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Summary

propellants, this dissertation presents a methodology frameworkfor the preliminary
development phase of a hydrogen peroxide turbopump compressor, from baseline design
through to prototype proposal. The core focus was inducer, impeller, and volute develogmit.
An iterative inverse design approach was adopted to ensure each configuration was optimised
for performance, with respect to a specification outlined by silvescreen catalyst bed
requirements. 1D modelling tools were constructed which outputted bladeangles and
characteristic parameters to define initial component design points. A commercialgvailable
turbomachinery modelling software was then used to generate practical 3D geometry. CFD
simulations predicted internal flow performance, quantified by total pressure rise and
efficiency, and also validated the 1D model outputs. Following three iterations, the baseline
compressor produced a total pressure rise ofu p © ¢and an efficiency ofy @ B at a shaft
speed ofw fit Tt ) @nd a mass flow rateof Y8t QT . Despite this not complying with the

o @ @I (pressure rise requirement, it was proposed to run the pump at a low power mode to
decrease the outlet pressure to acceptable levelBEA studies were conducted in parallel to
feedback to thedesign loop on load bearing and dynamic performance. Baseline results
predicted total material failure, but highlighted several areas for design improvement. Modal
analysis results showed no natural frequencies coincided with the pump operating window. A
subsequent optimisation study was conducted to investigate the effects of splitter blades on
pump performance. A clear relationship between the splitter blade leadingdge meridional
position and pump efficiency was identified. This defined an optimum impédr configuration,
which gave an efficiency increase op® bat a splitter blade leading-edge position of o T b
meridional length. A significant reduction in streamline deviation was observed within the
impeller blade channels as a resultRevised inducer aml impeller models fell within
permissible stress and displacement limits, with at& b improvement to inducer mass,
although the impeller suffered an increase of@ Pdue to the addition of the splitter blades
and thicker hub/shroud geometries. Ultimately,a high pressure, high efficiency, lightweight
and compact compressor prototypewas devised, which me all critical design requirements
with slight adjustments to the nominal operating conditions.
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1.0 Introduction
1.1 Background

Liguid rocket propulsion is an integral part of the modern space industry. Notable launch
vehicles such as the SpaceXalcon 9 CNSA.ong March 8 ESAAriane 5 and ULAAtlas Vall
utilise liquid rocket engine systems, alone, or in combination with solid diosters to conduct a
variety of missionsz from ISS transportation to satellite delivery [1]. This is because of their
notable efficiency, versatility and, more recently, reusability. The former is commonly
guantified as the Specific Impuls€© , whichis a measure of the thrust produced per unit rate

of propellant consumption, namely,

. 0Q0o
8

‘0 :
04

1)
Engine O is critical to achieving a certain velocity increment3w based on mission
requirements, which defines the launch and manoeuvre capabilities of the spacecraft [2].
Improving the “O of a given propulsion system can be achieved by adopting higher chamber
pressures. However, for pressurded engines, thisrequires higher propellant tank pressure,
which in turn requires stronger tanks at the expense of increased mass. Therefore, it is
conventional to utilise turbopump systems in highthrust engines to meetthe demanding
chamber pressures and propellant flow rates. A turbopump assembly comprises a compressor
driven by a turbine at high rotational speeds, which impels the propellant into the combustion
chamber. Hence, it is obvious that engine requirements arelosely coupled with the
turbopump system design, such that improving turbopump operation can help drive the
maximum obtainable”© and combustion efficiency.

In light of more sustainable propulsion, environmentallyclean rocket propellants are
a keydriver in assuring the future of space travel, especially for the feasibility of commercial
orbital launches and beyond. Rocket grade hydrogen peroxide (HTP) was typically reserved
for limited performance applications due to pressurefed propellants or low-performance
turbopump cycles. However, in the last decade, interest has been rekindled into its use in the
next generation of liquid rocket engines due to its low toxicity, clean combustion products, and
attainable "O . Thus, the presented work aims tanitiate the development of a high pressure,
lightweight and compact turbopump system for use with HTP and RP fuel. The ultimate goal
is to achieve an efficient configuration that promotes the benefits of adopting the propellant.



1.2 Research Aims and Objectives

The aim of thisproject is to oversee the desigmphaseof an HTP/RP-1 turbopump oxidiser
compressor,from baseline design through to prototype proposalThis will include an iterative
inverse designapproach to ensure the configuration is optimised for performance with
respectto a pre-defined requirements specification.To achieve the overarching aim of this
project, theidentified objectives are:

1. Toestablishacomprehensive design specificatiorior the compressor, defined by the
turbopump use-case and define the compressor operating window.

2. Toconstruct 1D modelling tools to achieve initial component geometry and automate
the designworkflow .

3. Touse CAD modelling software to generate geometry whichdgempatible with chosen
CFD and FEA softwarpackages.

4. To conduct CFD simulations to determineflow performance, such as total pressure
rise and efficiencyAT A OA1 EAAOA OEA ps$ 11T AAT O ET O

5. To conduct FEA simulations to predictstructural and dynamic performance, ando
provide optimisation feedback.

6. Toiterate the modelto converge on aefined solution which complies with the design
specification.

7. To overxe an optimisation study wherea splitter blade configuration will be
investigated to evaluatethe influence onpump performance.

