459-165



TABLE 18. LO 2 IIJRBOPUMP GAS GENERATOR COMBUSTOR TEP_ERATURE STUDY

(Metric Units)

Average ,,
Total Overall Nainstage Ex Temperature

l Test OG GG Combustor Exlt Varia,ion
Test Duration, Pc,2 Flow.ate, _lxture Temperature, (4 Heasurements).

t No. seconds N/cm k_/sec Ratio K K

I I
OI6-032 0.32 _ TOO SHORT FOR PERFORMANCE

016-033 2.0 2097 1.456 0.713 74ta 19

016-034 2.0 2234 i.247 1.19 1030 52

016-036 2.0 2275 1.418 0_7_; ; 800 17

0_6-037 5.0 2279 1.431 0.759 795 24

016-039 5.0 2316 1.466 0.777 808 13

0!6-042 15.0 2309 1.383 0.888 92_ 8

016-048 33.0 2306 1.370 1.023 1077 7

I +J+__ _J

(English Units'1

Average
. Total Overall Maln_tage Fxlt Temperat

Test GG GG Combustor Exit Variation
Test Duration, Pc, FIr_rate, Hixture T_mperature, (4 Measuremen ),

No. seconds psla :b/sac Ratio R R

"' I

016-032 0.32 = TeO _HORT FOR PERFORMANCE

, 016-033 2.0 3042 3.209 0.713 1340 34

016-034 2.0 324O 2.749 !.19 1854 94

016-036 2.0 3300 3.127 U.75_ 1441 31
016-037 5.0 3309 3.154 0.759 1431 44

016-039 5 _ 3359 3.231 0.777 1455 23

016-042 15.0 3349 3.050 0.86_ 1663 15

016-048 33.0 3345 3.021 1.023 1938 13 !"

1 i:
1

,_ I_
+ i
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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-flre

8 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 LO 2 and hydro-

gen injector hydraulic resistances, required chamber pressure, flowrate, and mix-

ture ratio. The control function used to obtain the required performance is the

applicable syste_ injection pressure, which is obtained by the use of servocontrol ,m.

valves in a closed-loop mode. Figure 102 is an injector performance map for L02

turbopump injector, P/N RS005024, Unit 4"0. 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 condltions

proved to be no problem _n the recalibration procedure.

"00[ IR -,mmm,,c21F_4.2
m00 R - :X4_SSEC2OFT:-_"._ ,,4_

_- 2J2".ISEC "," _"
I ,+-,,.,,.,,,e \/ .." -..,
I p - 4.35 LIIIFI": .'_'_° q"
i F

2700

i../ Z,,Z / /",Z

' J I I I I . I I

HYDROGENINJECTIONPRESSURE,P$1_I

: Figure 102. LO2 Injector Unit 2 Performance Hap

159

1977020459-174



Turbine Calibration i

Calibration of the Mark 48-F turbine to establish its aerothermodynamle performance

was accomplished with ambient-temperature GN2 as the propellanl. The rotor speeds
were maintained in tbc range of 523 to 1885 rad/s (5000 to 18,000 rpm) to simulate

the operatlonal wheel tip speed/gas spouting velocity ratios (U/Co).

J The basic test setup is illustrated in Fig. 103. Power developed by the turblne

was absorbed by a Mark 4 pump which reclrculated water from a reservoir. A Lebow

in-llne torquemeter was installed between the turbine and the power-absorbing pdmp
to indicate the torque developed by the turbine.

Prior to at,sembly, the turbopump rotor was balanced 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 Laboratocy, E1 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 Ii tests were made, with GN2 working fluid, at velocity ratio (_/Co,
total to static) ranging from 0.115 to 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 test efficiency is shown in Fig. 109. Turbine

efficiency w_ calculated with Lebow torquemeter torque and isentropic available

e.,ergy (total to-statlc) across the turbine. At a design velocity ratio of 0.343,
the turbine total-to-statlc measured efficiency was 51% compared with a predicted

value of 59.8%. Calculations show 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 107. Mark 48-0 Turbine Calibration Installation
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Turbopump Testing

Test Discussion: Testing of Mark 48-0 turbopump P/N RSOO9820E, 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 ii 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 divlde_ into two main categories: Performance mapping, using _
GH2 as turbine drive media, with LN2 and LO2 as the pumped fluid; and integrity

i testing, using a LO2/LH 2 gas generator as the turbine drive gas media, with LO2
as the pumped fluid. Gas generator injector P/N RS005024-131, S/N 2, a coaxial

five-element design, was used during the hot-fire {esting.

Facility propellant supply and dlschargh systems are shown schematically in Fig. II0

(GH2 turbine drive system) and Flg. Iii (gas generator turbine drive system).

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

the test stand during the initial LN2 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/LH2). Figures 116 and 117 show the pro-
tective blast screen installed as a precautionary measure in case of hardware

failure during the LO 2 pumping test phase. Figure I18 shows the pretest chill

conditioning during the hot-gas testing phase, with gas generator injector (L02
unit 2) installed.

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

Test No. I: (016-011)

Test Date: 7-9-76

Duration: 30 seconds

ObJectl,,e: Checkout and integrity test of turbopump at 3141 rad/s (30,000 rpm)

using LN 2 as the pumped fluid and GH2 as turbine drive media.

Results: Satisfactory. The turbopump speed and discharge pressure were

manually adjusted simultaneously during the rest by the controller
operator. The performance of the turbopump was monitored on an X-Y

plotter which displayed turbopump discharge pressure and turbopump

discharge venturl 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 (GH2 spln
valve and turb_pump discharge throttle valve controller) to evaluate

the turbopump real-tlme 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 deslred 1.4

to 1.6 value. The hlgher-than-deslred pressure ratio was caused
by too large a turbine discharge orifice (D = 1.7668 cm, 0.6956 inch).

Prior to the next test, a turbine discharge orifice of 0.5765 inch

was installed. A turbop_mp shaft torque check through the LO2 inlet
showed the torque to vary from 10.6 to 49,4 mN (15 to 70 in-oz). A
visual examination of the rear bearing was accomplished by removing
the rear bearing housing. No visual discre_ancies were noted.
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Test No. 2: (016-012)

Test Date: 7-13-76

Duration: 9 _conds

Objective: Locate the first and second turbopump critical speeds using LN2 as

the pumped fluid and GH2 as the _urbine drive media, t_"

Results: The test was terminated prematurely by the turbine radial accelero- y
meter vibration safety cutoff (VSC) system at i0 g rms and 4814 rad/s
(45,979 rpm).

! Analysis: The speed of the turbopump was brought up to about 2094 rad/s (20,000

! rpm) where adjustment of the throttle discharge valve was made to
i correct the pump performance to the design Q/N position At that ,b-

._ time, the spin valve was opened manually by the controller operator.

E Ldently the rate of speed increase was insufficient in the region

of the critical speed range. Cutoff was initiated by the VSC system
after accumulating I0 g rms count over 200-msec duration. A review

of the data revealed the first critical speed, to be about 4115 rad/s

(39,300 rpm). The second critical speed was not well defined due to

the abbreviated test duration. Another test was necessary to define

the second critica_ speed and to verify the value of the first criti-

cal speed. The turbine pressure ratio for this test was about 1.4,

with a 1.464 cm (0.5765 inch) turbine discharge orifice.

Test No. 3: (016-013)

Test Data: 7-13-76 C

Duration: 5 seconds

Objective: Locate the first and second turbopump critical speeds using LN2 as
the pumped fluid and GH2 as the turbine drive media.

Results: Satisfactory test. All objectives attained. Maximum turbopump rpm

achieved was 6488 rad/s (61,965 rpm).

