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Abstract

An initial design of a split flow liquid hydrogen turbopump for the Dual Expander
Acerospike Nozzle (DEAN) upper stage engine was completed. The engine nozzle is an
annular aerospike. The engine cycle requires a combustion chamber pressure of 1,740
psia. The DEAN is designed to deliver 57,200 Ibr of thrust and 472 seconds of Iy,. The
turbopump design was completed using a meanline software tool. The design consists of
a single piece rotor, with a two-stage pump and radial inflow turbine. The turbopump
flow rates are 15.1 and 7.55 Ibm/s into the first and second stage, respectively. The first
and second stage pumps use unshrouded impellers. An interstage transfer models the
fluid split flow. The fluid for each stage exits through a volute. The first and second
stage impeller hub-tip ratios are 0.3 and 0.35, respectively. The turbine is a full
admission reaction type. At the design condition, the turbine delivers 3,607 horsepower

at a total pressure ratio of 1.84.
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THE CONCEPT DESIGN OF A SPLIT FLOW LIQUID HYDROGEN
TURBOPUMP

1. Introduction

1.1 Background

In 1994, the Integrated High Payoff Rocket Propulsion Technology Program
(IHPRPT) was initiated. This program was to be the harbinger of development and
demonstration for rocket propulsion technology. National Association of Space
Administration (NASA), Department of Defense (DoD), and commercial industry all
agreed to lend their expertise to achieve the IHPRPT goals. The program goal is to
double U.S rocket propulsion capability by 2010. The overarching figures of merit used
to justify programmatic progress are cost and performance. U.S government agencies
and industry have worked together to develop time-phased technology goals. Table 1
outlines these phases. Figure 1 depicts the significance of achieving the [HPRPT.

The IHPRPT program identifies three mission application areas. These mission
application areas are Boost and Orbit Transfer, Spacecraft, and Tactical. There are five
technology areas within each mission application. The five technology areas are
Propellants, Controls, Propellant Management Devices, Combustion and Energy
Conversion Devices, and Demonstrators. The propellant management device (PMD)
technology area is the focus of the following research.

The IHPRPT performance goals for Iy,, T/W, and MTBR will guide the overall
design. The significance of increasing I, is best revealed in a financial analysis. Table 2

shows a financial analysis for the Atlas IIA with a Centaur IIA upper stage fitted with an



RL10-A-4 model engine. The results show an average cost savings of approximately
$199,000 for the Atlas IIA per second increase in Iy,. This dollar amount was calculated

using 1993 dollars and the total cost per kilogram of payload of $11,935!%.

The results
reveal that a 26-second Iy, increase would result in approximately a $3.2 million dollar
savings and ensure an increase of 267.3 kg of payload. This number was adjusted to the
2007 dollar value using the GDP index of 1.2677!"*). The cost savings is an estimated

$4.1 million. The next generation rocket engine will deliver more payload mass into

orbit for each dollar spent.

Table 1 IHPRPT Goals for Boost and Orbit Transfer and Spacecraft Propulsion!"

Boost and Orbit Transfer Propulsion | Phase | Phase Il Phase 111
Reduce Stage Failure Rate 25% 50% 75%
Improve Mass Fraction (Solids) 15% 25% 35%
Improve I, (Solids) 2% 4% 8%
Improve I, (sec) (Liquids) 14 21 26
Reduce Hardware Cost 15% 25% 35%
Reduce Support Costs 15% 25% 35%
Improve Thrust to Weight (Liquids) 30% 60 100%

Mean Time Between Removal (Mission | 20 40 100
Life: Reusable)

Spacecraft Propulsion

Improve Istot/Mwet 20%/200% | 35%/500% | 75%/1250%
(Electrostatic/Electromagnetic)

Improve I, (Bipropellant/SolarThermal) | 5%/10% 10%/15% 20%/20%
Improve Density: I, (Monopropellant) 30% 50% 70%
Improve Mass Fraction (Solar Thermal) | 15% 25% 35%
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Figure 1 IHPRPT Boost/Orbit Transfer Payoff and Spacecraft Propulsion Payoff [!)

Table 2 Atlas 1A and Centaur I1A upper stage

Payload Cost per kg | Total Cost
I, Payload |Increase from| % Payload | of Payload Savings
(sec) (kg) baseline (kg)| Increase ($/kg) $M(1993)
449 7122.0 - - 11,935 -
460 7307.2 185.2 2.6% 11,633 22
465 7389.3 267.3 3.8% 11,878 3.2

1.2 Problem Statement

The next generation upper stage engine will use a dual expander cycle. The
engine will require a liquid hydrogen turbopump that will have improve performance,
safety and reliability over the baseline. To satisfy these requirements the turbopump will
incorporate a split flow design. A split flow design will reduce the fuel flow into the
second stage by splitting the mass flow at the exit of stage one. This should reduce the
stage two horsepower consumed and reduced the overall horsepower required of the

turbine, leading to increase reliability. Current multistage pumps are full flow designs

that split the working fluid outside the turbopump assembly and have equal power
3



consumption levels for each stage, thus requiring greater turbine power output. The
conceptual turbopump design must provide the predicted mass flow, exit pressure, head
rise, and efficiency for steady state operation. A size requirement derived from the

baseline footprint must be satisfied.

1.3 Research Objectives
The objectives of this research are
e Provide a conceptual fuel pump design to satisfy the operating conditions for the
Dual Expander Aerospike Nozzle (DEAN) upper stage engine.
e Provide proof of stable operation over a throttling range.
e Select potential component material that may satisfy reliability requirements.

e Provide a design process to develop the next generation upper stage rocket fuel

pump.

1.4 Investigative Questions

What is the conceptual TPA configuration that will satisfy the power balance
outputs for a dual expander annular aerospike rocket engine? What are the component
materials necessary to ensure a reliable design? Will the conceptual design satisfy the

phase III IHPRPT goals? Does the turbopump have throttle capability?



2. Literature Review

2.1 Chapter Overview

In the following chapter the goals for the DEAN TPH are outlined. An outline is
completed for several past and present turbopump projects. The goal is to leverage each
pump design to provide a competent recommendation for the pump type, layout,

component materials and bearing system.

2.2 DEAN TPH Design Concept

The DEAN TPH must provide the necessary head rise and mass flow to maintain
steady operation at the design condition. The TPH entire assembly must be comparable
to current/past designs in layout, size, and weight. The materials used must be hydrogen
compatible and commercially available. The DEAN TPH concept will use a minimum
number of pump and turbine impellers on a single shaft. All impellers will be
unshrouded. For a given rotational speed the diameters of each impeller must be
minimized. The pump and turbine design will be centrifugal and radial type. The
bearing system must be available and provide increased reliability and life. Figure 2

shows the design process used to complete the liquid hydrogen turbopump design.
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Figure 2 DEAN TPH Design Process
2.3 Materials

The liquid hydrogen environment is only compatible with certain materials. For
this reason, a limited number of materials are used in rocket turbopumps. Hydrogen
embrittlement is one of the serious concerns when attempting to select the appropriate
material. Hydrogen embrittlement occurs when hydrogen contacts the surface of a
material and atomic hydrogen dissolves into the material. The absorption of atomic
hydrogen within the molecular structure causes degradation in mechanical properties.
The current operational materials typically employed include; aluminum, stainless steel,

nickel alloys, and titanium alloys. By breaking out the purpose of the components within
6



the turbopump, the choice of material type becomes evident. The purposes include,
stiffness driven components, warm temperature applications and cryogenic applications.
The stiffness driven components transfer loads from one to another, these include flanges
and support structures. These components may or may not be exposed to the working
fluid but are subject to moderate thermal and chemical environments. Current systems
use nickel-based superalloys for both high stiffness and compatibility. Quantitatively
high stiffness would require moduli greater than 32 ksi (220 GPa).'" The warm
temperature applications are related to the turbine components. These components
include, ducting, housing, rotating and stationary elements. The rotating machinery has
the most severe requirements in this area. Rotating components directly exposed to
hydrogen gas require both creep and fatigue resistance. Nickel-based superalloys are
typically used for these components.!"*! The cryogenic components must operate at 38°R
(21K) this includes: inducer, impellers, stationary guide vanes, and housings. The need
to account for varying shrinkage between components, hydrogen compatibility, and
fatigue resistance leads current designer to use forged and machined titanium alloys.!"*!

For a single stage pump the typical material strength requirement is approximately 125

ksi (862 MPa)."*! Table 3 is a list of materials used in current turbopump designs.



Table 3 Turbopump Materials

Upper Inducer/ Pump Pump Turbine Turbine Turbine
Stage . . Shaft
Enei Impeller | Housing | Volute | Housing Volute Impeller
ngine
4130 4130 5667
RLIO | B | AL Al- unk wk | 2T Nickel-
Y| Alloy | Alloy ALy Alloy
MB-60 | Ti-Alloy | unk unk unk unk In;‘l’gel unk
Ti- Inconel | Inconel Inconel Inconel . .
VINCL | powder) | 718 718 718 718 Tie-4 Tio-4
PWA
. Inconel | Inconel PWA PWA
ALH Ti-1240 718 718 Waspaloy | Waspaloy Ti-1240 Ti-1240

2.4 Turbopump Bearings

A designer may choose from four common types of bearing systems; ball, hybrid-
ball, hydrostatic, and foil bearings. The bearing selected is based on four primary factors,
speed, load, life and environment. The type of load the bearing will sustain during
operation, axial or radial, defines the directional loading capability. The load capacity is
a direct function of bearing size. The qualitative criterion used to select a suitable
bearing system is, the pump design speed shall not exceed the speed limits of the bearing
system. A quantitative measure of this criterion is given by the product of the bearing
bore, D, in millimeters and the rotational speed, N, in revolutions per minute (DN). An
upper speed limit is related to bearing size and to the required operating life for a given
radial and axial load of a rotating assembly. However, DN does not give a complete
description of speed severity because it does not account for rolling element size of the

bearing internal geometry. A bearing system should be designed to a minimum DN value



and number of bearings. The bearing system must provide mechanical balancing and
hydraulic balancing of impeller forces.

For low speed application (DN < 0.5E6) a sufficiently large bearing may be
used.? For high speed applications the DN method may be inadequate. A dynamic
analysis must be used to determine speed effects and the interactions of high-speed
bearing stresses, life, stiffness, dynamic forces, and velocities. The radial stiffness is a
controlling factor in critical speed control. Radial stiffness is defined as the ability of the
bearing to maintain the shaft in its ideal location during operation. This is important
because the slightest departure from ideal conditions may result in failure. Moreover, the
radial stiffness is a controlling factor in shaft critical speed control and the location of the
bearing on the turbopump shaft. The stiffness capability of a bearing is measured in
Ib¢/in. In throttle type engines roller bearing are sometimes used with a stiffness range of
1.5-2.0E6 Iby/in."”