8. To construct a final design package ready for manufacture. This will include technical
drawings and component specifications

1.3 Oiriginality of Work

The presented literature review in this dissertation highlights the limited research on HTP
turbomachinery. In addition, while several academic groupsinvest into the research of
turbopump components, only a select number possess the capabilities for the entiresign
and production of turbopump assemblies Hence,the number of studies conducted orHTP
turbopump compressors is highly contained, with only one notable institution, Rurdue
University, publishing a series of designmeports on HTP turbomachinery development which
only provide broad overviews of relevant methodologies

Therefore, the novelty introduced by this research lies in:

1. A more indepth methodology framework for the baseline design of HTRurbopump
COMpressors.

2. The application of CFEbased optimisation by investigating the effects of splitter
blades on HTP compressor performance

3. The delivery of FEAbased optimisation of HTP inducer and impellergeometries in
parallel with flow perf ormance predictions.



1.4 Outline of Dissertation

This dissertation summarises the mostimportant aspects of theconducted research. The
intention is to provide an in-depth account of the methodology framework to offer
reproducibility of the baseline design and optimisation othe HTP compressor

The following layout is presented

Chapter 2 provides a critique of relevant literature surrounding HTP capabilities and
turbopump component design. Theoretical concepts arepresented to provide
additional context.

Chapter 3 presents allpropulsion system and design specifications which will drive
compressor development

Chapter 4 outlines all methodologies used to develop a baseline compressor model.

Chapter 5 summarises allkey results which depict the internal flow performance of
the baseline compressor.

Chapter 6 summarises all key results which depict the structural and dynamic
behaviour of the baseline compressor.

Chapter 7 provides a further optimisation study where spliter blades integration is
investigated, as well as a summary of structural optimisation work.

Chapter 8 outlines all design summaries which define the compressor componentry.

Chapter 9 presents the conclusions and recommendations for further study



2.0 Literature Review

2.1 Hydrogen Peroxide as an Oxidiser

Since the 1%0s,rocket engineswhich utilise HTPasaliquid oxidiser or monopropellant have
predominantly been usedfor low performance applications such as RATO or subrbital
sounding rockets Typically, these engines function at low chamber pressusaising pressure
fed propellants, opencycle turbopumps, or lowpressure closedcycle turbo-pumps. As a
result, HTProcket engines have generallexhibited limited performance comparedto other
engine architectures[3,4]. However,in the last decadeinterest into the use ofHTPhas grown,
specifically for bipropellant engines which utilise both a fuel and an oxidiser to achieve
combustion [5]. This shift is attributed to the focus on sustainableengine development, with
low-toxicity, storable liquid propellants beconing more attractive as substitutes for
conventional oxidisers[6].

HTP follows liquid oxygen as the most effective oxidiser andosseses several
properties which make ita desirablechoicein the nextgeneration ofrocket propulsion. HTP
is non-toxic and, depending on the engine configuration, produces clean combustiproducts.
This makes it far more desirable thanoxidisers which are toxic in manufacture and
combustion, such as oxidef nitrogen and hydrazines[7,8]. Performance predidions from
G.P.Sutton et. atlemonstratedthat, when coupledwith RP-1 fuel, HTP provides an acceptable
‘O of 319 seconds compared to using liquid oxygemhich yields 360 seconds 9]. Despite this
decrease in performance A.Cervone et. al. argughat HTP avoids the investment and
complexity of cryogenic storage, which is required by liquid oxygen and hydrogen, where a
range of tank pressuisation gasescan also be used]0]. This highlights the versatility of HTP
in space operationsand the motivation for this research.

Contrarily, various properties of HTP have led to criticisms concerning its use as a
future oxidiser, with the most notable beingl.Clark'sl972 seminal work [11]. This provides a
comprehensive critique of HTP,and his polemic against using the propellant, loosely
paraphrased as"... always the bridesmaid; never the bridgjenerateda high degree of bias
amongst the rocket community for decades[11,12]. However, in the light of present
experience and knowledge* 8 # | adsdsrieBivas criticised by A.J.Musker et. ain hopes of
rekindling interest in HTP [12]. The arguments and respective counterargumentsare
presentedin order of importance.

Firstly, J.Clark highlighted the detonation risk posed by stored HTP, which will
exothermically decompose if contact is made witkertain propellants. However, in the context
of liquid rocket propulsion, it is routine practice to keepthe fuel and oxidiser completely
separated during ground operations[12]. Concerrs were also raised abouthe contamination
risk and storage stabilityof the oxidiser. Although,significantimprovements in manufacturing
and storage capabilities havesince led to increasedsafety of HTP through the addition of
stabilising agentsand advancements in storage material§12,13]. Finally,it was proposed that
HTPG O df fe€zihg point could restrict its use in missionswhich involve limited exposure
to the Sun [L2]. However,the storageof HTPin cold climatesis well documented and confirms
its low tendency to freezedue to its super-cooling properties [12].

Overall, there is an apparent enthusiasm in recent publications which affirms the
benefits ofadopting HTP inthe next generation ofsustainableliquid rocket engines. Hence a
key driver for this project is to further this development by harnessing the, previously
misrepresented,capabilities of hydrogen peroxide.