Analysis: Experience gained in the previous two tests defined the overall res-

ponse of the controller-GH 2 turbopump systems. As a result of the
second test (016-012), a throttle valve setting of 39% open was

required to maintain the design Q/N curve. For this test, just

prior to opening the GH2 spin valve, the throttle valve was adjusted
to 39%. Since it was desired to limit the total turbopump accumulated

time in LN2 service, the test required a rapid increase in the turbo-
pump speed to the targeted 6282 rad/s (60,000 rpm). The normal pause
at about 2094 rad/s (20,000 rpm) was eliminated. From the time the

GH2 spin valve was opened to the time the maximum rpm (6488 tad/s,
617965 rpm) was achieved took about 3 seconds. A 2-second dwell

at 6488 rad/s (61,965 rpm) was followed by a planned controller

operator cutoff. All objectives were attained with verification of

the 4115 rad/s (39,300 rpm) first critical speed and a determination

of the second critical speed to be about 5228 rad/s (52,800 rpm).

Following this test, a visual inspection of the turbopump revealeJ

no damage or discrepancies. The facility system was prepared for the

next series of tests using LO2 as the pumped fluid.
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Test No. 4: (016-014)

Test Date: 7-16-76

Duration: 70 seconds

Objective: Obtain head-flow data at 3141 rad/s (30,000 rpm and 6282 rad/s _

(60-000 rpm) using LO2 as the pumped fluid, y

Results: Objectives partially attained. H-Q data was obtained at 2513 to
3036 rad/s (24,000 to 29,000 rpm) but, during the transition in

speeds, the rate of increase within the critical speed region was

slow enough to accumulate 200 msec of 15 g rms level, which triggered

, the VSC cutoff system at 5497 rad/s (52,500 rpm). _.

Analysis: The test progressed smoothly from tank pressurization, throttle valve

adjustment and H-Q excursion in the 2513 to 3036 rad/s (24,000 to

29,000 rpm) region. Upon increasing turbopump speed by manually

adjusting the GH2 spin valve, the turbine radial accelerometer
triggered the VSC cutoff system. No damage was noted to the hard-

ware. _or the next test, the turbine discharge orifice was changed

to 1.628 cm (0.6411 inch) to target a 1.6 turbine pressure ratio.

: Test No. 5: (016-015)

Test Date: 7-16-76

Duration: 30 seconds

Objective: Obtain H-Q mapping at turbopump speed of 6282 rad/s (60,000 rpm).

Results: Objective partially attained. Some H-Q mapping was achieved at

637 rad/s (60,850 rpm), but the test was terminated prematurely

by the window observer due to a fire ii_ the test area.

Analysis: A posttest analysis revealed the location of the fire to be 0ehind

the stand bulkhead and in a facility line connection. Real time

television coverage of the test area, with replay c_pabllities,

was a definite asset to the testing effort. At the start of the

test, the pump discharge throttle valve was adjusted to 39% (390
dlal setting), and the turbopump speed rapidly increased until an

indicated 6282 rad/s (60,000 rpm) was reached. After a period of

stabilization, an H-Q excursion from nominal to high head/low flow

was achieved. During the excursion back through nominal H-Q toward

low-head/high-flow region, cutoff was initiated. No damage to the

turbopump system was evident. A turbine pressure ratio of 1.68 was

achieved with the 1.628 cm (0.6411 inch) turbine discharge orifice.

).84
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Test No. 6: (01b-016)

" Test Date: 7-16-76

Duration: 12 seconds

" Objective: Obtain H-Q performance at a turbopump speed of 6282 rad/s (60,000rpm).

Results: The test was terminated prematurely by the turbine radial accelero-
meter VSC system at a turbopump speed of 5444 rad/s (52,000 rpm).

Analysis: At the start of the test, the GH 2 spin valve was opened to obtain

a stabilized turbopump speed of 3141 rad/s (30,000 rpm). After
stabilization, it was planned to rapidly increase the turbopump

speed through the first and second critical speeds to the targeted a-

6282 rad/s (60,000 rpm). Again, since the speed control was manual,
the rate of speed increase _i,rough the second critical was insuffi-

cient, and the test was terminated by the VSC cutoff system. No

hardware damage was sustained.

Test No. 7: (016-017)

Test Date: 7-16-76

Duration: 37 seconds

Objective: Obtain H-Q performance at 6282 to 7329 rad/s (60,000 and 70,000 rpm).

Results: Achieved satisfactory H-Q data at 6282 rad/s (60,000 rpm), but the

test was terminated prematurely at 6700 rad/s (64,000 rpm) by the
turbine radial accelerometer VSC system before any H-Q mapping

could be obtained at 7329 rad/s (70,000 rpm).

Analysis: The test proceeded smoothly through the first targeted H-Q mapping

phase at 6282 rad/s (60,000 rpm). While adjusting the GH2 spin
valve to achieve 7329 rad/s (70,000 rpm), the VSC cutoff system

- initiated cutoff at 6700 rad/s (64,000 rpm). This speed level does

not correspond to any projected critical speed region and, in fact,

no operational parameters indicated any reason for the premature

VSC cutoff. Checkout of the VSC system failed to show any abnor-

mality within the facility data acquisition system. This test

concluded the Series I GH 2 turbine drive test effort. The turbo-
pump system and facility were modified for hot-fire testing using

the gas generator.

i
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Test No. 8: (Olo-OlS)

Test Date_ 813176

Duration: O. second

Objective: Turbopump Performance at 6282 rad/s (60,000 rpm) and characteriza-

tion of system start/cutoff transients

Results: The test was terminated prematurely by the ignition detect system

of the gas generator. YI

Analysis: At "ignition OK" (combustion temperature greater than 700 K (800 F),

the automatic comparator circuit initiated cutoff due to an indi-

cation that the Igniter failed to ignite. A posttest failure analy-

sis revealed the most probable cause to be in the spark exciter

electrical network. A replacement spark exciter system was installed

and a successful visual spark test was accomplished prior to the
next test.

Test No. 9: (016-019)

Test Date: 8-3-76

Duration: 2.81 seconds

Objective: Turbopump Performance at 6282 rad/s (60,000 rpm) and characteriza-

tion of system start/cutoff transients.

Results: Satisfactory test with a maximum speed of 6034 rad/s (57,629 rpm)
achieved.

Analysis: Prior to test 016-018, the turbine discharge orifice was changed

from 1.628 cm (0.6411 inch) to a 1.766 cm (0.6952) inch) diameter,

with a well-rounded entrance condition, to obtain a 1.72 turbine

pressure ratio with the hot-gas turbine drive. Actual measured

turbine pressure ratio for this test was 1.85. Performance of the

gas generator system was near nominal with a chamber pressure (tur-

bine inlet pressure) within 41 N/cm 2 (59 psi) o£ the target condi-

tion (Pc target = 1307 N/cm2 (1896 psia); actual = 1266 N/cm 2 (1837
psia) with a turbine inlet temperature of 978 K (1761 R). Start

and cutoff transients of the gas generator system were normal. The

characteristic velocity (c*) efficiency of the gas generator injec-
tor was 98.9%.

Test No. 10: (016-020)

Test Date: 8-3-76

Duration: 0.58

Objective: Turbopump performance at 6282 rad/s (60,000 rpm).

Results: Test prematurely terminated by turbine inlet overtemperature red-

line (1088 K, 1969 R).
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Analysis: The maximum _pm achieved was 6122 rad/s (58,378 rpm). Start and 7

cutoff sequences were normal, with no damage sustained by either
the turbopump or gas generator systems. This test was scheduled

for a test stand propellant duration (_50 seconds mainsta_e) at

the same performance conditions as the previous test. A posttest

review of records showed the fuel injection pressure to be lower _
than the servocontroller set pressure, which lowered the fuel injec- _ _
tor hydrogen flowrate, increased the gas generator mixture ratio,

and resulted in an elevated combustion temperature which triggered
the overtemperature redline cutoff circuitry. Fuel injection pres-

I sure was about 120 N/cm2 (175 psi) lower than the controller set

pressure. The controller was readjusted for the following _est

1,sing the on-line site data.

