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ABSTRACT

A comprehensive operational characterisation of a repre-
sentative, Liquid Hydrogen (LH2) aircraft engine pump, a key
enabler for future hydrogen aviation, is presented in this work.
The implications of leakage flows are investigated in a 2-stage,
high-pressure pump for a wide range of flow rates and rotational
speeds, through 3D (U)RANS simulations. The study compares
two configurations: a baseline model comprising the primary
flow path components - inducers, impellers and volutes and a
realisable pump hardware that includes hub, shroud and power
unit cavities. Performance metrics, including head changes and
efficiencies, are extracted both at a component and system level.
Leakage flow rates of 27.6% and up to 92.9% of the overall pump
flow rate are recorded at design and lowest flow points respec-
tively. The head loss in the mid to low flow rates does not exceed
4.5%, but the efficiency diminishes by up to 13.5% at off-design
operation. The component analysis indicates significant penal-
ties in impeller efficiency. At high flow rates, the presence of
leakage flows improves the overall pump performance by 43%
and 27% in head rise and efficiency, due to reduced losses in
volutes and connecting ducts. The detailed characterisation of
pump behaviour described in this work is of importance in devel-
opment of safe, reliable and predictable design of aircraft LH2
pumps. These aircraft pumps are different from LH2 pumps uti-
lized in rocketry and for cooling in nuclear industry due to the
requirement to operate with wider turn-down ratios and often
at low specific speeds. Therefore, this study addresses design
considerations in this enabling technology that ensures the de-
livery of pre-conditioned fuel according to the aircraft operating
conditions.
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NOMENCLATURE

Roman letters
𝐹 Force.
𝑔 Gravitational acceleration.
𝐻0 Head using stagnation pressure.
𝑚̇ Mass flow.
𝑃0 Stagnation pressure.
𝑃𝑠ℎ Shaft power.
𝑄 Volumetric flow rate.
𝑟 Radius.
𝑡 Time.
𝑊 Relative velocity magnitude.

Greek letters
𝛼𝜃 Absolute flow angle with respect to tangent.
𝜂𝑝 Efficiency.
Λ Generic scalar quantity.
Λ Averaged generic scalar quantity.
Λ′ Fluctuating component of a generic quantity.
𝜌 Density.
𝜏 Torque.
𝜔 Angular velocity.

Subscripts
𝑒𝑥 Extrapolated property.
𝑖𝑚𝑝 Impeller property.
𝑖𝑛 Inlet property.
𝑛𝑜𝑟𝑚 Normalised property.
𝑜𝑢𝑡 Outlet property.

Abbreviations
𝐷𝑃 Design point.
𝐿𝐸 Leading edge.
𝐿𝐻2 Liquid hydrogen.
𝑁𝐼𝑆𝑇 National institute of standards and technology.
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𝑁𝐿 No leakage.
𝑅𝐺𝑃 Real gas property.
𝑇𝐸 Trailing edge.
(𝑈)𝑅𝐴𝑁𝑆 (Unsteady) Reynolds-averaged Navier-Stokes.
𝑊𝐿 With leakage.

1. INTRODUCTION
The use of sustainable and environmentally friendly fuels

in commercial civil turbofan engines is at the epicentre of cur-
rent research efforts, due to their potential to de-carbonise the
aerospace industry and achieve aviation climate neutrality in the
march towards NetZero goals [1, 2]. The implementation of
zero-carbon fuels, particularly hydrogen, in commercial aircraft
and rotorcraft applications (see [3]), is again at the forefront of
future green technologies in aviation industry, after early explo-
rations in the 1970s. Hydrogen-powered aircraft can be used for
maintaining existing airline routes, covering different ranges and
can act in tandem with associated aircraft electrification tech-
nologies, such as fuel cells. A comprehensive discussion on
hydrogen-powered aircraft including its technical and economic
challenges along with key observations regarding the availability
of low-cost green hydrogen production at scale, is addressed in a
recent publication [4].