2.2 Hydrogen Peroxide Propulsion System Research

There aretwo HTPignition method usedin bipropellant engines. Hypergolic ignition utilises
HTP in conjunction with a fuel and catalyst mixture to trigger combustion. Autoignition,
however, utilises HTP decomposition overa catalystbed to producesuperheated oxygen and
water vapour. Thisis ultimately used to drive a turbine, as part of a turbopump subassembly,
and routed into a combustion chamber to oxidise and combust a fuf8,14,15]. This research
will focus on the latter method. The HTP decomposition mechanismis illustrated in Figure 1.

Ceramic catalyst

98% HTP - Heat

zg

Baffle

Figure 1: Catalytic, exothermic decomposition mechanism of HAP

Recent advances in highpressure silver screen catalyst beddesign at Purdue

AT A POAOOOOAOG OEAT 34bhisOaylévérayingmodebniteEnhdibdyk bas ¢
been possible to significantly improve HTP engine performance by utilising closedcycle
systemsat higher chamber pressures than what was previouslypossible. This hasallowed for
higher specific impulses, low masses, and smaller componentsto be achieved[4]. These
developmentshave granted Purdue University (PU) significant reputation at the forefront of
HTP rocket engine R&D, andtheir published work, namely thosewhich cover turbopump
design, areof greatimportance to this project.

M.Ventura et. al. provided afeasibility study on the modern usage of HTP, which
highlights the maindifficulties faced whenadopting the oxidiser. While this lacked an in-depth
technical appraisal, it provided a sound basis forthe followed design work at PU, and
additional context for this project [16]. A development cycleoverseenby W.L.Murrayet. al,
covering the design and analysis of aomplete HTP/RP-1 turbopump assembly, provides an
overview of the required methodologiesand baseline theoryto follow the development[3].
The publication presents all relevant stage®f the design phase, includinghe requirements
specification, initial designconstruction, CFD analysis, and hardware design and manufacture.
Despiteproviding a broad overview of the project, the paperlacksspecific detailsof geometry
and analysis settingsfor complete reproducibility . This was complemented by aubsequent
paper, which focussed on manufacture and testing of a functional turbopump prototype of the
same design[17]. This offered more irsight into the practical implications of certain design
decisions,as well as the design of turbopump ancillaries ot previously covered.However,
besides content relating to manufacture, th@aper did not provide additional material onHTP
compressor design. Thus, the research presented in this dissertation aims &xpand onthis
contained area ofturbomachinery design.

Publications outside of PU which focus on the design of HTP turbomachinery are
limited. Furthermore, while many academic research groups investigate and optimise
turbopump components extensively, only a select number of bodies possess thmowledge
and capabilities for he entire design and eventual production of turbopumps for liquid rocket
engines[17]. Hence,the series ofpublications from PU provide a cohesivemethodological
framework which will form the foundation of this project.
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As summarised, an opportunity has been identified to utilise modern engineering
capabilities to contribute to the development of ahigh speed,high pressure HTP/RP-1
turbopump prototype which feeds a silverscreencatalystbed, the specification of which beig
outlined by PU [3]. This will act as a proof of concepfor the next generation of high
performance HTP turbopumps, in the light of more efficient, sustainable rocket propulsion.

2.3 Turbopump System Overview

Severalturbopump configurations are possibleput at its core, itconsists of twokey elements:
a hot gaspowered turbine, and one or two propellant pumps designated for the fuel and
oxidiser, which are driven by the turbine. Thepump, or compressor,is usually divided into
three components: the inducer, theimpeller, and the volute [1]. Component layout and
working fluid flow is illustrated in Figure 2.

The turbopump forms an integral part of the overall propulsion system architecture,
and its operational requirements are closely coupled to the engine requirements, which are
ultimately defined by the vehicle mission profile [L8]. In bipropellant engines, it bridges the
propellant main tanks and thrust chamber, and itgurpose is to increase the pressure of the
oxidiser and fuel prior to combustion [18,19]. It is a high-precision rotary machine which
operates at high shaft speed, whilst handling extreme thermal gradientand pressure
variations [19]. Thus, it is acknowledged thatturbopumps operate close to the limits of what
is possible with current technology, and the everincreasing demand for higher chamber
pressures and efficiencies hasuly tested the capabilities ofrocket turbomachinery design

PPPP
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(a) Redstone A7 turbopump cutaway diagram (b) Vulcain 2 turbopump cutaway.

Figure 2: Turbopump cutaway views depicting component form and layoBt(].

A review of the literature surrounding turbopump development hashighlighted extensive

research into the design and analysis dhdividual components. Although, excluding the PU

publications, a lack of diversity is presentin research which covers complete system

development. The main documentation which bridges this gaps the NASA Design Criteria
[20,21,22]. Theseprovide a coherent and comprehensive overview of all required design
steps andare laden with theoretical and empirical methodswhich are of use to this project.
However, many of these reports are outdatedand do not addressthe vast improvements

madeto the design methods and techniquesince the 1970s



2.4 Compressor Stage Overview

2.4.1 Inducer

The inducer is thelocated on the axial inlet portionof the compressor, as depicted in Figure
2b. It is situated upstream of theimpeller and its functions areto raise thestatic pressureby
an amount sufficient toavoid cavitation on the highly-loaded impeller blades improve suction
performance, and reduce tank pressure anthass[1,20]. This study corcerns a configuration
where the inducer is coupled to the impeller bya centraldrive shaft [20]. Figure 3 illustrates
a diagrammatic sketchof an inducer.