The mission needs define the bearing life requirement. The generally accepted
life rating for ball and roller bearings is the B-10 life standard.' The numerical
designator denotes the reliability percentage of the bearing. For example, a B-10 life
results in 90 percent reliability. In general turbopump bearings are designed for a B-10
life of at least 100 hours.!'>! This rating would result in a 10 hour life with 99 percent

reliability and 1 hour life with 99.9 percent reliability.

2.4.1 Ball Bearings

Ball bearings are able to support a combined radial and axial load, a thrust load in

both axial directions, and moment loading.!

9

In 2005, Snecma reported successful test



results for an LH2 ceramic ball bearing at DN values up to 3E6."'°) In comparison to
fluid bearings, rolling contact bearings are used because of the following characteristics
listed below.'”! Figure 3 shows a roller ball bearing schematic.

e Large capacity-to-volume

e Ability to operate independently of external pressurizing systems

e Ability to operate satisfactorily after ingesting foreign material

e Tolerance for short periods of coolant/lubrication starvation

e High radial spring rate

e Low heat generation and coolant/lubrication consumption

Housing

Loaose fit

Thin outer race
radially tight
on rollers

T Roller B i

Figure 3 Roller Ball Bearing'”!

2.4.2 Hydrostatic Bearing
A hydrostatic bearing uses a fraction of the working fluid injected at a nominal
pressure to create a fluid cushion layer preventing rubbing. The hydrostatic bearing is

not limited by a DN value in comparison to ball bearings. However, the shortfall of

10



hydrostatic bearings occurs during transients. During startup the pump head is
insufficient to feed the hydrostatic bearing. Furthermore, the limited viscosity of LH2
prevents the creation of a hydrodynamic effect and contact between the bearing stator and

shaft is common.

2.4.3 Hybrid Hydrostatic Ball Bearing
A hybrid-hydrostatic ball bearing takes advantage of the strengths of both the
hydrostatic and ball bearing systems. The hybrid bearing system is a ball bearing unit in

series with a hydrostatic fluid ports.”’

While operating at the on-design condition the
fluid film mode offsets the loading forces and centers the shaft. This design allows for
high DN values. In transient operation, the ball bearing system offsets the loading forces
and centers the shaft. The RL60 program has tested hybrid ball bearings to DN values

greater than 3E6.'") Figure 4 shows the schematic diagram of a typical series-hybrid

fluid film rolling element bearing.

_~— Stationary housing

_~Fluid-film bearing
...~ inner member

Ball bearing —

Intermediate
member — — ‘
— AR
Centrifugal ______33
oil feed =—+_____——<

Figure 4 Series-Hybrid Fluid Film Rolling Element Bearing"’
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2.4.4 Fluid-Foil Bearing

The fluid foil bearing concept consists of several foils overlapped and wrapped
around the shaft. The foils maintain contact with the shaft when at rest. The foils are
designed with a specific radius of curvature and thickness. The motion of the shaft
develops a fluid film and the foils lift off from the shaft. At a minimum speed contact
between the shaft and foils is minimized. A protective coating is applied to the foils to
safeguard the shaft from wear during stop and start transient operation. Figure 5 shows
the components used in the foil bearing system. In 1991, NASA Lewis Research Center
tested a foil bearing. ¥ Table 4 shows the test results. Table 5 shows a summary of the

bearing systems used for each turbopump.

ASSEMBLED
FOIL SEGMENTS
OLSERNENT

Figure 5 Foil Journal Bearing'¥

Table 4 Liquid Hydrogen Foil Bearing Test Results [*!

Achieved 240-psi load capacity in LH2

Ran stably at all speeds (20,000 to 97,000 rpm)

Over 150 start/stop cycles with no noticeable bearing wear
Demonstrated negligible cross-coupling stiffness
Achieved 300-psi load capacity in LN2

Accumulated run time: 4 hr in LH2 and 5 hr in LN2

12



Table 5 Bearing System Comparison

Type Bearing Number of | DN Value | Configuration Material
Type Bearings Type
RL10 Ball 2 unk Inboard Steel AMS
5630
MB-60 Hybrid 2 3x10° Inboard Ceramic
Angular Balls
Contact
VINCI Angular 2 2.8x10° Inboard Si;N, Balls
Contact
ALH Split Ring 2 6.4E6 Inboard Titanium
Hydrostatic Shell

2.5 RL10 Upper Stage

The United States mission of delivering space assets in a timely and cost effective
manner has fallen solely on the Centaur. The Atlas and now retired Titan launch
platforms use the Centaur. On November 17, 1963, the Centaur demonstrated the first
ever in-flight burn of liquid hydrogen/liquid oxygen. The Centaur was officially the first
United States high-energy upper stage launch vehicle. For the next 40 years, the Centaur
would be the upper stage of choice. The RL-10 family of engines is the common thread
for the U.S. launch platforms. In 1958, Pratt and Whitney signed a contract with the
United States Air Force to develop the RL10 engine. This engine operates using an
expander cycle. This type of engine cycle utilizes the liquid hydrogen to cool the main
combustion chamber. The thermal energy added to the fuel is used to rotate the turbine,
thus rotating oxidizer and fuel pump impellers. Figure 6 shows a diagram of the engine

layout. A gearbox connects the fuel and oxidizer pumps. Table 6 shows the engine

13



performance values during steady state operation. To center the shaft the turbopump uses
steel ball bearings. The majority of the other components are made of aluminum alloy.
Figure 7 shows the cross sectional layout of the liquid hydrogen turbopump. The layout
depicts a two-stage centrifugal pump. The impellers are mounted back-to-back to
minimize thrust unbalance. The velocity head is recovered by a straight conical diffuser
connected to a volute. A three-bladed axial flow inducer is located upstream of the first-
stage impeller. The nominal clearance between the blade and housing contours for stage

18]

one and two are 0.055 and 0.061 inches.!"® Table 7 shows the predicted performance of

the liquid hydrogen turbopump during steady state operation.

Figure 6 RL10A-3-3A Schematic of Propellant Flow!’!
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Table 6 RL10A-3-3A Engine On Design Performancel™

Propellants Units | LOX/LH2
Ip sec 444

F 1be 16,500
p. (at injector face) psia 475
T/W[19] 54

Figure 7 Cross Section of Fuel Pump and Turbine!”

Table 7 RL10A-3-3A Fuel Turbopump Performance Parameters!”

Pump Units Stage 1 | Stage 2 Turbine | Units Combined Stages
n 0.59 0.57 Na 0.74

Y 0.57 0.61 U/C, 0.46

) 0.041 0.043 Pirat 1.39

Q USgpm | 637.8 641 Preq hp 789

P hp 323 350 N rpm 31,537

H ft 16,858 17,900

N rpm 31,537 | 31,537

15




2.6 MB-XX Upper Stage

The current Japanese launch vehicle is the H-IIA. The family of MB-XX engines
powers the upper stage of the HITA. Two versions of the engine are the MB-35 and MB-
60, each provide 35 klbr and 60 klb¢ of thrust. They are intended replace the RL10

engine.[”

The MB-XX engines use an expander bleed cycle. Figure 8 shows the engine
cycle schematic. A fraction of the hydrogen flow is routed around the main combustion
chamber, heated, and then expanded through turbines to power the high pressure
pumps.'® The engine incorporates boost pump for both turbopumps. The MB-35 design
uses a common set of interfaces as the RL10, thus no significant changes are required to

the stage.®!

The MB-60 is designed to provide substantial payload launch capability as
an expendable upper stage. The potential applications include the Boeing Delta 1V,
Lockheed Martin Atlas V and the Japanese H-IIA launch vehicles.””) Table 8 MB-35 and
MB-60 Comparisons shows a comparison of both engines.

The MB-XX engine demonstrator was tested with results published in 2006. The
MB-XX demonstrator engine is a development version of the MB-60 cryogenic upper
stage propulsion system.””) The turbopump was tested at a thrust level of 40 klbg. The
MB-XX demonstrator FTP is a two-stage pump, powered by a velocity compounded two-
stage turbine. Table 9 shows the FTP operating conditions. To center the shaft an

]

angular contact ceramic ball bearing is used.””! Japan’s National Aerospace Laboratory

(NAL) reported a DN value of up to 3E6.”!

16
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Figure 8 MB-XX Engine Cycle Schematic!®!

Table 8 MB-35 and MB-60 Comparisons.®

Units MB-35 MB-60 MB-XX Demo
Propellants LOX/LH2 | LOX/LH2 LOX/LH2
Iy sec 468 467 466.6
F Ibe 35,000 60,000 40,000
Pe psia 1,500 1,950 1,950
Weight Ibs 760 1300 -
T/W 46 46 -

Table 9 MB-XX Demonstrator Fuel Turbopump Performance Parameters!”’

Parameter | Units Stage 1 | Stage 2
. Ibm/s 13.8 13.8
m

N rpm 56,300 | 56,300
H psia 2,010

Preq hp 2,609

17



2.7 VINCI Upper Stage

The European launch platform is the Ariane 5. The VINCI engine will serve as
the power plant for the ESC-B upper stage. The VINCI is an expander cycle engine that
uses liquid oxygen and hydrogen as propellants. The VINCI engine delivers 40,400 Ib¢ of
thrust at 464 seconds of Isp.[zo] The engine provides multiple firing capability. Gaseous
hydrogen returning from the cooling jacket of the nozzle powers both turbines.

The hydrogen turbopump has the following features: powder metallurgy
impellers, and ceramic bearings. The TPH is a two stage centrifugal pump with shrouded
impellers. An inducer is located upstream of the first stage. The pump impellers are

made of titanium with Isoprec® powder.*"

The turbine is a single stage full admission
axial turbine.”"! The turbine impeller is unshrouded and made of titanium. The inducer,
pump impellers and turbine are on a single shaft. Four cast pieces each made of Inconel
718 make up the TPH housing.”"! The bearing system is ceramic ball type. The bearings
are rated to operate up to a DN value of 2.8E6.'”! In a single test a ceramic bearing was
tested at 120,000 rpm for 500 seconds at steady state conditions.!'” An Axial Balancing
System (ABS) offsets the axial forces. The ABS flows pressurized fluid to the backplane

1]

of the second stage impeller.”!! The turbopump operates between the second and third

critical speeds.*"
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Table 10 VINCI Fuel Turbopump Performance Parameters!'”

Pump Units | Stage 1 Stage 2
n.w Ibm/s | 12.79 12.79
N rpm 90000 90000
Ap psia 3336

Preq hp 3353
Turbine

r}] [20] Ibm/s 10.8 _
D, % in 4.72 -
p1[20] psi 2756 -

2.8 Demonstrator Upper Stage

Under contract with the United States Air Force Research Laboratory, the Pratt
and Whitney Company built a technology demonstrator rocket engine. The engine was
design as an expander cycle with a 50 klb thrust level. The effort was in support of the
IHPRPT boost/orbit transfer propulsion area phase 1 goals for an LH2/LOX upper stage.
Figure 9 shows the expander engine cycle schematic. The pumps rotate using gaseous
hydrogen passed through each turbine. Table 11 shows the engine steady state
performance values.