Test No. ii: (016-021)

Test Date: 8-3-76

Duration: 16.58 seconds

6bjective: Turbopump performance at 6282 rad/s (60,000 rpm) for test stand
duration (--50seconds).

Results: Objectives partially achieved. The maximum rpm attained was 6575

rad/s (62,800 rpm) with steady-state performance until a premature

cutoff by the combustion temperature redline.

Analysis: Review of the scaled data revealed that the main fuel valve was

operating at about 2.5% open, or in a high-flow gain region. Figure

llggraphically depicts the problem. Note that, in the near-closed

position, relatively large fluctuations in flowrate can be expected
with small changes in valve position. The result of the fluctuation

•could cause the noted overtemperature in the combustor due to a sudden

increase in the gas generator mixture ratio. A similar problem

existed with the main LO2 valve during the early development testing
' of the LH2 turbopump gas generator system. The problem was solved

by changing the plug trim to a linear (flow increases proportionally
with valve position) design. A main fuel valve plug trim change was

; not deemed necessary because of the fuel-lead sequence and the nor-
mal operating position of the main fuel valve being in the 15% (oxi-

dizer turbopump gas generator) and 50% (hydrogen turbopump gas genera-
tor) open position at full 2344 N/cm 2 (3400 pslg) chamber pressure.

The effect_w gas co_bustion discharge flow area (turbine and dis-

charge orifice) for the present oxidizer turbopump, required opera-
ting the gas generator _t approximately two-thirds power. The net

result was that lower fuel injection pressures were required for

the lower flowrates The LH2 tank pressure for_this test had been
lowered from 3B03 Nicm2 (440 psig) to 2758 N/cm Z (4000 psig) (gas

generator testing to turbopump testing) to force the main fuel valve
to open further and stay outside of the hlgh-flow gain region. For

the next test, the LH2 tank pressure was reduced further to 2413

| _ N/cm2 (3500 prig) Gas generator performance remained normal, with

no damage sustained to either the gas generator or turbqpump system.
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Test No. 12: (016-022)

" Test Date: 8-9-76

Duration: 0.0 seconds

- Objective: Turbopump performance at 7329 rad/s (70,000 rpm) and duration
capability of test stand (450 seconds).

Results: Test prematurely terminated by the turbine radial accelerometer

VSC cutoff system during the fuel lead stage aL 5863 rad/s (56,000
rpm) and 15 g rms.

Analysis: Gas generator performance during igniter stage and fuel lead was

normal. Test terminated near the second critical turbopump speed.
No damage noted in either the g_s generator or turbopump system.

Test No. 13: (016-023)

Test Date: 8-9-76

Duration: 0.62 seconds

Objective: Turbopump performance at 7329 rad/s (70,000 rpm) and duration
capability of test stand (450 seconds).

Results: The test was prematurely terminated by the turbine radial accelero-

meter VSC cutoff system at 20 g rms and a maximum speed of 7196
rad/s (68,725 rpm).

Analysis: All aspects of the test appears nomnal with the exception of the

apparent high g level at 7196 rad/s (68,725 rpm). No damage
noted to the hardware.

Test No. [4: (016-024)

Test Date: 8-9-76

Duration: 1.2 seconds

Objective: Turbopump performance at 7329 rad/s (70,000 rpm) and duration
capability of test stand (--50seconds).

Results: Test prematurely terminated by the turbine radial _ccelerometer VSC

cutoff system at 20 g and 7240 rad/s (69,157 rpm).

Analysis: All test parameters, except the turbine radial accelerometer, g
level appeared normal. No hardware damage noted.

1119 _
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Test No. 15: (016-025)

Test Date: 8-9-76

Duration: 2.39 seconds
p ,

Objective: Turbopump performance at 7329 radls (70,000 rpm) and duration capa- |_
billty of test stand (_50 seconds). Y_

Results: Test prematurely terminated by the turbine inlet overtemperature
(1083 K, 1950 R).

Analysis: A review of the records show that the fuel injection pressur_ was

again about 69 N/cm2 (I00 psig) lower than the required set pres-

sure as shown on the controller dlal. The resulting hlgher-than-
desired mixture ratio forced the combustion temperature over the

reallne. Actual targeted combustion temperature was ]033 K (1860R),
with an actual temperature of 1087 K (1957 R) recorded, which was

slightly over the redllne. For the next test, a slight power

increase was planned to ensure that the turbopump speed would be

at or above 7329 rad/s (70,000 rpm). Maximum speed for this test
was 7140 rad/s (68,199 rpm), and insufficient data were available

to ascertain whether the targeted 7329 rad/s (70,000 rpm) would have

been attained. The turbine inlet temperature redline was raised
to 1089 K (1960 R).

Test No. 16: (016-026)

Test Date: 8-11-76

Duration: 5.82 seconds

Objective: Turbopump performance at 7329 rad/3 (70,000 rpm) and duration
capability of the test stand (_50 seconds).

Results: Test prematurely terminated by an observer due to a fire in the
f_cillty propellant supply system.

Analysis: The fire appeared to be located in the gas generator H2 system

venturi conn_,ctlons. The fasteners were retorqued throughout the
immediate area of the H2 venturl, upstream of the main fuel _alve.

A review of the records showed the tarbopump had achieved 7768 rgd/s

(74,191 rpm). Evidently, the previous test data, being only 2.39

seconds in duration, had not stabilized; therefore, the targeted

power level for this test was too high. Tart.ted power level for

the next test was based on a cllmbout o_ _ malnstage start to steady
state bias of about 314 rad/s (3000 rpm). No damage was sustained

to either the turbopump or gas generator system.
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Test No. 17: (016-027)

" Test Date: 8-.11-76

Buration: 3.01 seconds

* Objective: Turbopump performance at 7329 rad/s _70,000 rpm) and duration capa-

bility of the test stand (--50seconds). _

Results: Test prematurely terminated by turbine inlet overtemperature.

Analysis: Data analysis revealed the fuel injection pressure was again about
69 N/cm 2 (i00 psig) lower then the controller dial set pressure

requirement. The maximum speed achieved was 6582 tad/L, (62,867

rpm). No damage wa_ noted in the turbopump or gas generator sys-

tems. Fox the next test, a site data correction will be applied to
the fuel controller to increase the fuel i_ljection pressure by 69

N/cm 2 (i00 psig).

Test No. 18: (016-028)

Test Date: 8-11-76

Duration: 40.'79seconds

Objective: Turbopump performance and H-Q excursion at 7329 rad/s (70,000 rpm),
and duration capability of the test stand (--50seconds).

Results: The test was terminated prematurely by the intermediate seal purge

supply low-pressure redline circuit.

Analysis: All test objectives, except the demonstration of the test stand

propellant duration, was achieved satisfactorily. Maximum speed

achieved was 7191 rad/s (68,685 rpm). Figure 120 shows the gas

generator chamber pressure profile for the test with the average

turbopump speeds indicated during the various phases of the test.

As can be noted from Fig. 120, pumped idle-mode operation is nearly
achieved during the igniter/main purge _tart phase of the test. The

test proceeded smoothly through main propellant ignition, until after

about i0 seconds of malnstage, manual control of the turbopump dis-

charge throttle valve was initiated to first obtain high-head/low- !
flow conditions. During the planned excursion toward thp low-head/ _
_igh-flow region, cutoff was initiated automatically by the inter-

mediate seal purge supply pressure redline when the pressure dropped L
below 103 N/cm 2 (150 psig). Normal pressure setting at start _s !