Hub-shaft Interface
Blade

Leadlngedge

\

Trailing-edge

Figure 3: Labelled sketch ofn axial inducer [D].

Cavitation is a pressuredriven phase change whictoccursin a localregion of the flow where
the static pressure dropsbelow the fluid vapour pressure [1]. This generates a vapoufilled
cavity so that a twephase flow is created in a small domain of the flow fieldnstabilities due

to the unsteadiness of cavitatiorinduce streamline deviation which, in turn, leads to uneven
blade loading, mechanical stressesand vibrations [1,23]. In the context of turbopump
compressors cavitation mainly occursacross the inducer blade suction side Thus, inducers
typically utilise sharp leading edge and thin blades, designed to work at little incidence angles
in order to preclude cavitation [23].

Inducer design is primarily focused orachievingasufficient cavitation margininstead
of maximising efficiency.Thus, contrary to impeller design, inducers typically have lower flow
coefficients and inlet angles, higher blade solidities, and fewerblades[24]. As reported in the
NASA Design Criteria,inducer design is limited by structural constraints, because of
permissible bladeroot stresses, flow instabilities, and centrifugaloads[20]. Thus,an optimal
design providesa sound compromise betwen suction and structural performance[21].

In literature, inducer designand analysisis well covered SS.Hong et. al. conducted
computational and experimental studies on inducer performance for liquid rocket engine
applications. This confirmed inducershavenegligible effecs on the pump head and efficiency
but a significantinfluence on cavitation performance[25]. D.Japikse provided a overview of
current practices whichoffer guidance on highperformance inducer design R6]. Few papers
cover the baseline design of inducers in terms of 1D modelling techniques. Although, M.Mohr
provided an in-depth appraisal of the relevant procedures[27]. Owerall, a wide range of
sources are available to aiavith the research presented in thisdissertation.



2.4.2 Impeller

Thecentrifugal impeller section, downstream of the inducerconverts most ofthe shaft power
into pressure rise and kinetic energy of the pumped fluigbrior to combustion [21]. Impeller
types includefully shrouded, open faced, or completely unshroudedonfigurations. Thisstudy
will utilise a shrouded impeller design to minimise tip leakage flowsnd ensurebladeintegrity
is maintained[3,21]. Figure 4 presentsall important features of ashroudedimpeller.

Hub-shaft Interface

Hub

Inlet (Blade LE)
Shroud

Figure 4: Labelled sketch of shrouded impeller [D].

Impeller design methodsand performance predictions are well established in literature.
Baseline modelling is clearly outlinedby J.T.Gravdahl et. al., which will help the 1®odel
construction phase of this research28]. M.D.Mentzos et alutilised CFD simulations to predict
flow behaviour across the impeller domain.This offered insight into the computational
methodologies used to assess performanc29]. Finally, A.S.Prasadt. al. conducted static and
dynamic analyses on a centrifugal impeller, which highlighted thamportance of monitoring
the structural behaviour during the early design phased0].

Severalfeatures can bencluded inimpeller designs to improve flow perbrmance. One
notable addition is splitter blades.As illustrated in Figure5, these are blades of reduced length,
with the leading edge shifted downstream of the impeller inlet [1]These have been reported
to reduce blockage at the impeller inleby effectively decreasingblade channel areaReduced
blockage corresponds to lower velocities, higher pressures and, hence, increased cavitation
performance [1]. This mechanismwas confirmed by D.Japkiseet. al.and R.BFurst [31,32].
Furthermore, splitter blades have been reported topromote improved streamline adherence
by reducing deviationthrough impeller channels This results in more uniform blade loading,
and decreased mechanical séisses and vibrations 33]. A splitter blade mean line optimisation
framework was presented by F.Torre et. alwhich demonstrated the true potential of splitter
blades in liquid rocket turbopumps. By leveraging thdull flexibility of splitter blade design,
significant cavitation andpump operating range improvements were achieved33]. There are
no records of splitter blade researb concerningHTP-based turbopump impellers. Therefore,
a gap in this area of rocket turbomachinery literature has been identified, which this
dissertation aims to address.

—¥ splitter blade
main blade e
N\
A
NN
leading edge

Figure 5: Splitter blade length in comparison to main blade length.
Respectivé Esare fixed [E].



2.4.3 VoluteCasing

The final component which is oimportance to this project is the volutecasing Its purpose is
to collect the working fluid after leaving the impeller. As the fluid travels along thespiral,
additional mass flowis added from the impeller exit. Due to an increasing crossectional area
with circumferential angle, the velocity is maintained This results in a uniform pressure
distribution across this stagd9]. A diagram of the volute casing ishown in Figure6. Limited
publications are present on performance assessments of turbopump volte casings, as they
typically form part of much broaderinvestigations.