Figure 10 shows the components of the ALH assembly. The ALH turbopump
design minimized weight and cost by integrating flow paths and components into
complex housings. The requirements drove the design toward maximizing rotor speeds
to obtain high impeller tip speeds to achieve a minimum impeller diameter. A main

concern was rotor dynamic instability at high speed. Using the conventional bearing DN

limits, this would have been a significant concern. Therefore, the ALH turbopump
19



design incorporated a fluid film support system. The rotor support system provided

optimized rotor dynamic operation, accurate rotor position and control minimizing rotor

[22]

stresses and bearing loads. The reduced part count of the turbopump, resulted in

reduced costs and improved reliability.”?) The ALH rotor is made of PWA 1240

[22]

titanium. The rotor consists of an integral inducer, first and second stage uncovered

impellers, and an integrally bladed radial inflow unshrouded turbine.”! Cast Inconel 718
makes up the pump housing. The pump housing contains internal diffuser passages from

]

the first stage impeller discharge to the second stage impeller inlet.”! Also, it contains

an integral volute to collect the pump discharge flow. The turbine housing is cast of

' To complete

weldable Waspaloy and it incorporates an as-cast volute inlet manifold.””
the ALH assembly the pump and turbine housing bolt together. The ALH was used as a
design help guide. Table 12 shows the TPH performance parameters at steady state

condition.

ALO
Turbopump

e §/ Advanced
{ Expander
\ Combustor &
Injector

Figure 9 Advanced Expander Engine Cycle Schematic!”
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Table 11 Demonstration Engine Performance!'!!

Propellants Units | LOX/LH2
Lsp sec 450.6

F 1be 50,334
Pe psia 1,375
Weight Estimate lbs 715
T/W 70.4

Figure 10 Component View of ALH Turbopump!”

Table 12 ALH Turbopump Performance Parameters!”

Pump Units 100%
n 0.67
v 0.462
o 0.147
Ns 17,000
Q gpm (US) 1,600
Prcq hp 5,900
N rpm 166,700
Hew fit 136,700
Usy fit/s 2,182

21

Turbine Units

e 0.78
u/C 0.633
(actual)

Pirat 2.16
Preq hp 5,900
N rpm 166,700
Un fi/s 2,327




3. Turbomachinery Theory

3.1 Chapter Overview

The following section will outline the basic fluid dynamic theory used in

modeling a liquid pump stage.

3.2 Impeller Inlet and Exit Modeling

A preliminary method of solving the flow state at the inlet or exit of the impeller
is the one-dimensional meanline analysis. In a meanline analysis, the assumption is the
average flow characteristics, mass or energy, gives the correct representation for the
entire flow field. The principal characteristics of the flow state are solved at various
locations within the pump. The conservation of mass is the first principle that must be
satisfied. The conservation of mass equation is shown in Equation (1.1). Equation (1.1)
sets the meridional velocity at any location. Next Newton’s Second law of motion must
be satisfied for an angular coordinate system. The change in angular momentum is
shown in Equation (1.2). The angular momentum change can be related to the change in
work using Equation (1.3). The substitution of Equation (1.2) into (1.3) yields the
Euler’s turbomachinery equation. Equation (1.4) is the fundamental equation at the heart

of the modeling process.

m=pAC, (1.1)

r=m(r,C,,—1,Cy) (1.2)
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W =wr (1.3)

w="_an-uc,-ucC, (1.4)
m

The Euler turbomachinery equation reveals the work input (enthalpy rise) is set by the
change in angular momentum. A velocity triangle at the impeller inlet helps visualize the
magnitude of the velocity. The velocity triangle is important in determining the work
input, or pressure rise. It helps provide insight into pressure variations with changes in
mass flow. Figure 11 shows the tangential format sign convention at the impeller inlet.

The equations governing the inlet are (1.5) - (1.10).

Figure 11 Impeller Inlet Velocity Triangle Tangential Format

I = ﬂmade _:8 (L.5)
U =2zrN (1.6)
m
C = 1.7
"T oA (1.7)
| P
Py = p+EIOC (1.8)
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1

C=(C.+C; ) (1.9)

1
W=|(u-c,)+Ci |’ (1.10)
Figure 12 shows the exit velocity triangle in tangential format. The governing equations
are (1.11)-(1.14). An important characteristic of the Euler equation shown in (1.11) is it
does not account for disk friction, leakage or backflow. The ability to model these
phenomena will result in a more practical design. Each component is discussed in the

following section.

Figure 12 Impeller Exit Velocity Triangles Tangential Format

w=u,C,-UC, (1.11)
Caz =U, _sz COt,sz _Cslip (1.12)
U, =27r,N (1.13)
m
C.,= (1.14)
’ P A
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1
Po> = |02+510C2 (1.15)

e
Hrotor = o = L P (1.16)
Wactual W

The Apy in (1.16) is the difference of the total exit and inlet pressures at station two and
zero. The slip velocity shown in (1.12) is a result of the exit flow angle not precisely
following the blade angle. Equation (1.17) shows the American definition of the slip
factor as opposed to the European form in equation (1.18). The American definition of
slip factor is used. To ensure realistic flow deviation the slip factor, o, must be modeled
accurately. A description of the how the slip factor is modeled is given in subsequent

sections.

C..
o=1-—1 (1.17)
U2
o = Cor (1.18)
C6200

3.3 Vaneless Diffuser Modeling
Next, the states of the vaneless diffuser discharge are modeled. Equations (1.19)-
(1.21) give a first approximation of the station states. As the flow proceeds through the

vaneless diffuser, the impeller exit angular momentum is reduced. Using the
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conservation of mass the meridional velocity component is calculated. The flow angle,
a, is determined from the results of the conservation of mass and angular momentum.

rC, = constant (1.19)

pC, A, =constant (1.20)

CH
tanag =—=
m

. = pbk, (1.21)

k
A
k2
p27rbCy

Co=—"=1-B (1.22)

(AfIOWJ
B=1- (1.23)

3.4 Volute Modeling

The conservation of mass and angular momentum must be satisfied for the volute
states. Equation (1.24) shows a typical operating characteristic at constant speed. The
tangential velocity leaving the impeller and diffuser is constant. Equation (1.25) shows

the effective velocity passing through the volute throat depends on the mass flow and

flow area.
C,; = constant along a speed line (1.24)
m
C, = (1.25)
' Pr A
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4. Methodology

4.1 Chapter Overview

Figure 13 shows a complete design process for turbopump development presented
by Concepts NREC. This research employed this methodology to produce a new design.
The cycle analysis and meanline design steps were completed. The cycle analysis (power
balance) was completed using two different tools, a first order, engineering relationship
and a higher fidelity system simulation approach (Numerical Propulsion Simulation
System). The meanline design of the pumps and turbine were completed using Pumpal®
and RITAL®, software developed by Concepts NREC Inc. A solid model of the pump
impellers and turbine were generated using Axcent”.

" Waanline Design
aptimémtion

\
_ Operation®

Figure 13 Concepts NREC Turbomachinery Design Process (Used with permission

from Concepts NREC)
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4.2 Power Balance

The power balance was completed first using an engineering approach employing
empirical correlations and idealized theory. This result was then used to initiate a higher
fidelity system simulation approach (Numerical Propulsion Simulation System). The

power balance phase defined the thermodynamic outputs for the turbopump.

4.2.1 Initial Power Balance

Following the method outlined by Humble, et al. the preliminary power balance,
pump and turbine size calculations were completed. The overall design requirement is
the power required by the pump can be provided by the turbine. The governing equation
relating all three major variables: flow rate, pressures, and power is shown in
Equation(1.32). Equation (1.32) is the power required by the turbine to drive the pump.

First, the initial I, and thrust level goals for the total engine system must be
satisfied. The specific impulse was calculated using Equations (1.26) - (1.29). This
performance parameter is a strong function of combustion temperature and propellant

choice with a weaker dependence on chamber pressure.

7+l 71

1, =4 cy [LJ(LJ” 1_[&J7 L (p.—p.)t  (1.26)

9 y—1){A+1 g, P,

J7RT,
o= MeNTREe (1.27)

7+1

( 2 jZH
Y
y+1
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&:[lﬂ—_lw]‘y (1.28)

4
_ 2y-2
p=—|[2 (1+7 leJ ’ (1.29)
YRIVES! 2

The mass flow rate required is set by the thrust level. The mass flow rate through

the pumps was calculated using Equation (1.30) - (1.31). The thermodynamic properties;
Y, ¢p, and p, were gathered using the National Institute of Standards and Technology

(NIST) thermophysical database.

m=PeA (1.30)

m 7R,
A= - (131)

2 2y-2
770* pcy T
y+1

The turbine pressure ratio was adjusted to satisfy the I, goal. A typical turbine pressure

ratio is approximately 1.5 for expander cycles.[24] Table 13 shows the initial power

balance results.

g, mH . 1 )7
Be =———=mn,mc,T, 1—[—] (1.32)
p Prrat
Q-1 (1.33)
0
H AP (1.34)
9,0



To complete the preliminary calculations and to support T/W goals, the mass of
the turbopump was estimated using Equations (1.35) - (1.36). The empirical coefficient,
A, ranges from (1.3-2.6) and the empirical exponent, B, ranges from (0.6-0.667).** For
conceptual designs, A =1.5 and B=0.6.** SI units were used in the computation and
converted to Ibm in the final output. Therefore, the pump shaft torque, 1, is in (N*m), the
power required, Pr.q (W), and the pump rotational speed, N; (rad/s). The turbopump total

mass is estimated to be 262 lby.

Py (1.35)
T= .
Nr
rz% (1.36)
m,_ = At® (1.37)

Table 13 Initial Power Balance Results

Units | Stage 1 | Stage2 | Turbine
r;1 Ibm/s | 15.1 7.6 7.6
P Ibm/ft | 4.34 3.99 1.076
Q gpm 1562 850 3151
Head Rise | ft 66792 73811 -
Preq hp -2157 -1192 3349
Pin psi 45.0 2035 3663
Pout psi 2035 4080 2035
Tin R 38.6 80.7 298
Tout R 80.7 103 215
Pratio - - 1.80
Nu 0.85 0.85 0.9
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4.2.2 Numerical Propulsion Simulation System

The NASA Numerical Propulsion Simulation System was used further the fidelity
of the power balance results.