Due to the low density of Liquid Hydrogen (LH2), cryogenic
storage is crucial, as it maximises its energy density and facili-
tates its effective harnessing, a key requirement to achieve high
overall aircraft and turbofan engine efficiencies [5–8]. However,
cryogenic storage of LH2 poses challenges in the design of fuel
tanks and in the fuel delivery system. Several studies and strate-
gies have been identified to optimise the fuel tanks to minimise
the boil-off and increase the gravimetric efficiencies. Moreover,
the challenges associated with the pre-conditioning of the fuel
from cryogenic conditions to high pressure, near ambient tem-
perature conditions, have not been investigated in as much detail,
except for some system level architectural studies [9, 10]. Pre-
conditioning of the fuel is critical to enable well-mixed, low, or
nearly no NOx, stable combustion in the engine. The on-board
availability of cryogenic hydrogen can be beneficial from a ther-
mal management point of view, since it can act as a thermal sink.
This provides opportunities for rejecting heat from the engine
and other auxiliary systems to achieve the required temperature
rise of hydrogen, prior to its injection into the combustor. Few
studies have focused on the design of heat exchangers to enable
this temperature rise and to explore its synergies with engine cy-
cle design optimization [11, 12]. However, the aspect of pressure
rise in hydrogen pumps for aircraft applications has not been in-
vestigated in sufficient detail. In engine cycle design exploration
and system level architectural studies, a general pump behaviour
characteristic is often assumed to enable simulations.

In LH2 fuel system architectures, typically two different
pumps are used: a booster pump at the tank outlet to move the liq-
uid and overcome the pressure drop and a high-pressure pump to
deliver the fuel at the required combustor pressure. Of these two,
the high-pressure pump is critical to ensure appropriately condi-
tioned LH2 delivery for a wide variety of operating points in the
aircraft mission profile. For high-pressure pumps, typically cen-
trifugal designs are preferred due to their ability to achieve higher

pressure rise in smaller number of stages, resulting in lower pack-
aging volumes and weights as compared to alternative pumping
solutions.

There is a wide body of literature around the design, analysis,
and operation of LH2 pumps for applications in liquid propellant
rockets, as well as in the nuclear industry for cooling purposes.
However, the operating regime of these pumps is restricted to a
small range of mass flow and power settings and are often op-
erated in nearly design conditions during their entire utilization
profile. On the other hand, pumps for aircraft engine applica-
tions are required to operate for considerable durations of time
in a significantly wider range of mass flows and power settings;
from maximum engine fuel demand at high power take-off, to
low power settings during idling, descent and landing. Moreover,
aircraft engine LH2 pumps often tend to be low-specific speed
designs, powered by electric motors due to their smaller absolute
LH2 flow rates. To help increase the specific speed of the pumps,
the pressurization is achieved between multiple units. The flow
field description and operational characterization of such repre-
sentative low specific speed LH2 pumps for different flow rates
and rotational speeds has not been explored before. Typically,
in the characterization of pump operation, a baseline geometry
of the inducers, impeller wheels and volutes are used without
any leakage paths. However, it is known that regardless of the
fluid, leakages in impeller shrouds, hubs and power unit assem-
blies, substantially affect the pump performance characteristics
[13, 14]. These are the characteristics that the actual pump or
compressor hardware will eventually exhibit, thus it is important
to consider the implications of leakage flows for design, mod-
elling and performance/operability assessment purposes. Conse-
quently, the pump leakage behaviour, flow field structures and its
corresponding effect on the operational characteristics constitute
a critical, yet insufficiently explored field, which is inextricably
linked to the successful design of future hydrogen fuel systems.

To address the research gap, this study discusses a com-
prehensive computational flow field investigation into the unex-
plored operational characteristics of aircraft representative LH2,
high-pressure fuel pumps using two pump configurations: a base-
line design with only the main turbomachinery elements and a
hardware-realisable design, with the full inclusion of all possible
leakage paths in the hub, shroud, and the electric motor assem-
bly. The work represents a first of its kind for LH2 pumps which
describes a multi-level characterization into the effects of differ-
ent leakages and their impact on the performance of a realistic
aircraft LH2 pump design. The observations made in this work
are of importance to the design and development of this key en-
abling technology as well as its safe, reliable, and predictable
operation which is critical to future hydrogen aviation. More-
over, the general form of the operational characteristics with and
without leakages discussed in this work are essential for lower
order modelling methods exploring fuel system architecture and
engine cycle innovations, which has hitherto relied on general
assumptions for LH2 pumping behaviour.
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2. HYDROGEN PUMP GEOMETRY AND MODELLING
APPROACH