Tongue Fillet Inlet
(Impeller Outlet)

Diffuser

e aa
Outlet /

Spiral Casing

Figure 6: Labelled sketch of volute casing [D].

2.5 Baseline Compressor Design Parameter s

This section aims tantroduce the underlying pump performance theoryused to construct the
baseline 1D models.The total pressure rise 30 , across the compressor can be expressed
as the total head,

s o @

c
C
CH
C
<

r - — h (3)

where the 6 is the circumferential velocity at the impeller outlet. Thus, the work coefficient
is a characteristic parameter of the impellerSimilarly, the flow coefficientfor the inducer can
be written,

e

¢
CA
<

h (4)

where ® ; and & represent the meridional absolute velocity component and tangential
velocity at the inducer tip, respectively The flow coefficient is defined at thanducer section
of the compressor asit is a useful parameter for gantifying cavitation performance [23].
Inducer and impeller specific diameter,] , and specific speed, , can now be presented
empirically [34],

h (5)

—



. 8 (6)

The onset of cavitation occurs when the available ne@bsitive suction head() 0 "Y’@alls below
the required net positive suction head? 0 "Y'(B]. These are defined by Equationg and 8,
respectively,

e N0 n .
0L YO "_"Q a ,,_B (7)
5 0 o] W ﬁ 8
00 - Ta - o (8a)
_  pp (8b)
_ TR 8 (8c)

Assuming inviscid incompressibleflow, the relationship betweenwork and flow coefficients
can be derived byapplying the Bernoulli equation for a rotating system[1] . Between inlet and
outlet stations 1 and 2, repectively,

0 0 "1Twi i 8 (9)

By also assuming zero preswirl at the inducer inlet, ¢ 1, and utilising Equation 3 and
Equation 4, the relationship between ande can be defined,

' p Al 08 (10)

Similarly, theexternal torque, U , on the system can be expressed as,

obwi i 8 (11)

By the definition of power in terms of angular velocity, the required power for the system is
derived,

0 01 "0®o6 »o 8 (12)
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3.0 Purdue University Design Requirements
3.1 Propulsion System Schematic

The ultimate objective is for the oxidiser compressor assemblyto be integrated within a
launcher for a low-orbit micro -satellite [3]. As part of a design study byU, a full propulsion
system schematic was presented for suchn application, and this will be a key driver to
formulate the compressordesign specification. Tle schematic is provided in Figurée'.

H,0, TANK FUEL TANK
B viquidn,o,
I:l Decomposed H,0,
7_//IFLIEL PuMF"\\_7 »  Fuel Flow
Bl Fuel rr-) B —
; e\
H,0, Catalyst R ——

Oxidiser Flow — |8 1
A :\ TURBINE

Cooling Flow
.

<

™~ Combustion
Chamber

Transpiration
Cooling Jacket ~_

s __Nozzle

Figure 7: Engine system flow schematic based on the PU configuratDp [

The nominal operating point for the compressorincluded a mass flow rate ofygt QM , a
required total pressure difference ofo ¢ @@ ia shaft speed ofo fit i f) dand an inlet
stagnation pressure oft § wo wand temperature of¢

3.2 Design Specification Document

Derived from the requirements outlined by the PU publications, adesign specification
document was constructedto summariseall criteria which the compressor prototype should
satisfy. This was routinely interrogated and revised throughout the project to ensure both
configuration control and system canpliance.The final revision is provided in Figure8.

3.3 Hydrogen Peroxide Properties

The physical and chemical properties of 90% concentratioR TP at ¢ w(were obtained from
the KnoveP Engineering Technical Reference databa$85,36]. These aregivenin Table 1.

Table 1: Properties of 90% concentration hydrogen peroxide at 298K.

Property Value Units
Density,” PT T e
Kinematic Viscosity,’ g X p T a i
Thermal Conductivity, Q VRURY ®wa L
Heat Capacity® 2774 0Q Q0
Vapour Pressuren TOT 0 @
Molar Mass 0 34.01 @€ a

-11-



ID DATE SOURCE | ITEM TARGET | PRIORITY
1.0 OVERALLSYSTEM REQUIREMENTS

1.1 07/02/2022 Purdue University Working fluid 90% ConcentrationHTP High
1.2 07/02/2022 Purdue University Total Pressure Rise 360 bar High
1.3 07/02/2022 Purdue University Inlet Total Pressure 4.15 bar Medium
1.4 07/02/2022 Purdue University Working Temperature 298K Medium
15 07/02/2022 Purdue University Nominal Design Speed 90,000 rpm Medium
1.6 07/02/2022 Purdue University Nominal Mass Flow Rate 8.00 kg's High
1.7 07/02/2022 Purdue University Redline Design Speed 100,000rpm Low
1.8 07/02/2022 Purdue University Redline Mas Flow Rate 8.90 kg's Low
1.9 07/02/2022 Purdue University Low Power Design Speed 75,000 rpm High
1.10 07/02/2022 Purdue University Low Power Masg-low Rate 6.50 kg/s High
2.0 INDUCER REQUIREMENT