The NPSS program was created by NASA Glenn Research Center, in conjunction
with the U.S. aeropropulsion industry and the Department of Defense. The NPSS
program is capable of supporting detailed aerothermodynamic computer simulations of
complete aircraft and rocket engines. NPSS is a component-based object oriented engine
cycle simulator. It can perform cycle design, steady state and transient off-design
performance prediction and test data matching.™ NPSS uses a NIST compliant
thermodynamic gas-properties package. NPSS is supplemented with a rockets package
that includes different modeling components, thermodynamic packages, and flow station
functions. For example, SuperTrapp and Gaspak, are the thermodynamic packages
included in the NPSS Rockets supplement. The CEA thermodynamics package is
frequently used for modeling combustion and products of combustion and captures
varying thermodynamic properties.'*”’

Table 14 shows the NPSS input parameters and Table 15 shows the NPSS results.
Table 16 shows a comparison of the initial power balance and the NPSS results. The
comparison revealed that the results were within reasonable range of one another. The

NPSS results became the inputs for Pumpal® and RITAL® impeller sizing due to the

enhanced fidelity of the thermodynamic models.
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Table 14 NPSS Inputs

Engine Units | Value

O/F 7.0

€ 125

P, psi 1,740.5

A in’ 15.9

Pump Stage 1 Stage 2

Pr 45.0 2.0

N rpm 110,000 | 110,000
. Ibm/s | 15.1 7.55

m

P; psi 45.0 2,025

Turbine

Pirat 1.85

Nit 0.9

N rpm 110,000
. Ibm/s | 7.55

m

P; psi 4,080

Table 15 NPSS Power Balance Results

Engine Units | Value

Lgp sec 472

F 1bs 57,232

P, psi 1,739

Pump Stage 1 | Stage 2
Q gpm 1,579 766

T; R 40.0 65.7
Te R 65.7 82.9
P. psi 2,025 4,050
H ft 65,441 | 64,016
Preq hp -2,527 -1,046
Nt 0.80 0.83
Turbine

Prat 1.84

Ti R 609.7

P. psi 1,967

Preq hp 3,573

Nt 0.90
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Table 16 Power Balance Comparison of NPSS and Spreadsheet (S.S)

Engine Units | NPSS | S.S |A] NPSS | S.S |A|
Ip sec 472 465 7

F 1bs 57232 | 50000 | 7232

P, psi 1739 1740 1

Pump Stage 1 Stage 2

Q gpm | 1579 1562 17 766 850 84
T; R 40.0 38.6 1.4 65.7 80.7 15
T, R 65.7 80.7 15 82.9 103 20.1
P; psi 45.0 45.0 0

P. psi 2025 2035 10 4050 4080 | 30
Preq hp -2527 | -2157 | 370 | -1046 | -1192 | 146
Nit 0.80 0.85 0.05 |0.83 0.85 0.02
Turbine

Pirat 1.84 1.80 0.04

T; R 609.7 | 298 311.7

P; psi 3626 3663 37

P. psi 1967 2035 68

Preq hp 3573 3349 224

Nit 0.90 0.90 0
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4.3 Preliminary Pump Impeller Design

A two part process was used to design and size the pump. The first part is to
chose the preliminary layout and calculate the impeller size.*” Table 17 shows the
results of the preliminary impeller sizing.

The initial step in the first process was to determine the number of stages.
Equation (1.38) provides this function. The required pump pressure rise Ap, in (Pa) was
calculated using Equation (1.39). The tank pressure, punk, Was set to 45.0 psi (0.3 MPa).
The typical range of tank pressure varies from 29 psi (0.2 MPa) to 72.5 psi (0.5 MPa)
and average about 43.5 psi (0.3 MPa).*¥ The Apps 1s the allowable pressure rise over a
single stage. This value was set to 2,321 psia (16 MPa).** The next highest integer value
for the ratio is the number of stages required. The dynamic pressure is a function of the
liquid propellant density and the flow velocity. The flow velocity was set to 32.8 ft/s.[**]
The pressure drop in the feed system was chosen at the upper end of the typical range
seen for this application of 4.4-7.3 psia (30,000-50,000Pa) **. The upper end allows for
longer feed lines in comparison to lower end. For a regenerative cooling system the

pressure drop in the cooling jacket, Apcool, can vary between values of 10% to 20% of the

chamber pressure.**! The injector pressure drop, Apinj, was selected to ensure throttling

capability design.!**!
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Table 17 Preliminary Pump Impeller Sizing

Parameter | Units Stage 1 | Stage 2
Q gpm 1,562 850
r Ibm/ft3 | 4.340 3.99
H ft 66,792 73,811
NPSH ft 887 --
Nr rad/s 1,833 1,833
N rpm 110,000 | 110,000
Ut ft/s 1,339 1,407
DIt in 1.94 1.58
D2t in 2.79 2.93
A
n> Lo (1.38)
Ap,,
Ap:pc +Apdynamic +Ap feed +Apcool +Apinj P tank (1 39)
A Loy
pdynamic - E pV
Ap,,,=0.15p, (1.40)

Apinj =0'3pc

Next, the shaft rotational speed was calculated using Equation (1.43). The lesser
value of the two calculations for, N; (rad/s) was used to calculate the shaft speed, N.*¥

The suction specific speed, ug, and specific speed, Ng, were assigned values of 130 and

2.0 for liquid hydrogen.”*¥
u, (NPSH)"”
= T (1.41)
0.75
M)
n

N=——=— (1.42)

JQ
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T

N

(1.43)

Equation (1.44) was used to calculate the pump impeller tip speed, here SI units are used
for the gravitational constant and head rise. A value of 0.60 was used for the pump head
coefficient.*” Equation (1.45) is used to determine the pump impeller inlet and exit

' The inducer

diameters, D¢ and Dy. The inlet flow coefficient value was set to 0.10.14
inlet hub-to-tip diameter ratio was set to 0.3.”*) The Net Positive Suction Head (NPSH)
for stage one was calculated using Equation (1.47). Equation provides the the vapor
pressure.*®! The temperature units must be in Kelvin, and the vapor pressure is calculated
in Pascal. In Equation (1.48) the coefficient were set to the following values C1=12.69
(C2=-94.896, C3=1.1125, C4=3.291E-0.4, and C5=2.0. all are based on an empirical
curve fit?¥ The NPSH value is a crucial parameter. The pump head rise must not
exceed this value or cavitation will occur. The cavitation phenomenon is the formation
of bubbles in a low-pressure region. The bubbles collapse in a high-pressure region.
This occurs when the pressure in the system falls below the liquid vapor pressure. The

formation and collapse of the bubbles may cause noise, pressure drop, efficiency

decrease, and compression stress levels that may cause the material to fail.

= | (1.44)

(1.45)

D. =24 (1.46)
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NPSH = Pi— Py (1.47)
9P

vapor

P :exp(Cl+%+C3*ln(T)+C4*T°5) (1.48)

4.4 Detailed Pump Impeller Design

The second step was the completion of a detailed design of the pump impellers.
The following section will outline the steps taken to use Pumpal® and complete a detailed
design of the pump impeller.

The Pumpal® software uses an extensive database to calculate the impeller inlet
and exit radius, blade angles, and exit depth. The following assumptions are made with
respect to the meanline design and analysis. First, there is a mean streamline running
through the machine such that the fluid flow states and velocities on this streamline at
any point are representative of the mean of the whole cross-section. Second, the radial
and circumferential variations of all the flow parameters are neglected. Lastly, the
objective of a meanline analysis is not to reveal the full details of the flow state and
velocity, but to determine the overall performance of the machine (the analysis mode) or
the combination of overall geometric parameters which provide the maximum efficiency
(the design mode). To initiate a new design the Pumpal® software is equipped with a
graphical user interface (GUI), the design wizard. An outline of the steps taken within
the wizard and the mathematical relationships used in Pumpal® is given the following

paragraphs.
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The first step is to choose the technology base. There are three technology bases,
CETI Two-zone model, CETI Single-Zone model, NREC single-zone model. The CETI
Two-zone model is based on the Concepts ETI, Inc. technology. Within the CETI two-
zone model, a primary zone corresponding to the jet flow, is assumed to be isentropic,
and there is a secondary zone corresponding to the low momentum wake flow region.
The primary zone diffusion ratio and the secondary zone size must be modeled or
specified by the user. The NREC model uses different correlations to model the
individual losses such as friction, blade loading, and end wall. In addition, a blockage
factor must be modeled to resolve the impeller exit conditions. The CETI-Two-zone
model was selected as the technology base for this effort.

4.4.1 CETI-Two-Zone Model

At the impeller exit the flow is divided into two zones: primary zone and
secondary zone. The following two assumptions apply

1. The flow in the primary zone is assumed to have reached the impeller exit

plane through an isentropic process. All the loss inside the impeller passage is
assumed to be concentrated inside the secondary zone."™
2. The primary and secondary zone reach static pressure balance at the impeller
exit.l*!

To solve the primary zone the relative exit velocity, W»,, must be calculated. To
complete this calculation the diffusion ratio, DR2 is specified by the user or a diffusion

model is selected.

W,, =W, * DR2 (1.49)
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There are eight methods within Pumpal® to estimate the value of the diffusion
ratio. The Hybrid diffusion model was selected. Figure 15 shows the correlation used in
the Hybrid model. To ensure a solution of the two-zone model the diffusion must be

calculated accurately.

Pump Diffusion

1.2

] 1000 2000 3000 4000 5000 G000
rpm+/USgpm
NS-pump — =
ﬁA

Figure 15 Hybrid Pump Diffusion Ratio Model'

The next calculation is the static enthalpy, hy,,.

h - h +W,? _W22p+U_22 (1.50)
Tol2(2-uy)) 2 2

This calculation is carried out using Equation (1.51) the rothalpy conservation from inlet
to exit, as implied by assumption one. Rothalpy, I, is a fundamental property that is

constant for an adiabatic irreversible flow process relative to a rotating component.
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| =h +W2p _U_22:h +V\£_U_12
2 2 ' 2 2

(1.51)

By employing the assumption of an isentropic flow the exit flow entropy is defined

s, =5 (1.52)
2 1

p

With the static enthalpy and entropy at the exit defined, all other thermodynamic
properties can be calculated. Finally, the primary flow angle, B, is calculated using

Equation (1.53) and the primary zone velocity triangle is completely defined.
B,, = By, + DELTA2p (1.53)
To solve the secondary zone, the mass fraction of the primary zone, y, is calculated using

Equation (1.54). With a known value of the mass fraction the secondary area fraction, &,

and the secondary exit relative velocity are calculated as shown in Equations (1.55)-

(1.56).
I_l/:pzp(l—g)Az\./vzpcos(ﬂzp) (154)
m
o (ezm 1.55
prAZWZpCOS(ﬂzp) ( . )
4l (1.56)

W. =
* 5,025A2COS(/625)

The conservation of rothalpy can be applied to calculate the static enthalpy of the

secondary zone, hys.
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To complete the calculations the assumption that the primary and secondary zone reach
static pressure balance, pys = pap, 1s applied. With the exit static enthalpy and pressure
defined all other thermodynamic properties are calculated. Equation (1.58) shows the
secondary flow angle is calculated from the exit blade angle,.,, and the secondary
deviation angle, DELTA2s. The secondary zone velocity triangle is completely defined

by the secondary relative exit velocity and flow angles.