138 ±7 N/cm 2 (200 _i0 psig). A review of the records show a ro1,_ant

decay in the pressure from start until cutoff. After cutoff the
purge supply pressure recovered to the pretest value. An evaluation

of the intermediate seal pt,rge flow during various portions of the

test indicates that the purge flow rate increased from about 0.006

kg/s (78.3 ft3/min; 0.0135 ib/sec) _t s_art to abot,t 0.007 kg/s
(89.4 ft3/min; 0.015 ib/sec at cutof c. These flowrates match the

" observed changes in the purge system pressure. For the last I0
seconds of malnstage overation, the purge flowra=e remained essen- I

tially the same, indicatfng a stabilized condition. Although the

191
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comparator setting redline value for the intermediate seal purge

pressure was set for 103 N/cm2 (130 psig), an actual cutoff pres-

sure of 99 N/cm 2 (142 psig) was recorded. A review of the secondary

hot-gas seal drain line temperature and primary hot-gas seal drain

temperature shows an increase of about 561 K (550 F) and 730 K
(855 F) respectively, from the start of the tes_ to cutoff. Figures

121through 124 show, respectively, the helium purge orifice upstream

pressure (supply), the intermediate seal purge pressure (turbopump
inlet), the primary hot-gas seal drain line temperature, and the

secondary hot-gas seal drain line temperature, all plotted against

test reference time. A comparison of these charts indicates that

the geometrical effective purge flow area within the secondary

hot-gas seal area stabilized-after approximately 30 seconds of
mainstage, but the purge pressure level of the intermediate seal

purge was so near the comparator cutoff value that a small pressure
fluctuation below the actual redline val_re caused cutoff. Prior to

the test series, the intermediate seal purge redline level was

selected to ensure that a sufficient margin existed between the

LO2 seal drain line pressure and secondary hot-gas seal pressure,
and prevented GO2 leakage into the secondary hot-gas seal cavity
during pretest chilldown. The results of these tests show that the

pretest purge level (138 N/cm 2, 200 210 psig) is sufficient for

start, but the low redline limit of the intermediate seal purge

pressure callbe reduced below 150 psig.

An intermediate seal purge pressure minimum redline value of 93

N/cm 2 (135 psig) is recommended for future testing. In addition,

the purge supply system capacity upstream of the purge flow metering

orifice should be enlarged to maintain the required orifice upstream

pressure during all phases of the turbopump test. Change in line
sizes and/or regulator sizing should be evaluated. An inspection of

the _as generator injector revealed it to be in excellent condition
(Fig. 12_.

To reduce the reccrded parameters to a usable form, a computer
program was created which received the Beckman data acquisition
unit information and converted it to the desired form. To illustrate

the output obtained, the printouts for two tests are included in

Appendix C: Test No. 017 showing ambient gaseous hydrogen drive

data, and Test No. 026 showing hot-gas generator drive data.
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Figure 121. Intermediate Seal Helium Purge Orifice Upstream Pressure
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Pt_p Hydrodynamic Performance. The following discussion wlll cover, in order,
the pt_p head rise, pump ef_Ic_,,cy, axial thrust, and bearing coolant flow as
determined from the test data and co_pared with the original predictions.

Pm_ Head Rise. The Dump hea_ rise is determined by the relationship i_

- Vl 2Vd2 Y_

H'- 14__ 40(Pal- Pi) +

where Pd and Pi are _he measured static pressures at the discharge and inlet of
the pump, respectively, and Vd and Vi are the average velocities at the dis-
charge and inlet, respectively. These velocities are not measured but are a
function only of the measured flowrate and the geometric diameters of the dis-
charge and inlet ducts. Therefore, the test head rise depends on the two pres-
sures and the flow measurements, all of which are considered to be the more

accurate parameters measured in test. The test data were generally sliced to
get steady4tate performance whenever the test duration was long enough to per-
_tc this. The data slices used for evaluating the hydrodynemic parameters vere
generally approximately 0.23 second in duration and were never less than O.10
second. This slice time is typical of those generally used at Rocketdyue for
steady-state data reduction programs.

Figure 1_6 is a plot of the pump overall head rise as a function of flow, where
both data end the predicted head are scaled to a speed of 7329 rad/s (70,000

rpm). The scaling was accomplished using the affinity laws which have been
thoroughly substantiated as applicable for LO2 and LN2. The _ata consist of 66
data points from 15 tests, with test speeds varying from 1628 rad/s (15,550 rpm)

to 7768 rad/s (74,190 rpm), and with ptmped fluids of both LO2 and LN2, primar-
ily the former. The symbols used for the data points distinguish the different
operating speed ranges tested. There was no indication that the results were
dependent on the ptmp e_ fluidmeditm.

The low-speed data show fairly good agreement with the predicted head rise,
but Nay be indicating a slightly steeper H-Q slope than predicted (this will
be discussed more fully at a later point). However, as speed increases, the
test data deviate more from the predicted curve, falling short of the curve at
the higher flowrates. This type of deviation is typical of that experienced
when cavitation is limiting the performance. To investigate :his deviation,
the ratio (Its) of the test head rise divided by the predicted head rise was

calculated and plotted as a function of suction specific speed (Nss) in Fig.
12_ The initial plot tended to indicate a great deal of data scatter without
clear trend. Hoover, when different symbols were used to represent the di_-

ferent inlet flow coefficients (_tn) tested, the data showed a clear trend.
For all coefficients, there is a tendency of the head ratio to drop as Nss
increases. However, as flow coefficient Inereasas, thls dropoff occurs at

8uceeaslvely lower values of Nee. To illustrate thl8 trend, the data of Fig.
127 are repeated in Fi8.128, with curves drawn to represent the various flow

coefficient rsnpa tabulated. This trend again is strongly indicative of
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cavitation limitations, with the amount of cavitation increasing with either

increasing Nss or with increasing flow coefficient at a constant value of Nss.

The cavitation appears to occur at much lower values of Nss than would be ex-

pected from the design, considering it does have an inducer designed for good

suction performance. This would indicate the more likely possibility that the I_

impeller is cavitating rather than the inducer. This could be caused by_ V

i. A failure of the inducer to produce its design he_d rise, which

is required to keep the impeller out of cavitation
a_

2. An inadequate impeller design from a cavitation standpoint

3. Too much hot cryogenic being pumped into the impeller eye from the _"

balance plston/bearlng area

Arguments will be presented later that there is not a large amount of balance

piston flow being returned to the impeller eye. With low circulation, the fluid
may be heating up significantly and returning to the impeller eye at much higher

temperature than expected. To further define the source of the problem, two

further steps of data analysis were attempted:

i. A theoretical inducer head rise curve was used to esti_mte the inducer

performance. This inducer head was added to the inlet NPSH to permit

ralculation of the impeller NPSH and Nss. (It was assumed in chess

c_Iculations that there is no fluid entering at the impeller eye
except the inducer flow, and that the fluid vapor pressure at the

imoeller inlet was identical to that upstream of the inducer.)

2. The noncavitating head rise was assumed to be steeper than the pre-

dicted noncavitating head. The test data at low speed were used to

estimate this new head rise curve, which is shown in Fig. 129.

Figure 130 shows the impeller suction specific speed calculated by the procedure

discussed in item (i) above. The data follow a trend typical of cavitation

performance. At lower flow coefficients, the data are relatively flat until an
Nss of i.I rad/s (m3/s)i/2/(j/_g) 3/4 3000 rpm'gpml/2/ft3/4 is reached where the
head starts to drop. At hi_her flow coefficients, the head begins to drop at

lower Nso values, approximately i.I rad/s (m3/s)172/(J/kg) 3/4 2200 rpm'gpml/2/3/4
ft . _Note that an expanded scale is used in Fig. 130 for the abscissa.)