21 07/02/2022 Purdue University Impeller Cavitation Loss Less than 3% total pump head Medium
2.2 07/02/2022 Purdue University Inlet Diameter Greater than shaft diameter High
2.3 07/02/2022 Purdue University Outlet hub diameter Equal to impeller inlet hub diameter High
24 07/02/2022 Purdue University Tip diameter Equal to impeller inlet tip diameter High
25 07/02/2022 Purdue University Tip clearance 0.10 mm Medium
2.6 07/02/2022 Purdue University Suction specific speed Maximise Medium
2.7 07/02/2022 Purdue University Flow Coefficient 0.10 High
2.8 07/02/2022 Purdue University | Generated headEnergy fraction) 6% of total pump head Medium
29 | 07/02/2022 | Purdue University Slip Tolerance <150 Low

(Deviation)

2.10 07/02/2022 Purdue University Efficiency >70% Medium
2.11 14/02/2022 Design Brief Compactness Less than 15mmin length Medium
3.0 IMPELLER REQUIEMENTS

3.1 07/02/2022 Purdue University Outer Diameter <65 mm Medium
3.2 07/02/2022 Purdue University Efficiency >60% Medium
3.3 14/02/2022 Design Brief Impeller Type Shrouded High
4.0 STRUCTURAIREQUIREMENTS

4.1 14/02/2022 Design Brief Design Stress 85% of yield stress High
4.2 14/02/2022 Design Brief Structural efficiency Maximise Medium
4.3 14/02/2022 Design Brief Fatigue Life Maximise Medium
4.4 01/0 3/2022 DesignMeeting Natural Frequencies Outside operating window High
4.5 01/03/2022 Design Meeting Component Inerta Minimise Medium

Figure 8: HTP compressor design requirements derived from the PU publicati8rg 15,17].
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4.0 Baseline Compressor Model Development
4.1 Iterative Design Approach

Arefined baseline desigrnwas requiredto conducta subsequentoptimisation study. Hencean
iterative inverse design approach was adopted to achieve desired performance
characteristics. This included thetotal pressure rise, efficiency, structural integrity, and mass.
Firstly, MATLAB®-based1D models for the inducer, impeller, and volute were constructed to
output parametersand geometriesrequired by the CFTurbe® turbomachinery software. Once
a 3Dcompressor model had beerestablished, CFTurb® waslinked with ANSY® CFX andhe
CFTurbe® FEA extensiorto determine the flow and structural performance.If the results did
not comply with designrequirements, input parameterswere modified to initiate an iteration.
By using ANSY&in conjunction with CFTurba®, an efficient workflow was establishedfor
quick adjustments.A flowchart depicting theiteration loop is shown in Figure9.

CFD Simulations

Pump Impeller 1-D Model

Establish: NPSHR, NPSHA, Rotational i
Specd, Ca Limits, Optimal Tnlet 2D/3D Geometry Generation FEA — Static Analyses

Prototype Design Pack

Finalise specificntions and technical drawings.

Pump Inducer 1-D Model

within permissible safety limit

Establish: Flow and Head Coefficients, Inlet
and Outlet Sizes.

FEA — Modal Analyses

—# Determine dynamic behaviour and check [~

with operating window

If performance specification does not meet design requirements, adjust input parameters, and iterate.

Figure 9: Iterative inverse design process for the HTP compressor. Adaipoea [F].

4.2 1D Model Design Tool

The code structure casists of atop-level function which feeds user-specifiedinputs, relating
to the compressordesign point and overall geometryinto separatecomponent scripts. These
then output the flow coefficients, performance parameters, and blade angles required by
CFTurb®®, using the steadystate and empirical equations presented in 82.5. The top-level
inputs are the shaft speed, mass flow ratdluid density, total pressure rise andthe inducer-
impeller energy fraction. Figure 10 illustrates the velocity triangles used in the construction
of the 1D model

Coa
-

(a) Inducer velocity triangle (b) Impeller velocity triangle.

Figure 10: Velocity triangles used as the basis for the 1D preliminary compressor mi@ilel

-13-



The respective inputs and outputdor each 1D component model are summarised in Table2.

All 1D modelcode is provided in Appendix A.

Table 2: 1D malel code structurez script inputs and outputs.

1D Model Inputs Outputs
Flow Coefficient
Work Coefficient
Shroud Diameter at inlet/outlet 00 "YO
Inducer Hub-shroud Ratio at inlet/outlet 00 "YO
Preliminary efficiency Inlet Blade Anglesf
Blade Count Outlet Blade Angles
Specific Speed
Specific Diamete
Flow Coefficient
. Work Coefficient
Impeller Diameter : i
. Diameter Ratio
Hub Diameter ) .
. Outlet Width Ratio
Impeller Outlet Width
S - Inlet Blade Anglest
Preliminary efficiency
Outlet Blade Anglef
Blade Count e
Specific Speed
Specific Diameter
Outlet Pipe Diameter
Outlet Radius
Volute Impeller Outlet Velocity AreaVariation Plot
Impeller Outlet Radius
Spiral Contour Plot

Several simplifying assumptions wereapplied in the creation of this model These are
summarised as follows:

Incompressible, steady flow
Inviscid flow.

Adiabatic system.