B,. = B, + DELTA2s (1.58)

To complete the CETI-Two Zone model it is assumed that the primary and secondary
zone achieve uniform state instantly at the impeller exit through a mixing process.[8]

Equations (1.59) - (1.61) show the conservation of mass and momentum equations.

PonCn, A= p,Ch, (1—5)A+p23Cm255A (1.59)
(Pop = Pon) A= 20 Cr A={2,C1, (1-6) A4, Cc A (1.60)

C, =xC_+(1-x)C (1.61)

by
The energy equation assumes a parasitic power loss that results from front and rear
leakage, Ppeax and Preak, disk friction Pyr and recirculation Piregire. The overall after-mixing
energy is calculated using Equation (1.65). The disk friction was modeled using the
Stepanoff method, shown in Equations (1.62)-(1.64). To obtain the after mixing
conditions at station 2m, the fluid equation of state and Equations (1.59)-(1.65) are solved

using an iterative process.
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1
Py :EK'OU;R; (1.62)

K 0.04?2 (1.63)
Re’
Re = 2R (1.64)
v
(Pﬂeak + I:)rleak + Pdf + Precirc)
Nozm = Nza + . (1.65)
m

4.4.2 Deviation/Slip Modeling

The results of the impeller exit calculations from the CETI-Two-Zone model
allow for the calculation of the deviation angle, DELTA2p, and the slip factor, . There
are two slight variations of the definition for slip factor, the American convention shown
in Equation (1.66) and the European, shown in Equation (1.67). The American

convention is used in this design effort.

o1t _1_ Lo =Cor (1.66)
U2 U2
o, = Cor (1.67)
CHZoo

There are eight slip model choices. The Weisner-Buseman Model was selected.
According to Japiske et al, the Weisner-Buseman correlation is appropriate, especially
when very good flow passages such as highly loaded rocket turbopump impellers are

designed. The Wiesner-Buseman equation for slip is shown in Equation (1.68).
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However, this model suffers a major defect, in that it depends only on geometric
parameters, yet the slip factor may vary substantially along an operating speed line. The
Wiesner-Buseman model may give a DELTA2p greater than zero. In this case the model
is not used and slip is calculated using Equation (1.66).®! The primary zone deviation
values range from 0° to -4° for a good backswept rotor, although it can be as much as -20°

for a radial or any flat plate blade.™

—VCOS’@b (1.68)

o=1- 707
2

The next step is to solve the impeller inlet. There are two optimization
methods, minimize the relative tip speed or the NPSHR. The Wmin, minimum relative
tip speed method, corresponds to minimum loss and is selected for this research. The
W itmin 18 calculated using Equation (1.69). The minimum relative tip speed can be found
from the derivative of Equation (1.69). For an axial inlet flow design, the minimum
relative tip speed is achieved when Equation (1.70) is satisfied. The inlet blade angle
from hub to tip is then calculated. This angle is set based on the optimum incidence
angle and the flow angle, the calculation is shown in Equation (1.71) for the hub, mean,
and tip blade angle.

2
! 27R N'Y Q
W, =(Ui+C, ) = [ 6(l)t j{n(Rszh) (1.69)
1

1t

R, = 30v2Q (1.70)




:Bltb = ﬂlt + I1t_opt
ﬂlmb = ﬂlm + I1m_opt (1.71)
,Blhb = ﬂlh + Ilhiopt

The impeller exit geometry is solved using the option to optimize the impeller
outlet diameter (R2) and impeller exit width (B2). The impeller outlet radius is
calculated based on the specified head rise and is adjusted until the specified pressure rise
is matched. The impeller exit width is calculated by setting the exit swirl angle as a
function of the specific speed. The exit swirl coefficient is defined as the ratio of the exit
absolute tip speed to the absolute mean speed. This setting allows the user to select a tip
model secondary mass flow fraction. The mass fraction was set to 0.05. This value is
within the range (0.02-0.10) for typical high performance pumps.””

A vaneless diffuser was chosen to ensure a wide range of operation.””) The lack
of diffuser vanes means the absence of a vane-driven vibratory coupling with the impeller
blades. This could lead to possible fatigue failure of the leading edges, or impeller

blades. The vaneless diffuser entry is not pinched. Table 19 shows the complete list of

inputs for the first stage.
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4.5 Volute Design

To simulate the split flow of the liquid hydrogen, a volute is chosen for both
pump stages. Both stages use a right overhung volute. At the volute exit of stage one
and two, the objective is to provide 2,025 psia and 4,050 psia of pressure. Table 18

shows the preliminary volute parameters.

Table 18 Pumpal® Volute Parameters

Parameter Value Note

D8/D7 1.1 Designer Choice
LC57 0.45 Designer Choice
Nominal Area 0.03 Designer Choice
Fraction at 0°

There are three stations within the volute providing the necessary information to
model the volute. Station 5 is the inlet to the volute. The following inlet conditions are
transferred from the upstream element; p,, To, C and a. Station 7 is the volute throat
location. The properties at station 7 are calculated using the Equations (1.72), (1.73), and
(1.74). Station 8 is the volute exit. The pressure and mass flow rate at station must be
equal to power balance values. To be able to complete the calculation of the station 7

parameters, the loss coefficient parameter LC57 must be calculated.

Por = Pos — LC57x( Pys — Ps) (1.72)
Ty, =" ( p07,h05) (1.73)
s=f ( po7,To7) (1.74)
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The modeling technique used to calculate LC57 for a simple overhung volute was created

71 The model is based on a geometric area ratio as

by Young and reported by Japiske.?
define in Equation(1.75), where As and A; are the volute inlet and exit areas.
Incompressible flow is assumed. The inlet and exit velocities are calculated using
Equations (1.76) and (1.78). The inlet swirl parameter, A , is equal to the ratio of the
absolute tangential velocity and the absolute meridional velocity as shown in Equation
(1.77). An approximate relationship for the loss coefficient LC57 is shown in Equation
(1.79). The pressure recovery coefficient CP57 can also be set in Pumpal®. The default
value of zero for CP57 was used for the preliminary design. The volute can be designed
to accelerate the flow or diffuse the flow. If the product, AAR, designated as LAMAR in

Pumpal® is greater than 1.0 the flow is diffused, if less than or equal to 1.0 the flow is

accelerated.”””!

7D;
AR=D0 —% (1.75)
A, 2zrb,
C, :(%)(H;ﬁ ) (1.76)
Cys
=g (1.77)
c,=Q A (1.78)
Lcs7=Pu"Pu (1.79)
Pos — Ps

The second stage is a clone of the first stage. The total head rise is selected as the

critical solution parameter. The horsepower required is the critical solution parameter for
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the first stage. This algorithm will ensure the critical parameter is satisfied for each
solution. The bypass is simulated using the interstage transfer selected from the drop
down menu Multistage. A multiplier of 1.0 for temperature, pressure, and speed was set.
To simulate a 50% bypass, a multiplier of 0.5 was set for the flow. A zero multiplier was
set for the swirl. Table 19 shows the preliminary input values. The values were chosen
using the noted reference and criteria. This concludes the user inputs necessary to define

both stages. Table 20 shows the criteria for a successful pump design.

Table 19 Pumpal® Wizard Inputs Preliminary Impeller Inlet/Exit Design

Pumpal® | Units | Value | Guidance
Symbol

Z1 3 ALH Design

72 - 15 ALH Design
Bex/B2 - 1.0 | No Pinch
Rex/R2 - 1.1 | Designer Choice
RI1H/RIT - 0.3 | Typical ratio[24]
Po psi 1967 | NPSS

B deg 0 Simulate Axial

1 deg 0 pg. 506[27]
PHI1 deg | 65.0 | Designer Choice
CLR in | 0.0397 | Designer Choice
PHI2 deg 90 Simulate Radial
Beta2b deg | 65.0 |pg. 515[27]

Table 20 Impeller Design Criteria

Symbol Units | Criteria Note

Nu - > (.80 NPSS

M2M ABS - <1.0 Zero Shock Loss
Raip inches | < 7.07 RL10 Size[5]
H, ft > 66792 | NPSS value

H, ft > 73811 | NPSS value

Pys Stage 1 psi > 2035 Power Balance
Pos Stage 2 psi > 4080 Power Balance
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4.6 Pump Impeller Design Analysis Mode

After a satisfactory design is found in Design Mode, the user switches to Analysis
mode. This mode allows the user to generate performance maps. This step aids in
predicting the throttle range of the concept design. Within Analysis mode the geometry
of the impeller is set. The impeller inlet calculations are not based on an optimization
method, as in the Design Mode. The velocity triangle and static conditions at the
impeller inlet are calculated using an iterative process. This process is based on the
known upstream conditions, total pressure and temperature. The equations used in the
iterative process are shown in Equations (1.80)-(1.85). The CETI-Two-zone modeling
technique is used to solve for the impeller exit conditions and geometry. Within the
Analysis mode the pump maps are generated using the multiple point analysis option.

The user must specify the speed and flow range within the option window.

i _(p. +LCl*p,)

1.80
P (1+LC1) (1-59)
hy=h(T,,p.) (1.81)
S, = S(hma pm) (1.82)
m
C,=———— (1.83)
L PAA (1 N Bl)
Cy
C=——7-—"—"-— (1.84)
cos(ALPHAI)
1
h =h, —=C, (1.85)
2
P :p(h1as1) (1.86)
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4.7 Turbine Impeller Design

The preliminary design of the radial turbine impeller was completed using the
RITAL® software. RITAL® utilizes flow models based on extensive past design and test
experience. There are three different types of solvers to calculate the geometry of the
turbine: RITAL®, RITDAP, and RTP. The RITAL® and RITDAP solvers are heritage
algorithms and were retained for projects originally developed using the RITDAP

program or older versions.**!

The RTP solver was used to complete the conceptual
design of the turbine. An outline of RTP is given below and the steps taken to complete a
conceptual design of a meanline turbine is given in the preceding sections.

4.7.1 Radial Turbine Program

The RTP solver is recommended for all new projects and was used to design the
conceptual hydrogen turbine. The solver is able to solve for subsonic, transonic and
supersonic flow. RTP uses real fluid properties extracted from an internal database. The
RTP is a pressure-based solver. This means in order to balance the mass flow for each
component process adjusts the pressure for each station. Also, the flow conditions from
the upstream component passed to the next component are not mixed and aerodynamic
blockage is preserved. The rotor and nozzle models are validated by Concepts NREC.**!