These are relatively low values, but if there is much heat added to the flow

by the return flow from the front wear ring and from the balance piston area,

the actual Nss for each of these points could be significantly higher. However,

it must be admitted that one of the key potential technology Droblema associated

with such small-scale hardware is that of achieving a good suction performance.

The results of the procedure outlined in item (2) above are shown in Fig. 131.

The approach tended to bring together the data at the lower values of Nss as
expected, but the data fall on a sloping line rather than a horizontal line.

In fact, the trend of the data is so contrary to the expected trend (as was

observed in Fig. 130) that it is concluded that the head rise curve presented

r
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in Fig. 129 does not properly reflect the noncavitating head. In all further :_
calculations, the origina] pledicted head rise is used for the theoretical
value.

In addition to the overall head rise, internal static pressure measurements
were made to aid in distinguishing the hydrodynamic performance of Lhe individ-

ual components. Specifically, an impeller and a diffuser discharge pressure
_Y

was measured. Using these two internal measurements and the pump inlet and dis-
charge pressure, the static pressure rise across the hydrodynamic components

could be calculated. This was done for the same data points as presented for

the head rise. The results are presented in Fig. 132 through 135 where, in each
case, the static pressure rise is plotted as a function of flowrate, and the

data are compared with the originally predicted static pressure rise across the -"

same component. Note that the pressure rise of Fig.!35 is a composite of the

two pressure rises of 7ig. 133 and 134.

It should be pointed out before discussing the significance of these figures,

that internal static pressure measurements at positions like the impeller or

diffuser discharge are susceptible to large data scatter or even to significant
bias from the predicted value. This can result because the instrument is measur-

ing a purely local static wall pressure in an area that is highly susceptible
to local gradients in velocity and static pressure. As such, whereas the meas-

urement is taker to achieve an average pressure, it may be measuring either an

extreme local value not representative of the aver_,_e, or a local value in a
highly turbulent region that is unstable. The measurements are still of value

but always have to be used with the proper care. In the case of the impeller

discharge pressure measurement, the data are also affected by the location of

the pressure tap on a wall surface at an angle to the throughflow. In such a

position, the measurement is reading some component of the velocity head and is

not a true static pressure. Thus, this measurement will always read higher than
static, and the error will increase as flow increases. However, at 300 gpm, the

pressure equivalent of the total meridional component of velocity at the static

tap is less than 25 psi, so that this location will not affect any of the con-

clusions discussed below. In the following discussion, the as-measured pres-

sures are taken as representing average conditions unless otherwise stated.

Figure 132 the first of the four figures, presents the static pressure rise

across the impeller and inducer. (There was no static pressure measurement

made at the inducer discharge.) The data show the same general trends as the

head rise data (Fig. 126); there are some cases, however, where the impeller

static pressure rise is higher than design, but the pump head is lower and

vlce-versa. The data of Fig. 132 actually have more spread than the data of
Fig. 126, considering the difference in the scales of the ordinates in the two

figures. The data definitely tend to indicate that there is insufficient head

being generated by the Inducer-lmpeller combinatloD.

Figurel33presents the static pressure rise across the vaned diffuser. These

data indicate a different potential problem. At low flows the proper diffusion

appears to be achieved but, as flow increases, th_ diffuser performance proMres-
slvely degrades. This is indicative of a diffuser _nismatch which could be caused

t
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by either a flow angle mismatch at the leading edge, or a flow passage that is

too small to pass the flow. The latter appears to be more likely in view of

the fact that, for lower-speed data at the real high flows and the real low

flows, the impeller pressure rise was in fair agreement with prediction (Fig.

132J, yet the diffuser pressure rise is continually dropping as flow increases.

_gain, this is a typical problem experienced with very small pumps _n that _P_.

boundary layer blockage or blockage due to fabrication mismatch or secondary-

i flow effects can so easily represent a much larger percentage of the through-
flow area than is normally experienced in larger pumps.

Figure 134 presents the pressure recovery through the volute and indicates a
larger amount of data scatter, but the data art :ver_here equal to or above
the design value. Figure 135 is a composite of Fig. 133 andl34, and represents

the static pressure rise across the total diffusion system frcm impeller dis-
charge to pump discharge. This composite shows the same trenas as would be

expected based on the trends and relative amplitudes of Fig. 133 and 134.

Pump Efficiency. The data reduction program was written to calculate the

pump efficiency by assuming a known turbine efficiency based on calibration

results (p_esented in the turbine section) and backing out the pump efficiency
from the machine efficiency. This machine efficiency is calculated from test

data as the pump dellvered horsepower divided by the turbine inlet available

energy. The pump efficiency obtained by this procedure is shown in Fig. 136.

As can be readily be seen, this calculated efficiency shows very poor agreement

with the predicted efficiency, especially at the higher flow coefficients; how-

ever, the higher flow coefficient data were obtained from lower-speed tests

where the results would be much more susceptible to data inaccuracies. The data

are all below the predicted efficiency line even though the head rise did in
" some cases meet its head objective.

Many of the test slices at higher speeds had a sufficient temperature rise

across the pump to permit a calculation of the isentropic efficiency. This cal-

culation has the advantage of using only test data from the pump, specifically
pump inlet and discharge pressures and temperatures. These temperatures are

much mor_ reliable than the turbine temperatures, but the temperature differen-
tials must be large enough to minimize instrumentation inaccuracy. The data

slices with temperature rise of ii to 17 K (20 to 30 F) were used, and the

results are presented in Fig. 13% The data show better efficiency than those

calculated from the machine efficiency. These results also would appear much

more reasonable in that they are more consistent with the performance degrada-
tion noted in the pump head. A_ such, the isentropic efficiency data are con-

sidered to be the most representative, and show the pump running generally about

5 to i0 points low at the lower flow coefficients, the actual amount, however,

being rather strongly dependent on flow coefficient.

Achieving a high efficiency in a small pump is difficult. The problems dis-

cussed in describing the pump head degradation are primarily responsible for the

lower efficiency. It is antlcip_ted that the efficiency can be improved sig-
nificantly by correcting the conditions that are causing impeller cavitation
and low head.
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Axial Thrust. The turbopump is designed to achieve a balance of axial thruse

between the pump and turbine. The pump _mpeller back side contains a balance

piston designed to provide the thrust range as a functio_ of axial position to

permit the total turbopump axial thrust to be b_lanced during all phases of opera-
tion, including start and shutdown transients. The balance piston is u_ed to

minimize the thrust load-carrying requirements on the bearing_ the balance piston _$

using the pressures generated by _he pump to achieve the required balancing force, y_,

The balance piston is double aLting in the sense that both the high- and low-
pressure orifices are sensitive to axial position. A sketch of the balance piston

is shown in Fig, 138. Since operation in LO2 prohibits _ny significant metal-to- _'
metal contact of rotating and stationary parts, the balance piston is designed to

have a radial gap , • both orifices at all times. These _aps are a fenction of
speed and, based on calculations from the Stress Dee_rtment, _hey the relationships:

E1 = 0.0033 - 0.013 (N/8061)2 mm

E1 = 0.0013 - 0.0005 (N/77,000) 2 inch

E2 = 0.009 - 0.008 (N/8061)"

2

E2 - 0.00L35 - 0.0003 (N/77,000) inch

where N is pump speed in rpm, These gaps must be kept as small as practical to

avoid a rubbing problem because the axial thrust range is signific_itly decreased
if these gaps are allowed to be too large. Review of the hardware after the rom-

plete test series indicated no rubbing occurred in the balance piston area.

The pressure drop across the total balance piston consists of three individual

pressure drops:

I. The loss through the high-pressure orifice, which is sensitive to axial
pc'_ition

2. The loss through the low-pressure orifice, which is sensitive to axial
position

3. The p_essure drop sustained b_ th_ rotational (vortex) motion ol the

fluid withlv the balance piston. This drop is sensitive to the sur-

face condition i_ the balance piston and speed.