Zero pre-swirl at inducer inlet.
Axial, uniform inflow.

Isentropic expansion

Finite blade gan count.
Assumed peliminary efficiencies.

©No gD RE

The presented preliminary modelling tool provides an efficientapproach o generating all

specifications which are required to produce a sfficient initial compressordesign. The code
offers a great amount of flexibility for the initial developmentstage andinputs can be easily
modified to suit a range ofperformance requirements,operating conditions, and fluids.
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4.3 CFTurbo® Model Development

4.3.1 Generated2D Meridional Geometry

For each iteration, he outputs from the 1D modelwere then inputted into CFTurbc® to
generateuseablecompressorgeometry. A 2D meridional model was then constructed which
included all elements required for ANSYSCFX. This included the inducer, impeller, volute,
and inlet and exit pipes to ensure steady conditions at either boundar¥igure 11 depicts the
meridional view of the baselinecompressor.

38 radial coordinate

1 inet Pipe | SRS

Figure 11: Compressor subassembly meridional vidlmensionsare included for reference.

An unshroudedinducer designwas selectedo limit the outboard mass of the component and
reduce blade root stress concentrations.To compensate for the loss in performance
experienced by choosing an unshrouded design)aw tip clearance ofripd & was specifiedto
ensure tip leakage flows werekept to a minimum. For the purposes of theexperimental
prototype, zero inflow swirl was also specified When concerning the meridional contouras
shown in Figure 11, straight line LE and TE profiles were used, and a Bézier curve with
tangential start andend conditions wasdefined for the hub geometry. The drive shaft was
modelled at the inner surface of the inlet pipe.

For the impeller, a shrouded design wa®pted for, with upstream swirl enabled to
account for the inducer outflow. Similarly, straight line LE and TE were choseriNo secondary
flow paths were created for either tke inducer or impeller. Finally, to construct the volute
geometry, a simple circular cross-section, with a linear area prgression was used for both
the spiral contour and the exit diffuser.This rudimentary approach helped to avoid additional
complexity at the baseline design stage, where too many variables could hdiveited progress
and configuration control.

At this stage, Cordier plots were also generated to monitor how the closely the inducer
and impeller designs coincide with the optimum condition, as defined by extensive
experimental data and empirical analysis of proved turbomachinery designs #3. Relative
coordinate axes were used, which displayed specific diameter against specific speed, .
300AECEO 1T ETAO A O OEA x1 OE AT AEEFEAEAT O ¢ AT A
Cordier plots for the baseline inducer and impeller designs are given in Figude.
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(a) Inducer Cordier plot. (b) Impeller Cordier plot.

Figure 12: Respective Cordier plots for the inducer and impeller.
4.3.2 Generated3D Geometry

Once the compressor meridinal geometry had been finalised for each iteration, a 3D
compressor model wasgenerated. Additional steps were required to establish final blade
geometry. For both the inducer and impellera default mean lineblade setup was specifiedor
the meridional coordinate positioning with respect to the tangential coordinateas a fullblade
mean lineoptimisation was out of the scope of this projectSecondly, as recommended by the
NASA Design Criteriatrapezoid blade thickness distributions were modelled [21]. Finally,
inducer blade edgaypesincluded an elliptical LE and a straight TE, whilenpeller blade edge
types were both specified as ellipticalFigure 13 shows the baseline compressor 3D model.
Hub and shroud solids were not enabled to ensure smooth compatibility with ANSYSCFX,
whereas these were created for use in the CFTurbd-EA software.

(a) CompressotSO view. (b) CompressoiTop-view

Figure 13: View of generated 3D compressor geometrgm CFturb®.
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4.4 Internal Flow Analysis Setup

Flow smulations were conducted usingANSYS8 CFX 2022 R1 under a student licence.

4.4.1 Geometry Construction

The fluid domain of each baseline componentvas exported from CFTurb® into ANSYS3
DesignModeler All constituent componentsare shown in Figure14.

(a) Inlet pipe. (b) Inducer. (c) Impeller. (d) Volute.

Figure 14: Component flow domains. A section view of the inducer has been used for reference.

Named Selections were assigned at this stage for component inlet and outlet boundaries,
domain and interface definitions,blade surfaces, hub and shroud surfaces, and volute walls.
This provided an efficient setup within ANSYSCFXPre.

4.4.2 SimulatedFluid

All analyses utilised the90% concentration HTPproperties summarised inTable 1. The fluid
was modelled as a constant propgy liquid , as opposed to gecifying an aqueous solution
through mass fractiors. For the purposes of this project wherenly overall pump performance
is concerned, this assumption wascceptable

4.4.3 SolverSettings

For all analyses steady state incompressilde flow was assumed To capture the rotational

motion of the drive shaft, inducer, and impeller, the Multiple Reference Frame (MRfethod
was adopted. The inlet pipe, inducer and impeller flow domainsvere modelled under a
rotating reference frame atthe desired angular velocity The drive shaft, inducer hub, impeller
hub and shroud, andall blade surfaces weredefined as smooth, nm-slip walls with zero
velocity. The inlet pipe outer surface and inducer shroud wereefined as counter rotating
walls. The volute and exit pipedomains were modelled undera stationary reference frame.