4.7.2 Preliminary Impeller Sizing

The user interface with RITAL® is similar to Pumpal®, a design wizard.
Appendix B describes in detail each step. One of two methods is chosen to size the

turbine. The first design method is based on the flow and loading coefficients. The

second design method is based on the optimum specific speed and blade-to-jet ratio.
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These reference values do not reflect the final design parameters exactly. Equations
(1.87) and (1.88) define the RITAL® default parameters.
Table 21 RITAL® Preliminary Sizing Default Settings
Variable | Default Value
) 0.25
(o) 0.9
3 1.0
Cos 0
d6 5
Ran/R3 0.3
Ri/R;, 1.25
Rsp 0
As/Ay 1.5
DivAng 4.5
C 6
=—m 1.87
¢ U, (1.87)
Ah,
= 1.88
@ U, (1.88)

The actual enthalpy change, Ahy, shown in Equation (1.89) is related with the isentropic
enthalpy change, Ah;;, through the total-to-static efficiency, nrs, as shown below in
Equation (1.89).

Ahy =175 * Ahy (1.89)
The second design method is based on specific speed, N, and jet speed ratio, v. These

parameters are defined in Equations (1.90) and (1.91). The specific speed is a function

of, Qg, and the isentropic total-to-static enthalpy drop, Ahjs, from the rotor inlet to exit.
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N, <27 NJQ (1.90)
60 *(Ahg )4

V:ﬁz U4

C, .24h,

The rotor meridional velocity ratio, &, is the ratio of the inlet to exit velocity, defined in

(1.91)

Equation (1.92). The design is based on the flow and loading coefficient.

&= (1.92)

4.7.3 Rotor Loss Model

A specific type of passage loss model can be used in the calculation of the rotor
losses. The rotor losses include; incidence, clearance, trailing edge, and passage. The
incidence loss is modeled as a decrement in tangential kinetic energy due to the turning
of the flow. The incidence is a function of the relative rotor inlet velocity, W4, as shown

below in Equation (1.93).
1 2 . 2 -
L, =5W4 sin” | (1.93)

Equation (1.94) shows the clearance loss is model. The clearance loss, L., is a function
of the ratio of the tip clearance, ¢, to the exducer blade height, bs. The recommended

value of K. is unity.**

L =K, (ij (1.94)



This research employed the NASA passage loss model.

Equation (1.95) shows the

passage loss is a function of the mean passage kinetic energy. The coefficient K, is an

empirical parameter, its recommended value is 0.3.**) The design criteria for the turbine

impeller are given in Table 22.

1

L, —K

P2

i= 134 - ﬂ4,opt

(W42 cos’ i +W52)

Table 22 Turbine Impeller Design Criteria

Parameter Units Criteria | Guidance

Dom inches | <54 RL10 Size

Nu > 0.90 | NPSS

Ma <1.0 Zero Shock Loss
Py psi >2035 | NPSS

Preg hp >3602 | NPSS/Pumpal®
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4.8 Axial Bearing Load
The net axial thrust is the summation of the component forces shown in Equations
(1.97)-(1.103). A diagram of the vector forces is shown in Figure 16. The DN value is

limited to 3E6. The RL60 has achieved this value. ['”!

F =mC, sing —mC,, sing, (1.97)
+

F, =Pt P ; Puz(R2-R2) (1.98)

F, = p(R*-Ry) (1.99)

F =T (Ry R} B, (R -R)

where

A, =§(1— F?)(270) (1.100)
and

B = plz _g(l_ Ffz)U{z

F, = p,7(R;—R},) (1.101)
Fs :gAf (Rzzh _R;h)"'”Bf (Rzzh _R82h)

where

A, =§(1—|:5)(27m))2 (1.102)
and

By = ps'; _g(l_ Ffz)Ué;z

F = PRy, (1.103)
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Figure 16 Axial Thrust Forces

4.9 DEAN Shaft

The preliminary shaft material is chosen to be TI-6Al-4V extra low interstitial,
(ELI) grade. The Ti-6A1-4V has moderate sensitivity to hydrogen embrittlement.*” The
ELI grade has high damage-tolerance at cryogenic temperatures.”” Equations (1.104)-
(1.107). are used to determine the shaft radius. A pure torsional load is assumed. The
power required, Prq, was converted to units of (in.lb/s). The rotational speed, N, was
converted to units of revolution per second. A factor of safety, F.S, equal to 1.2 is used
in the design."" The yield stress for TI-6A1-4V ELI that is beta annealed is 115 ksi.l*")
[29]

The tensile yield stress for recrystallization annealed ELI was found to be 125 ksi.

Equation (1.107) provides the radius of the shaft.

T=—" (1.104)
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J =%7zc4 (1.105)

o

Fo=—Ydd (1.106)
z-allowalble

J__T (1.107)

c Tallowable

Equation (1.108) is used to calculate the shaft length. The deflection is assumed to be
0.005 inches.®" The modulus of elasticity is 16.5E6 psi. The loading coefficient, C is
set to unity. While these preliminary estimates for shaft dimensions provide for the pump
and turbine loading, the design process often increases shaft diameters to accommodate
rotordynamic phenomenon. Typically, these shafts operate supercritical speeds, above
the first vibrational mode. The larger shaft ensures adequate stiffness to handle these

operating conditions.

wl’
= CEi (1.108)
4
| = 721 (1.109)

55



5. Analysis and Results

5.1 Chapter Overview
This chapter provides the predicted performance maps of the pumps and turbine.

The results of a preliminary shaft and bearing size are given.

5.2 Stage 1 Impeller layout

Figure 17 shows the layout of the DEAN liquid hydrogen turbopump. The red
shaded area identifies the fluid path created by the impeller blade. The blue shaded area
identifies the vaneless diffuser and volute. The stage two impeller does not incorporate a
diffuser. The grey shaded area without hash marks identifies the shaft. The fluid path
between stages is not modeled as a physical component, such as a cross over, but the
interstage transfer allows for the transfer of the thermodynamic properties from stage one

into stage two.

3.0

R 20

1.0

1.

=)

Figure 17 DEAN Liquid Hydrogen Pump Configuration
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Figure 18 DEAN Stage 1 Impeller

Figure 18 shows the stage 1 impeller design with 3 main blades and 12 exit
blades. Stage 1 is a centrifugal axial inflow impeller. The impeller is unshrouded. An
unshoruded impeller reduces weight, manufacturing time and cost. However, this design
is not as efficient as a shrouded impeller. To increase the range of operation a 60° blade
backsweep is incorporated. Table 23 presents the results of the initial and final pump
design. The initial design required modification. The head rise and exit pressure proved
to be the critical parameters. The engine cycle must receive the appropriate pressure rise
and total pressure to ensure on-design performance. The volute parameter VR7/D5 was
incremented until the satisfaction of the criteria. The exit pressure from the volute meets
the power balance specification. The increase of the impeller diameter is consistent with
an increase in required power. The impeller size for each is comparable to current

designs. The design did not meet the cavitation criteria as expected. The preliminary
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calculations suggest an inducer will be required. This is consistent with current state-of-
the-art pump designs. The impact of not meeting the efficiency goal may result in a

mission loss. The turbine is designed to accommodate this variation.

Table 23 Stage 1 Impeller On-Design Performance Pumpal® Results

Symbol | Units Criteria Runl Final
Nu - > 0.80 0.77 0.77
H ft > 65,441 | 64,823 70,355
Preq hp > 2,527 | 2,158 2,523
Pos psi >2,025 1,988 2,320
o Ibm/s <15.1 15.1 15.1
NPSHR | ft < 841 7,076 7,076
Dy inches <6.0 3.39 3.88
VR7/D5 na 1.0 3.0

5.2.1 Pump Sensitivity Analysis

A sensitivity analysis was completed to reveal the pump stage variable influences
on the critical performance parameters. Equation (1.110) shows the method use to
determine sensitivity, the ratio of the performance parameter, P, for a given incremental
change in variable, Q. The impeller characteristics are numbered according to their
degree of influence. The value shown in the far right column of Table 24 - Table 28
Impeller Tip Radius Sensitivity Analysis is the sensitivity value. The most influential is

ranked number 1.

Q

Sensitivity = AP x ——

0 (1.110)
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Table 24 Pump Stage Efficiency Sensitivity Analysis

Rank D8/D7 N Rex/Rin | D7/D5 | ZR | Ang
rpm
Baseline 1.1 110000 1.1 1.0 15 -
1 1.11 -0.11
2 11100 -0.11
3 1.11 -0.10
4 1.1 0.07
5 16 | -0.02
Table 25 Pump Head Rise Sensitivity Analysis
Rank D8/D7 | Rex/Rin | D7/D5 N Rin/Ri AHy
rpm
Baseline 1.1 1.1 1.0 110000 0.3 -
1 1.11 -10198
2 1.11 -7197
3 1.1 6365
4 111000 -6259
5 0.0303 | -2874
Table 26 Volute Exit Pressure Sensitivity Analysis
Rank D8/D7 | Rex/Rin | D7/D5 N Rin/Ric | Apog
rpm
Baseline 1.1 1.1 1.0 110000 0.3 -
1 1.11 -274
2 1.11 217
3 1.1 192
4 111000 -190
5 0.0303 | -87

Table 27 Power Required Sensitivity Analysis

Rank N D7/D5 | Rex/Rin | APpeq
rpm
Baseline | 110000 1.0 1.0 -
1 111000 -0.44
2 1.1 0.11
3 1.1 0.10
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Table 28 Impeller Tip Radius Sensitivity Analysis

Rank N ZR ARy
rpm
Baseline | 110000 15 -
1 111000 -1.9
2 12 -0.1

5.3 Stage 1 Off-Design Operating Range

A plot of mass flow versus total head rise best describes the off-design performance.
Figure 19-Figure 22 show stage 1 can operate at a wide range of speed and mass flow.
This fact is important for throttle operation. Figure 19 shows a red dashed line to indicate
the surge line. The turbopump should not operate to the left of this line because the stage
performance would be severely degraded. At 110,000 rpm the stage can operate in a
mass flow range of 12.1 Ibm/s to 15.1 lbm/s. Figure 19 shows within this range the head
rise is sufficient for on design performance. Figure 20 and Figure 21 show at the design
speed of 110,000 rpm, the efficiency maximizes and the power required minimizes at a
flow rate of 12.1 Ibm/s. Figure 22 predicts the appropriate combination for optimum
performance at an off-design point. The combination of 44,000 rpm and specific speed,
Ns of 835 produces the highest efficiency. This fact is not promising for the current
design. Ideally, the on design point should yield the optimum combination and ensure
the highest efficiency since the greatest amount of operational time will spent at this

combination value. This suggests the impeller shall need further design optimization.
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5.4 Stage 2 Impeller Layout

Stage 2 of the fuel pump is designed as a centrifugal unshrouded impeller. An
unshoruded impeller reduces manufacturing time and cost, however is not as efficient as
a shrouded impeller. Stage 2 is design with a 35° blade back sweep. Table 29 shows the
predicted performance results. The results show that the on-design criteria set by NPSS

were met.