Dur_mg the Mark 48-0 testing, the following static pressure measurements were
made:

, I. l_peller discharge pressur=, which is upstream of the balance cavity
pressure

_: 2. Balance cavity pressure, which is downstream of the high-pressure orifice
but at approximately the same radius

216
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3. Balance piston sump pressure, which Is dowhstream of the low-pressure
oriflce

4. Balance piston return flow pressure, which is downstream of the bearings
and slinger in the return path of the balance piston flow

iS
These pressure measurements and a previous correlation for pressure drop through 3'1
SSME LO2 bearings permit analysis of the balance piston performance regarding the
fluid average slip coefficient, K. This ratio of fluid-to-impeller speed tangenti-
ally was found to be a function of balan:e piston flow coefficient as well as
impeller speed, as can be seen in Fig. 139 and 140. This aralysis was done using _

time slices representative of pressures and speeds that occurred during LO2 testing.

Analysis of balance piston axial thrust capabilities or range required modifica-

tion of an existing balance piston computer program. The computer program was

modified to accept a split flow downstream of the return cavity, modeling the

recireulation holes and overboard bleed line on the Mark 48 oxidizer pump. In

addition, a modification was made to the program to accept variable density at

each station in the flow path. Once the flowrates through the flow loop had con-

verged and pressures through the system were known, new densities were found from
charts for all stations. The computer program was run again, and the process

repeated until convergence of the densities was achieved.

The balance piston force was calculated for the full range of the axial travel
[i.e., from 0.0 to 0.25 mm, (0.010 inch) gap on the high-pressure orifice], and

the axial position at which the measured balance cavity pressure was matched

was determined. Because of the time consumption involved in obtaining solutions

for a given data slice, five data slices were analyzed which are representative

of the testing performed.

The ratio X/6 of high-pressure orifice gap (X) to total balance piston travel (6)
for these cases varied from 0.212 to 0.353. These five cases are summarized in

Table 22 showing also the total thrust range. In addition, Table 22 shows the

_hrust at the point of match, and defines and presents the range factor which
varies from 0.52 to 0.78.

Figure 141presents the thrust range as a function of the pump speed for the cases

presented in Table 22. Assuming that the pump pressures vary essentially with
speed squared, the thrust range also should v_ry close to speed squared. (This
is an approximation because pump Inlet pressure does not vary with speed
and the radial gaps of the balance piston are closing with speed, which makes
the balance piston more effective at higher speeds.) Lines are drawn on Fig. 141
at a slope of ? to 1 to represent a speed squared relationshi,_. The parameter

KT is defined in Fig. 141, and four of the cases vary from 81 to 112% of the
design value of this parameter. Case 17-8 is found to be 68% of KT design.

Case 17-8 has an internal recirculation hole and no overboard bleed. It was found

during the analysis that the flow in the recirculation passage in this case becomes
a two-phase flow with very low density. This causes a higher back pressure in the
balance piston sump and, therefore, poorer balance piston performance.
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TABLE 22. HARK 48-0 BALANCE PISTON PARAMETERS

®
(_) Thrust at

Speed Thrust Range Hatch Point O Q
Range X/6 at _p_

Test No.. rad/s rpm kN pounds kN pounds Factor Hatch Point y
14-8 2738 26157 4.4 984 10.6 2394 0.78 0.353

17-8 5979 57110 16.6 3732 29.0 6520 0.64 0.212

19-3 6034 57629 26.9 6046 28.0 6289 0.61 0.286

24-1 7241 69157 29.1 6542 31.5 7077 0.52 0.247

25-3 7140 68199 39.2 8803 36.6 8233 0.59 0.277

OThrust Range = maximum balance piston force minus minimum balance
(_)piston force

Thrust at Hatch Poin_ = balance piston force at the position of
the balance piston that matches the measured balance cavity
pressure

(_Range Factor = thrust at match point minus minimum balance piston
force divided by thrust range

4('_X/6 at Hatch Point - distance from high-pressure orifice (X)
divided by total balance plston travel (_), with X selected
at the position of the balance piston that matches the measured
balance cavity pressure

As a general assessment, it can be said that this test series showed the balance

piston to _e operating in a satisfactory manner, particularly on those tests

where part of the flow was b_ed overboard and, thereby, the return cavity pres-

sure was reduced. To improve the margln In an internal reclrculatlon mode, the

size of the return flow passages should be enlarged.

Bearing Coolant Flow. Examination of the bearings posttest showed that the
bearings had been overheated. There are two possible explanations:

i i. The bearing was overheated during LN2 tests.

: 2. The bearing was overheated during the LO2 tests.
t

These two possibilities are distinguished because experlet_ce wlth bearings in LN2
_ operation. Rocketdyne's experience in this'fluid medium has been inconsistent,

some tests indicating satisfactory operation, others showing definite signs of

I bearing distress. The bearings from the Mark 48 had a very similar appearance

• I
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to others damaged during LN2 operation. Because of this earlier experience, the

• total test time in LN2 was purposely kept to a minimum; three tests were conducted

wlth a total duration of 44 seconds and a maximum rotor speed of 62,000 rpm.

i Regardless of the LN 2 operation, however, there are indications that the I_2 flow
¢

i through the bearings could be substantially less than was desired and that the
temperature of the coolant was potentially higher than expected. The data _
have already been used to show that the balance piston thrust range in some cases Y'F

was less than the design range. This limitation was attributed to the higher!
resistance downstream of the balance piston sump. This same high resistance
tends to restrict the coolant flow.

;• The overheating condition would be made worse by the possible larger loads ,=.

carried by the bearing due to the inability of the balance piston to develop

_; the thrust range desired in some instances. The load tracks on the bearings
were wider than usual, indicating variable loading conditions.

The thizd factoc affecting the bearing temperatures is the temperature of the
coolant fluJd itself in and around the bearings. Figure 142 shows the temperature

in the balance piston return flow area as a function of speed. Many of the

temperatures experienced are actually warmer than any encountered previously with

LO2 bearings. It is desirable to keep the temperature down to approximately ii0 K
(200 R). The data in Fig. 142 show temperatures as high as 160 K (290 R) at
speeds of 60,000 rpm. The higher temperatures noted on the earlier tests were a

cause of concern that led to the action of opening an instrumentation line as an

overboard bleed of the balance piston flow return cavity. This rhange was made "
effective on test 19 and subsequent and, even though the return port was small,

the data of Fig.142show that there was a definite tendency to lower the tempera-

ture in this cavity. Subsequent tests were able to get to speeds of 7330 rad/s

(70,000 rpm) or higher without exceeding approximately 130 K (235 R). Thus, the
overheating inlti_lly must be at least partially due to insufficient coolant flow-

rate out of this cavity area. Thls same problem leads to a higher back pressure at

the balance piston sump, and results in the lower thrust range previously reported.

Further analyses to explore the coolant flow problem should be cor,ducted. These

analyses can be expected to cover the effects of the heating due to power disk

drag on the back side of the impeller and on the slinger. Preliminary analyses

indicate that, at 7330 rad/s (70,000 rpm), the impeller back side power dlsk drag
could easily result in a temperature increase of 17 K (30 R), wlth the flows calcu-

lated in analyzing the balance piston performance. Thls could explain the tem-
peratures observed during tests.

In conclusion, the bearings show definite signs of overheating. There is no way
to determine which tests contributed most to the overhearing problem. The whole

overheating effect could be due to the tests In LN2 only, or it could be due to
! only the tests prior to test 19, where much higher temperatures were experienced.