The impeller-outlet and volute-inlet interface was setup using General Connection
interface model, which incorporated a constant total pressure Mixinglane Instead of
assuming a fixed relative position of theimpeller blades, the Mixing-Planemodel performs a
circumferential averaging of the fluxes through bands on the interfac&teady state solutions
are then obtained in each reference framg87]. The Frozen Rotor approach, however provides
adirect coupling, imposing the local flow conditions from one row to the otherand vice vers.
Supposedly providing amore accurate representationof exit flow behaviour, the absence of
inertia doeslead tophysical inconsistencies in the formof artificial wakes, so was omitted for
this study [37,38].

The Shear Stress Transport (SST) turbulence model was used because it has been
reported to predict flow separation more accuratelythan the k-epsilon model as well as
exhibiting good behaviour in adverse pressure gradient§3]. Temperature variation across
the compressorwas not modelled flow was assumedsothermal at 25°C As the temperature
field is decoupled from the velocity and pressure fielglin incompressible flow, isothermalflow
is a reasonableassumption.
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4.4.4 Boundary Conditions

For the nominal design point, auniform total pressure of T® Wy ®and a mass flowrate of
g8t QT was prescribed at the inlet andoutlet boundary, respectively.This ensuredthe flow
characteristics matched the compressor design requirements. Both were defined in the
stationary reference framewith medium turbulence intensity (5%), and the respective planes
were positioned far enough from the inducer and volutespiral to ensure a fully-developed
velocity profile [3]. Both boundary conditions are shown in Figurel5.

(b) Mass flow outlet BC.

Figure 15: Prescribed boundary conditions (BCs) for the compressor model.

4.4.5 MeshConstructionand Independence Study

A mesh independence study was conducted to determin@sult sensitivity with respect to
meshdensity, andto construct an optimum mesh which provides dalancebetween accuracy
and computational performance Four meshes were generated, each with increasing levels of
guality. This was achieved by decreasing the element size, and the curvature and proximity
minimum sizes. Modification of the curvature functionreduced violation of complex
geometries, whilst the proximity function helped regulate volumetric gaps between elements
[37]. Due to the constraints of the student licence, there was an imposed mesh refineménmit

on each component.

An inflation layer was also applied to all bladehub, shroud, and volutesurfaces This
aided in a more accurate boundary layer resolution by inflating the mesh to a specified number
of layers from the wall surfaces 37]. Maximum inflation layer thicknesses were set at@®a &
for the inlet pipe,impeller, and volute surfaces, but a thickness afd & was specified for the
inducer shroud to account forthe tip clearancegap. Theinflation layer count wasincreasedin
the mesh study toimprove boundary layer representation.This was varied from 4 to 10 for
the rotational domain, and from 4 to 7 for the stationary domain.

Table 3 summarises the characteristics of each generated mesh. Preliminary
simulations were runto obtain elapsed solverconvergencetimes. This provided an additional
metric to compare each mesh setting.

Table 3: Mesh characteristics for each quality setting.

Parameter Setting 1 Setting 2 Setting 3 Setting 4
Global NodeCount 256,765 346,289 374,488 436,656
Global Element Count 732,620 1,034,309 1,106,863 1,248,336
Average Global Skewness 0.286 0.279 0.271 0.247
Average Global Orthogonality 0.694 0.707 0.718 0.744
SolverConvergencelime 00:07:30 00:10:12 00:11:28 00:13:56
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The two primary metrics used to assess mesh quality @re global average skewness and
orthogonality. Higher mesh quality concerned global average skewness values which were
below 0.95 and global average orthogonality values which were greater than (.39]. Setting
4 produces the highest quality mesh in terms of these two parameters.

Furthermore, all meshes were assessed based on theerage Y+ values through. The
average Y+ values across thentire flow domain for each mesh settingare summarised in
Table 4. The SSTK turbulence method provides increased accuracy outside the range of
5<Y+<20.For Y+>20, a wall function is employedor improved representation of the velocity
profile, whereasfor Y+<5, the viscous boundary sublayer is resolvefl37]. All meshes
demonstrated reasonable Y+ values.

Table 4: Global average Y+ values.

Mesh Setting Average Y+ Value
1 57.9
2 54.5
3 48.6
4 34.2

Using the preliminary simulation results for the total pressure rise across the compressor, a
mesh convergence plot was producedas shown inFigure 16. Overall, the results are shown
to be mostly mesh independent, with convergence being displayed after approximately one
million elements.
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Figure 16: Mesh convergence study concerning the total pressure rigaifast element count.
A0.1%error bandhas been includetbr reference

Given the higher mesh quality in terms of skewness and orthogonalitgnd sufficientY+ value,
Setting 4 wasutilised for further simulation, despite the minor increase in solver timeThe
final meshesfor each componentand respective inflation layers,are depicted in Figurel?.
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(a) Inlet pipe mesh. (b) Inlet pipe inflation layer.

(c) Inducer mesh. (d) Inducer inflation layers.

(e) Impeller mesh. (f) Impeller inflation layers.

(g) Volute mesh. (h) Volute inflation layer.

Figure 17: Generated component meshes using Setting 4.
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