Figure 23 DEAN Stage 2 Impeller

Table 29 Stage 2 On-Design Performance Pumpal® Results

Symbol | Units Criteria Runl Final
Nu - > 0.80 0.78 0.80
H ft > 64021 | 61856 65840
Preq hp > 1046 1046 1079
Pog psi =>4050 3928 4050
r;] Ibm/s <7.6 7.55 7.55
Dy inches <6.0 3.55 3.52
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5.5 Stage 2 Off-Design Operating Range

In each graph the circle indicates the on-design condition. The off-design
performance of stage 2 is best described with a plot of mass flow versus total head rise.
Figure 24 shows the surge line as a red dashed line. The impeller should not operate to
the left of the surge line. Within this region the stage performance would be severely
degraded. At the on-design speed of 110,000 rpm the stage can operate at a mass flow of
6.0-7.55 lbm/s. Figure 24 shows the head rise is sufficient for this range of mass flow.
Figure 24 - Figure 27 predict stage 2 can operate at a wide range of speed and mass flow.
This fact is important for throttle operation. Figure 27 is a chart of the stage efficiency as
a function of specific speed. The results show that the stage efficiency maximizes at an

off-design point of 22,000 rpm and Ns =814.
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5.5.1 Split Bypass
The interstage transfer feature was used to verify a benefit existed in splitting the
flow between stages. Table 30 shows the horsepower required and efficiency for each

mass flow fraction. The 50% flow fraction yielded the desired efficiency at the least

power required.

Table 30 Stage 2 Horsepower Requirement at Various Mass Flow Fractions

T, Pos N H Flow Fraction Prq Nit
R psi rpm ft % hp
65.71 | 2025 | 110000 | 64026 0.25 556 | 0.758
65.71 | 2025 | 110000 | 64026 0.5 1053 0.80
65.71 | 2025 | 110000 | 64026 0.75 1533 | 0.824
65.71 | 2025 | 110000 | 64026 1.0 2044 | 0.824

5.6 Turbine Layout

Figure 28 shows a full admission, radial turbine with an unshrouded impeller.
Figure 29 shows the turbine disk with short blade heights and lengths. This design
characteristic is incorporated in the ALH turbine design. This design should allow for
high loading during operation. Table 31 shows the turbine design meets all performance

requirements for on-design performance set forth by the power balance.
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Figure 28 DEAN Turbine Cross-Sectional Layout

Table 31 Turbine On-Design Performance RITAL® Results

Symbol | Units Criteria Final
Nu - > 0.90 97.7
Preq hp > 3606 3607
Po psi 22038 2035
. Ibm/s <7.6 7.55
m

Dy inches <6 6.2

Figure 29 DEAN Radial Turbine
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5.6.1 Sensitivity Analysis

To guide the design a sensitivity analysis was completed. Equation (1.111) shows
the calculation used to determine the magnitude in change of the performance parameter,
P, for a given change of the impeller variable, Q. Shown in Table 32 and Table 33 are
the top five most influential parameters for stage efficiency and power output. The
preliminary baseline is shown as the reference. The value shown in the far right column

of each table is the sensitivity value. The most influential is ranked number 1.

Sensitivity=AP x Q (1.111)
AQ

Table 32 Turbine Impeller Total Stage Efficiency Sensitivity Analysis

Run N Tinet Ryt Rin | Ry | Ang
rpm R in in in

Baseline | 110,000 | 388 3.53513.535 (3.0 [0.925
1 111,100 -0.2
2 391.8 0.1

3 3.5 0.1

4 3.5 0.1

5 297 10.1

Table 33 Turbine Impeller Power Sensitivity Analysis

Run Tintet Mass Flow | B; B, CLRuxial | AP
R Ibm/s in deg in

Baseline | 388 7.5 0.7 30.0 0.0039 | -

1 391.8 2,563
2 7.65 2,419
3 0.707 94

4 30.3 90

5 0.00394 | 70

69



5.7 Turbine Off-Design Operating Range

The circle designates the on design point. Figure 30 and Figure 31 show the
predicted turbine stage efficiency during off-design operation. The range of operation
shown is 20% up to 110% of the design speed. Figure 32 shows the expansion pressure
ratio versus corrected mass flow. The map the predicted on-design point will not operate
at choked flow, thus the turbine does not reach Mach 1.0. The lack of a knee followed by
a horizontal trend at high-pressure ratios supports this conclusion. This meaning of this
result is shock loss should not occur and add a detrimental effect on performance. Figure
33 shows the predicted results show that at the on-design condition the turbine should
operate at its most efficient for a given power output. This is a favorable trait because the
engine should operate at the on-design value for the majority of the mission. Figure 34
shows the predicted volumetric flow rate and power output for a given speed. The on-
design power level meets the predicted power output calculated using NPSS. Figure 35
shows the turbine reaction values at a given speed and mass flow. The degree of reaction
is a significant figure of merit in that it defines the expansion process through the rotor
stator. The predicted reaction value indicates the enthalpy and pressure drop across the
impeller. At the on-design condition the reaction is approximately 0.43. This indicates

the flow accelerates while passing through the impeller.
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5.8 Bearing and Shaft

The trade study resulted in the selection of a ceramic Hybrid/Ball bearing system.
This bearing type will take advantage of the axial loading capabilities of a ball bearing
while providing the increased life of a hydrostatic bearing during steady state operation.
A preliminary decision has been made to place the bearings in board, with a minimum
number of two bearings. Figure 36 shows a conceptual bearing configuration. This
layout is consistent with the trade-study presented in the previous section. Table 34
DEAN Theoretical Shaft and Bearing Size presents the results of the preliminary
calculations for the shaft size and bearing DN value. Table 35 shows the axial thrust
force for each pump stage using Pumpal®. The resultant axial load is calculated to be
127.8 Ib¢ towards the turbine. The turbine axial force was calculated assuming a pure
axial force. The multiplication of the exit pressure and frontal area provided the

preliminary turbine axial thrust force.

Hybrid Bearing

Shaft 1 Shaft 2

Turbine

Stage 1
Stage 2

Figure 36 DEAN Conceptual Bearing Layout
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Table 34 DEAN Theoretical Shaft and Bearing Size

Shaft D L Preq T Gyield Tallowable DN
# (in) | (in) | (in*Ib/s) | (Ib*in) | (psi) (psi)
1 0.21 {0.32| 16678200 | 1448 | 125000 | 104167 | 5.8E+05
2 0.23 {0.39| 23806200 | 2067 | 125000 | 104167 | 6.5E+05
Table 35 Axial Load Results
Axial Thrusts Units | Stage 1 | Stage 2 Turbine
Front Ib¢ 5413.4 22186.4
Rear Ib¢ -5486.5 | -23906.6
Inlet Momentum 1bs 55.3 40.7
Inlet Pressure Ibs 74.0 1529.7
Exit Momentum Ib¢ 0 0
Exit Pressure Ibs 0 0
Shaft Front Ibs 7.6 213.8
Total Ib¢ +63.8 +64.0 -61438

Figure 37 DEAN Liquid Hydrogen Turbopump Rotor Assembly Solid Model
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6. Conclusions and Recommendations

6.1 Conclusions

The primary goal of the research was to provide a conceptual design of a turbopump
satisfying the operating conditions of the DEAN upper stage engine. The primary
performance parameter requirements are, exit pressure, pump head rise, stage efficiency
and power required. The conceptual pump and turbine design presented fulfills the
primary requirements.

Second, the split flow design does reduce the power required for the second stage.
The results are shown in Table 30. The full flow horsepower requirement is 52% more
than split flow design. A lower turbine power requirement is desirable because this
would effectively reduce the operating stress level and increase the rotor life.
Furthermore, a lower horsepower requirement effectively reduces the turbine impeller
size. A smaller impeller is desirable to satisfy the geometric footprint requirement

Third, the off design operation was clarified in the pump and turbine maps. Both
pump stages are predicted to operate satisfactorily at speeds levels of 20-100% the design
speed. The performance prediction show the turbine can operate at 20-110 % the design
speed. The concpetual design show the potential to provide a wide throttle range.

Fourth, the Pumpal® and RITAL® software steps outlined in the Methodolgy
section are shown in Appendix A and B. The design was completed using empirical data
when applicable. As the designer it is advisable to know the established ranges for each
impeller variable. For example, the useful range of the blade exit angle is small 50°-60°

and non-convergence occurs frequently when outside of this range. The solution time
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was reduced because the preliminary design was outlined in sufficient detail. A
sensitivity analysis aided the thought process for incremental change of input variables.
This step should be accomplished first to ensure a good engineering approach to

incremental design changes.

6.2 Recommendations

1. The conceptual design of the pump impellers and turbine should be progressed
through a complete design process as outlined in Figure 13 Concepts NREC
Turbomachinery Design Process.

2. Complete an inducer design to ensure the NPSHR for stage 1 is satisfied.

3. A stress analysis on each component should be completed to ensure the material
integrity throughout the range of operation and cycle life.

4. A water flow test of the conceptual impeller design can be accomplished and test

results compared using the Pumpal® design tool Data Reduction.
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Appendix A. Pumpal® Wizard Steps

Figure 38 Pumpal® Wizard Step One Figure 39 Pumpal® Wizard Step Two
Figure 38 shows the first step the user will take to initiate a Figure 39 shows the second step where the user is required to
new pump design in Pumpal select the technology base. The DEAN TPH used the CETI

Two-Zone.
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Figure 40 Pumpal® Wizard Step Three

Figure 40 shows the third step where the user must select the
design mode. Pumpal® can operate in three different solver
modes, Design, Analysis and Data Reduction. The Design
mode calculates the impeller dimensions and blade settings
from the user specified operating conditions. In Analysis
mode, the impeller geometry is frozen and the performance can
be run across the various speed lines. If test data is available
for an existing impeller, this may be incorporated in the Data
Reduction mode.
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Input/Output Units

Figure 41 Pumpal® Wizard Step Four

Figure 41 shows step four. Here the user makes various
selections for the input/output unit type. The DEAN TPH
design used English units and tangential angle references. The
length and temperature are set to, inches and Rankine. The
flow rate and pressure/heads were set to, gallon per minute
(gpm) and pounds per square inch (psi).



Operating Conditions

Figure 42 shows step five here the inlet conditions are set.
Table 36 shows the DEAN upstream conditions.

Table 36 DEAN TPH Upstream Conditions

Figure 42 Pumpal® Wizard Step Five

Parameter | Units Value
Toi R 40.0
P01 pSl 45.0
Q gpm 1579
N rpm 110,000
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Design Pressure

Figure 43 Pumpal® Wizard Step Six
Figure 43 shows step six. The user is required to input total
head rise and safety factor. The heard rise values is taken from
the power balance and the safety factor is set according to
design criteria. For the DEAN TPH the safety factor is set to

unity.