An analysis is required to at least establish sufficient flow through the bearings

. and return cavity area to keep the temperatures no higher than those experienced
on the last tests of the s_ries reported herein.
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Turbine Performance. Turbine test data for the performance analysis were obtained
with instrumentation located as follows:

Turbine Test Parameter. Location
I

Inlet Static Pressure (Psi) psla I Upstream of the turbine inlet y
Inlet Total Pressure (Ptl), psia manifold at gas generator :interface flange

Inlet Total Temperature (Ttl), R

! Exhaust Static Pressure (Ps2) , psia I turblneAtthe dUCtdlschargedOWnstreammanlfoldOfthe "-_.
: Exhaust Total Pressure (Pt2), psia flange

Exhaust Total Temperature (Tt2), R

Signal obtained at the turbopump
Speed (N), rpm [ shaft

Working Fluid, Mass Flowrate (Wtl), Ib/sec _f Calculated with gas generatorventurl

Tests ii through 18 were conducted with GH 2 turbine working fluid, and tests 19
through 28 utilized LO2/LH 2 preburner combustion products to drive the turbine.
For the initial tests, ii through 13, liquid nitrogen was used in the pump, while

tests 14 through 28 were run with LO2 in the pump.

The turbine was tested as an individual component at the Wyle Laboratories for

purposes of calibration. These calibration tests were performed with better

instrumentation and test operating condition control than is achievable in the

turbopump tests. The testing and results from the calibration secies have been
discussed previously, and the data from those tests are consiaered to be the

best data for defining turbine efficiency. However, the data from the turbopump
tests were used In a twofold manner:

i. To determine the turbopump machine efficiency

2. To calculate a turbine efficiency for comparison with the calibration
test results

Data from test 24-1 are used as a sample case in the discussions dealing with data

reduction procedure and turbine demonstrated performance, because it is the LO2/
LH2 turbine test with the velocity ratio closest to that of the turbine design
(0.345).

i •
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Turbine rest efficiency is calculated with the following analysis proced_le based
on turbopump tests:

i. The turbopump machine efficiency is first established by dividing
pump delivered fluid horsepower (which is calculated with pump developed 4

head, pump flowrate, and fluid density) by turbine ideal horsepower
(evolved with turbine isentropic available energy and mass flowrate).

2. Turbine test efficiency is established by dividing the machine efficiency

with pump isentropic efficiency (_ce Fig. 137 under Pump Hydrodynamic j
Performance). !

At the outset of the turbine analysis, the turbine inlet pressure is adjusted for
an estimated 2% pressure loss. The fluid loss starts at the station where the

total inlet pressure is measured, and is sustained for the flow distance up to
the nozzle entrance plane. The loss assigned to this calculation is based on

experience with similar design turbine installations, manifolds, _ud working

fluids, and is charged to the engine system in a staged combustion cycle. Turbine

inlet tot_l enthalpy is calculated at the entrance to the nozzle. Thus,

Turbine pressure ratio (total to static), PR (T-S) = 246___0= 1.746
1409

Turbine isentropic enthalpy Jrop, hs (T-S), Btu/Ib - 384.4

Turbine theoretical spouting velocity, Co, ft/sec - 4388

Turbine pitch line velocity, Um, ft/sec = 1418

Turbine _elocity ratio, Um/C° = 0.323

Pump Fluid Horsepower = n T/P Machine (I)
Turbopump Machine Efficiency = Turbine Ideal Horsepower

where turbine ideal horsepower = 1.4145 (Ahs) (Wt)

= 1.4145 (384.4) (2.715) = 1476.6

415.9

n T/P machine = 1476.6 = 0.2817

Turbine Efficiency = T/P machine 0.2817
Pump ideal = 0.618 = 0.456 (2)

The calculated turbopump machine efficiency versus turbine velocity ratio plot is
presented in Fig. 143; the performance data are representative of test speeds
ranging from 1623 to 7768 rad/s (15,500 to 74,191 rpm). All the data are below
the predicted machine efficiency curves, which was to be expected based on the
low pump efficiencies presented in the previous section.

A check of turbopump test data near the turbine design velocity ratio (Um/C o -
0.345) indicates th_ machine efficiency varies from 0.272 to 0.333; this :represents
an approximate ±10% maximum variation from the average machine efficiency of 0.300.
Figure 144 presents the turbine efficiency calculated by dividing the machine
efficiency (Fig. 143) by the pump isentropic efficiency (Fig. 137). The data
bracket the calibration curve, but show a definite trend of variation with turbine

velocity ratio. At the extreme values of U/Co, the datasm off by 10 efficiency

i points, being 10 points high at high U/C o and 10 points low at the other end.
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: - Figure 143. Turbine Veloclty Ratio vs Turbopump Hachlne
i Efficiency
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Such scatter in turbine efficiency based on the available data is not surprising

and, in fact, is the very reason that a more carefully controlled turbine calibra-
tion effort was conducted prior to the turbopump testing.

The precision of turbine pressure, temperature, working fluid mass flow, and speed

test data affect test results. The plots in Fig. 145 and 146 were made to illus-

trate quantitatively how turbine inlet temperature and turbine presaure ratio

influence turbine performance. With the turbine test parameters from test 24-1

as a reference (and using as an example a calculated turbine efficiency rather than

the calibration value), the turbine inlet temperature and pressure ratio were
perturbated, i.e., temperature from 814 to 926 K (1467 to 1667 R) and pressure

ratio from 1.587 to 1.880 total to static. Estimates of how these data shifts,

due to instrumentation error or other causes, can affect turbine perfornmnce calcu-
lations are tabulated below and plotted in Fig. 145 and 146.

Efficiency Change

Variable Percent Change (Points)

(a) Turbine Inlet Temperature Minus (i) 2 -0.9

(b) Turbine Pressure Ratio Plus {_) 2 -1.8

• , Total (a) + (b) -2.7

No allowance has been made for the precision of the speed and turbine inlet pres-
sure data.

Another factor which influenced the turbine performance is the turbine mass flow-

rate data. For these tests, the total LO2/LH 2 turbine Wt was established with
four separate oxidizer and fuel venturi meters (LO2 and LH2 flow at the preburner,
and GO2-GH 2 flow to the igniter); mass-flow was calculated ith flow coefficients
at the respective flow stations. Furthermore, problems were experienced with the

venturl measurements on several tests, which necessitated calculating flowrates

by secondary means. Therefore, if all the above factors are taken into considera-

tion (pump efficiency, instrumentation error, and mass flow precision), th_

efficiency data point scatter in Fig. 143 and 144 can be readily understood.

A comparison of turbopump test results with turbine calibration data shows that
the turbine efficiency is scattered about the turbine calibration data, thereby

indicating some substantiation. It should be noted that calibration data were
obtained under conditions more suitable to higher precision and, therefore, the

turbine efficiency obtained from the callbration tests should be considered most I

representative of turbine performance. I

t,
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Mechanical Performance. Testing of the LO 2 turbopump encompassed 18 starts, with
a total accumulated time of 267 seconds. The three initial tests were conducted

with LN 2 as the pump fluid: in subsequent tests, LO 2 was used. The first seven

tests were performed using ambient-temperature GH 2 to drive the turbine; in the

remainder of the test, the combustion product of LH2 and LO 2 at approximately i_

design temperature was the turbine propellant. The longest test durations con- Y_

ducted were 70 seconds with ambient H9 drive and 41 seconds with hot-gas drive.

The operation covered a rotor speed range of 0 to 7768 rad/s (74,191 rpm); a

maximum pump discharge pressure of 3175 N/cm 2 (4606 psia); and a maximum turbine

inlet temperature of 1133 K (2040 R). _

Several tests were terminated by the vibration sensor device monitoring the out-

put of the accelerometers attached to the turbopump housing. This was caused

by a combination of several factors. Normally on a new turbopump several tests

are required to establish its vibration signature and thus set the cutoff point

at the appropriate levels. It appears that with the Mark 48-0 turbopump, this

level is in the 20 to 25 g rms range in conjunction with a 2K Hz low-pass filter.