Impeller 2D Wheel or 3D Wheel Option

Figure 44 Pumpal® Wizard Step Seven

Figure 44 shows step seven where the impeller wheel option is
set. The 2D wheel option will set the PHI1 to zero and the 3D
wheel will allow the user to set the PHI1 value. A PHII value
of zero indicates an axial inlet flow. For a 2D wheel the inlet
tip radius, R1T, and the inlet hub radius, R1H, are set equal to
one another. This sets the impeller inclination angle PHII to
zero. For a 3D wheel, RIT is greater than R1H, thus PHI1
angle is greater than zero. The 3D wheel option was selected.
The blade inclination angle (PHI1) and the inclination angle at
impeller exit (PHI2) are set to 0 and 90 degrees to simulate an
axial and radial element leading edge.
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Impeller Fixed Length Ratio

Figure 45 Pumpal® Wizard Step Eight

Figure 45 shows the eighth step where the user is asked to
provided an impeller exit depth ratio.



Minimum W1T or Minimum NPSHR Dption

Figure 46 Pumpal® Wizard Step Nine

Figure 46 show the ninth step. Here the user selects the
method for optimizing the impeller inlet. The minimum W1t
method will result in a more efficient design in comparison to
minimum NPSHR. The minimum W1t was selected for the
DEAN TPH.
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Impeller Inlet Tip and Hub Radius Option

Figure 47 Pumpal® Wizard Step 10

Figure 47 shows step ten where the user is asked for the
impeller sizing option. The user can specify the inlet radius or
have the program calculate the tip radius using the specified
hub/tip ratio.



Inlet Radius Ratio

Figure 48 Pumpal®

Figure 48 shows the 1™ step where the user inputs the hub/tip

value. A typical hub/tip ratio is 0.

Wizard Step 11

3.2
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Inlet Phil Angle

Figure 49 Pumpal® Wizard Step 12

Figure 49 shows the 12" step where the user sets the inlet and
exit inclination angle. For axial flow PHI1 should be set to
zero. The typical exit inclination angle is 90°, this is the
DEAN TPH value.



Inlet Incidence Angle

Figure 50 Pumpal®

Figure 50 shows the 13" step here the inlet incidence angle is
set. The ideal incidence angle is 0° this value is used for the
DEAN TPH design. This is common practice for stages

requiring a very wide operating range.

Wizard Step 13

[27]
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Inlet Blade Definition

Figure 51 Pumpal® Wizard Step 14

Figure 51 is the 14™ step here the leading edge blade thickness
is specified along with the number of inlet blades. For stage 1
the blade backsweep angle is set to 65.0°. The number of inlet
blades was set to three with an inlet blade thickness of 0.1
inches. For stage 2



Inlet ¥elocity Gradients

’d

J
¥

Figure 52 Pumpal® Wizard Step 15 Figure 53 Pumpal® Wizard Step 16
Figure 52 shows the 15" step where the user sets the velocity Figure 54 shows the 16" step here the impeller is specified as
gradient profile by specificying the inlet the most closely open or covered. The DEAN TPH is designed with open
matches the design. The DEAN TPH is designed as the curved impellers.

inlet duct or short impeller.
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Front and Rear Seals Clearance Gap

Figure 54 Pumpal® Wizard Step 17

Figure 54 is the 17" step here the front and rear clearance
values are set. The type of manufacturing will dictate the
clearance levels. The DEAN TPH runs with 0.0039 inch
clearance for the all impellers.
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Impeller Exit Blade Geometry

Figure 55 Pumpal® Wizard Step 18

Figure 55 shows step 18 where the impeller blade backsweep
is set. The useful range is 50-60°. The trailing edge thickness
and the number of exit blades are required. For stage 2 the
trailing edge thickness is set to 0.1 inches with 15 exit blades.



Diffusion, Lambda, Secondary and Deviation Models Diffuser Type

Figure 56 Pumpal® Wizard Step 19 Figure 57 Pumpal® Wizard Step 20
Figure 56 shows step 19 where the user defines the diffusion, Figure 57 shows step 20 where the user specifies the diffuser
lambda and deviation models. The defaults models where used type. The DEAN TPH is designed with a vaneless diffuser.
for the DEAN TPH.
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¥Yaneless Entry Pinch

Yaneless Diffuser Geometry

Figure 58 Pumpal® Wizard Step 21 Figure 59 Pumpal® Wizard Step 22
Figure 58 shows step 21 here the user defines whether the Figure 59 shows step 22 here the user specifies the vaneless
diffuser will use an inlet pinch. The DEAN TPH is designed diffuser geometry.

without a pinch.

&9



Exit Element x| ¥Yolute Geometry x|

Click an the type of exit element that pou will uze.

 DE/DT |1

& g8 in

Pressure recovery coefficient [CPE7).

Collector

< Back IWI Cancel | Help < Back IWI Cancel | Help
Figure 60 Pumpal® Wizard Step 23 Figure 61 Pumpal® Wizard Step 24
Figure 60 show step 23 here the exit element is chosen by the Figure 61 shows step 24 here the user specifies the volute
user. The DEAN TPH uses a volute for both stages. geometry.
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Appendix B RITAL® Wizard Steps

Choose Mode and Solver E‘

Choose mode

Chaoose a mode in which to operate the salver, This chaice will affect
most of the parameters that will be entered in subsequent wizard pages

" Analysis
Use analysiz mode for a fiked geometry.

o Des\gr{
Use design mode ta optimize the geometry based on design requirements.

" Data reduction
Use data reduction mode to analyze laboratory data.

Choose solver
(" Rital sabver
" Ritdap solver

% Ripsolver

Please enter a comment describing this stage.

Mexst > Cancel | Help |

Figure 62 RITAL® Wizard Step One

Figure 62 shows step one of the design process. There are
three modes the user can choose, Design, Analysis and Data
Reduction. The initial design was completed in Design Mode.
The RTP solver is used in the design of the DEAN TPH.
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Design Mode

Choase the type of design mode.

w * nput Pexit, calculate nozzle exit blade angle or volute area
This mode requires input of exit static pressure [Pexit], and
will calculate the volute area, or nozzle blade exit angle if
there iz no volute,

- Input power and Pexit. calculate M and nozzle et blade
angle or volute area
Similar to above, except this mode alzo requires power input
and wil also calculate the mass flow rate (k).

~ Input POesit, calculate nozale et blade angle or volute
area

This mode requires input of exit tatal pressure [POexit). and
will calculate the volute area, or nozzle blade exit angle if
there iz no volute,

Input power and Plexit, calculate M and nozzle exit blade
angle or volute area

A

Similar ta above, except this mode alsa requires power input
and will alsa calculate the mass flow rate (M),

Thiz mode requires input of exit static pressure [Pexit] and
mass flow rate and calculates the geameti.

~

Preliminary sizing
Thiz made requires the input of three of the following variables,

Inlet tatal pressure (POD), exit static pressure (Pexit], mass flow
rate [M]. power.

< Back Mexst > Cancel | Help

Figure 63 RITAL® Wizard Step Two

Figure 63 shows the Design mode options. With the exit total
pressure and power know this option was selected.



Input/Output Units

Units:
° Metic
+ English

Angle reference
& Mendional

" Tangential

Length Temperature
& lnshes & Harkine

(" Fahrenheit
Flows units Pressure/heads
" Lbm/sec " PS5l
" Ft3/sec
" Ft3/min

< Back Mexst >

Cancel | Help

&

Figure 64 RITAL" Wizard Step Three

Figure 64 shows the input/output units were set to English and

the angle reference was set to the tangential.
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Upstream Conditions

Enter the required inlet conditions below.

Total temperature; ,— R

Total pressure; ,7 psi

azs flow: ,‘— Ibrms

Speed tupe: ’—_l
Rotational speed: ,— tpm

Specific speed l—

Reference efficiency; ,—

Fluid tupe: MIST Real Fluid -
Gas constant: ,— ftIbFlbm*R]
Viscosity T
Specific heat ratio: ,—

< Back Mexst >

Cancel |

&

Figure 65 RITAL" Wizard Step Four

Figure 65 shows the upstream condition input options.

The

NIST Real Fluid was selected from the drop down menu. The
calculation method was set to Gas with value of unity.

Table 37 RITAL® Upstream Conditions

Variable | Units | Value
T, R 60
Py psi 3626
. Ibm/s | 7.55
m
N rpm 110,000




Layout @

Select the components for this turbine. [t must contain a nozzle ar valute.

™ Has volute

- I Has nozzle

< Back Nexst » Cancel I Help I

Figure 66 RITAL® Wizard Step Five

Figure 66 shows the component choices available for the
turbine layout. The DEAN turbine is designed without a
nozzle. A nozzle less turbine provides for a smaller unit and
reduced manufacturing cost.*"!
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Yolute @

Radius | s

chack [ Wew> | Cawel | Hep |
Figure 67 RITAL® Wizard Step Six

Figure 67 shows the required user inputs to define the volute.
A right overhung volute design was chosen.



Rotor @

Inlet Blade
Inlet Height

Radius

Exit Blade
Height

Hverage inlet radius:

Inlet blade height:

in ’—
T h Babekregn [ i
Inlet inclination angle (PHI1): J— Deg Hurberor blaces “—
J— Deg

Exit inclination angle (PHIZ):

Average exit radius

< Back Nexst » Cancel I Help |

Figure 68 RITAL® Wizard Step Seven

Figure 68 shows step seven where the rotor geometry is
defined. The average inlet radius limit is set by the size
requirement. The inlet and exit inclination angle where set to
90 and 0 degrees to simulate a radial flow turbine. The inlet
and exit blade height are 23 and 25% of the inlet and exit
radius.
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Axial Clearance T

il

Radial Clearance

Blade TE Hormal

Thickness
in

Axial View

Axial L 4
xial ength]im

chack [ Wew> | Cawel | Hep |
Figure 69 RITAL® Wizard Step Eight

Figure 69 shows step eight here the clearance, axial length and
trailing edge blade thickness are defined. The turbine runs
with 0.0039 inches axial and radial clearance. The trailing
edge blade thickness is 0.04 inches and an axial length of 1.01
inches.



Figure 70 shows step nine where the inlet and exit blade angles
are defined. The inlet and exit blade angles are set to -90 and

3°

Rotor Blade Angles

7
-
e

o«

Axial View

Inlet Blade Angle
Dgg w
Exit Blade Angle Deg

Side View

< Back Mexst >

Cancel |

Help

&

Figure 70 RITAL® Wizard Step Nine
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Exit Conditions &\

The mode chosen requires exit condition input. Enter the required value(s] below.

Static exit pressure: | psi

<Back [ Wew> | Cael | Hep |
Figure 71 RITAL® Wizard Step 10

Figure 71 shows the final step here the static exit pressure is
the input. This value is taken from the power balance.



Appendix C DEAN TPH CAD Drawings
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