Some of the early runs were terminated because the cutoff redline was set too

low. In addition, the manual GN 2 feed coatrol system employed on the first seven

runs frequently resulted in slow transition through critical speed zones, with

attendant buildup in vibration levels.

Bently data and accelerometer data obtained from high-frequency tapes showed

increased synchronous activity at 4115, 5026, and 5528 rad/s (39,300, 48,000, and

52,800 rpm). These compared favorable with the analytically predicted critical

speeds of 4723 and 5482 rad/s (45,108 and 52,363 rpm), respectively. No evidence

of subsynchronous vibration was present in the data.

The measured seal drain pressures, temperatures, and flowrates were, in general,

in good agreement with predicted values, indicating proper functioning of the

shaft seals. During chilldown of the pump on the LN2 tests, it was noted that

the secondary hot-gas drain line frosted ever. This could occur as a result of

heat transfer through conduction, but possibly also as a result of the pump fluid

from the primary L02 seal drain cavity leaking across the intermediate seal. To

prevent a potentially hazardou§ condition, the purge pressure level in the inter-

mediate seal was raised to 138 N/cm 2 (200 psig). No problem was experienced at

: this pressure level with mixing of incompatible fluids. It is quite possible

that the originally planned purge pressure of 41 N/cm 2 (60 psig) would be

adequate. This could be established on future tests by sampling and analyzing

the drain fluids during chilldown.

The turbopump was disassembled after the test series to permit visual inspection

of the components. Figure 147show the condition of the more significant parts.

The condition of most of the components was excellent; only two discrepancies

were apparent: The pump-end bearings showed evidence of overheating, and the

chrome plating on the rotor under the primary hot-gas seal ring flaked off.

Figurel48 shows the condition of the inducer and impeller: neither part had any

adverse after effects from the testing. As experienced, superficial rubbing

contact took place at the tips of the inducer vanes and at the impeller front

shroud labyrinths. In Fig.149the impeller and the diffuser are included to

:
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I.
illustrate the condition of the balance piston low-pressure orifice elements as

well as the stationary land of the hlgh-pressure orifice. There was no sign of
contact at either orifice.

Components of the rotating assembly and the shaft dynamic seals are shown in

Fig. 150 and 151, respectively. The only discrepancy noted on the seals was a

slight roughness on the inner diameter of the turblne-slde ring of the primary

hot-gas seal, under which the chrome plate flaking occurred. Figure 152 illustrates

the appearance of the sealing surfaces on the rotor. The surfaces under the

primary LO 2 seal and intermediate seal rings are in excellent condition. On the
other hand, some of the chrome plating flaked off under the primary hot-gas seal

rings. Difficulty has been experienced during fabrication of the rotor in obtain-

ing a sound plating in this area, but it is anticipated that, with more stringent
quality control and engineering surveillance over the process, a satisfactory

i plating can be achieved.

The turblne-end and pump-end bearings are shown in Fig. 153 and 154, respectively.

The condition of the turblne-end bearings was excellent. There was no evidence

of overheating or excessive loading. In contrast, the balls of the pump-end

bearings were discolored and a piece spalled from one of the balls. The cage

pocket which contained the spalled ball was worn. Wear tracks on the races indi-

cated high and varying load levels. _,e overheating is attributed to insufficient

coolant flow caused by high resistance in the balance piston return flow passages.

(See discussion under Pump Hydrodynamic Performance).

The remaining components, including the pump and turbine housings and supports,

were in excellent condition. There was no sign of structural failure, excessive

deflection, or other deterioration.

L

/
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APPENDIXA

DESIGN GROUNDRULES

Components which are subject to a low cycle fatigue mode of failure

shall be designed for a minimum of 300 cycles times a safety factor
of 4.

Components which are subject to a fracture mode of failure shall be

designed for a minimum of 300 cycles times a safety factor of 4.

Components which are subject to a high cycle fatigue mode of fail-

ure sh_ll be designed uithln the allowable stress range diagram

(based on the material endurnnce limit). If stress range materla_

property data arc not availabl% modified Goodman diagrams con-
structed as shown below shall be utilized.

Fe

Allowable Alternating

Fe _ • Stress Line

• .
¢#'j ""_-.._.... f _."

_ "_'.._ . I:I Ratio• ,m=_

!

Mean Stress / Fry Ytu

Lower/f Ftu
or 1.1

¥e =Material Endurnnce Llmit

Fry _ Material Yield Strength (.2Z offset)
Ftu = Material Ultimate Strength

8
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APPENDIXA (CO_T'D)
/

Effect.lye strcs_ shall be b,_ed on _he Mises-Hencky constant energy
of disto_tion theory.

Unless otherwise noted under component ground rules specified here-
in s the following minimum factors of safety shall be utilized:

Factor of Safety (.2Z yield) = I.I x Limit Load _.

Factor of Safety (Ultimate) = 1.4 x Limit Y,oad

Limit Load: The maximum predicted load or pressure at
the moat critical operating co_:dition

Components subject to pressure loading shall be ,:esi&ned to the
following minimum proof and burst pressures:

Proof Pressure = 1.2 x Limit Pressure

Burst Pressure = 1 5 x Limit Pressure

!mpcller

Inducers and/or impellers utilized in the high pressure pumps shall
be designed for operation above incipient cavitation.

Impeller burst speed shall be at least 20_ above the maximum oper-
ating speed.

Impeller effective stress at 5_ above the maximum operating speed
shall not exceed the allo_able .2% yield stress. (Does not apply
to areas in which local yielding is permitted.)

Blade root steady-state stress shall not exceed the allowable 1_
ten hour creep stress.

Stress state at the blade root as defined by the steady-state stress
and an asst_ed vibratory stress equal to the gas b_ndin 8 stress
shall be within the allowable stress range diasram or modified Good-
man diasram.

No blade natural frequencies within _15_ of known sources of excita-
tion at steady-state operatin S speeds.

Disk burst speed shall be at least 20Z above the maximum operstin$
speed.

"_ 244
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.!
| Disk maximum ef[ective stress at 5_ above the maximum operating

i speed shall not exceed the allowable .2% yield stress. (Does not
apply to areas in which local yielding is permitted).

"! Beartn_

' Turbopump designs shall utilize ball bearings.

i Maximum DN: 1.5xlO 6 y_

BIO life I00 hours

Material:

Rolling Elements 440C "J"
Races 440C

Seals

Turbopump designs shall utilize concentiona! type seals. However_

provision shall be made in the design to permit the incorporation

(retrofit) of controlled fluid film h_ydro_d3_cl _ac_e seals. Any

rework or modification of the turbopump housing or other component

parts in the area of the seals to accommodate the hydrodynamic seals

shall be specified. Such modifications should be kept to a minimum.

Face contact seal maximum PV_ FV 3 and PfV factors:*

LO___2 H2+I{2_____O

PV -actor 25,000 I0,000

FV Factor 2yO00 800

PfV Factor 603000 20t000

*PV = unit load times rubbing velocity (Ib/in 2 x ft/sec)

FV = face load per unit length times rubbing velocity (Ib/in x ft/s_c)

PfV = fluid pressure differential times rubbing velocity (psig x ft/sec)

Critical Spegd

Rotor bending frequency shall be at least 25% above the rotor maximum

operating speed.

A minimum margin of 20% shall be maintained between rotor rigid body

critical spe_ds and rotor steady-state operating speeds at full thrust

and the pumped-idle thrust condition. Rigid body critical speeds

within the thrott]ed-to-fu]l thrust range shall be permitted only if

deemed necessary 1"y both the Contractor Program Manager and the NASA

Project Engineer.
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