The pump under consideration is representative of a 2-stage,
high-pressure hydrogen pump, intended for application in future,
hydrogen-powered aircraft engines. The two stages comprise
identical radial impellers and volutes, with an inducer preceding
the first stage. The inclusion of the inducer enables operation
at low inlet pressures, reliable operation when hydrogen vapour
forms at the inlet of the pump and provides additional head rise.
Intermediate ducting components guiding the flow through the
different stages are included, while the pump shaft is consid-
ered to be coupled with an electric motor. To assess the impact of
leakage flows on pump performance, two configurations are com-
pared; the baseline, "clean" configuration and the full model. The
first, comprises the turbomachinery and ducting components, but
omits hub and shroud leakage flows as well as all cavities within
the motor, where potentially hydrogen leakages are expected. The
two configurations are shown in Fig. 1.

FIGURE 1: OVERVIEW OF THE BASELINE (TOP) AND FULL CON-
FIGURATION (BOTTOM) PUMP CFD MODELS.

2.1 PUMP DESIGN
The inducer consists of 3 flat plate blades with rounded lead-

ing edge (LE) and trailing edge (TE). The impellers are shrouded
and consist of 4 full and 4 splitter blades with rounded LE and
flat, cut-off TE. The impeller and volute designs are identical and
are connected downstream with identical diffusing ducts. The
two stages are connected via a 180𝑜 bend, guiding the flow to the
inlet of the second stage as it exits the diffusing duct of the first
stage. Leakage paths are formed in the gap between the shroud
and the casing as well as in the gap between the hub and the cas-
ing. The hub leakage path of the first stage impeller is obstructed
by the presence of mechanical components, thus is not linked to

second stage flow path, while the hub leakage path of the second
stage is connected with the leakage flow cavity network of the
motor. The cavities inside the rotor are modelled in detail and are
representative of the cavities between the rotating components,
the casing and the shaft. Key design parameters of the turboma-
chinery components and the volutes normalised with the impeller
outlet radius are shown in Tables 1, 2.

TABLE 1: NONDIMENSIONAL TURBOMACHINERY DESIGN PA-
RAMETERS.

Design parameter Inducer Impeller
Number of blades 3 4 + 4

Inlet blade height /𝑅𝑖𝑚𝑝,𝑜𝑢𝑡 0.2 0.14
Outlet blade height /𝑅𝑖𝑚𝑝,𝑜𝑢𝑡 0.14 0.066

𝑅𝑖𝑛/𝑅𝑖𝑚𝑝,𝑜𝑢𝑡 0.87 0.24
Tip Clearance /𝑅𝑖𝑚𝑝,𝑜𝑢𝑡 0.0033 (shrouded)

TABLE 2: NONDIMENSIONAL VOLUTE DESIGN PARAMETERS.

Design parameter Volute
Inlet radius /𝑅𝑖𝑚𝑝,𝑜𝑢𝑡 1.05

Outlet radius /𝑅𝑖𝑚𝑝,𝑜𝑢𝑡 1.11
Width /𝑅𝑖𝑚𝑝,𝑜𝑢𝑡 0.07

2.2 PERFORMANCE METRICS
The performance of the different components and the entire

pump are estimated using pitchwise-averaged flow variables at
planes positioned upstream and downstream of each component.
To account for changes in density due to compressibility phenom-
ena, the average density along the component under consideration
is preferred. The head rise and hydraulic efficiency are computed
according to Eqns. (1) - (2) and the shaft power is obtained by
integrating the product of the torque and angular velocity along
the turbomachinery components.

Δ𝐻 =
Δ𝑃0
𝑔𝜌𝑎𝑣𝑔

(1)

𝜂𝑝 =
𝑄Δ𝐻𝑔𝜌𝑎𝑣𝑔

𝑃𝑠ℎ

(2)

𝑃𝑠ℎ =

∫
𝑟𝑜𝑡𝑜𝑟𝑠

𝐹𝜃𝜔𝑟 =

∫
𝑟𝑜𝑡𝑜𝑟𝑠

𝜏𝜔 (3)

In the above equations, the volumetric flow rate is computed at
the component inlet using the average density, i.e. 𝑄 = 𝑚̇𝑖𝑛/𝜌𝑎𝑣𝑔
and the average density as the arithmetic average of the inlet
and outlet density of the component under consideration, i.e.
𝜌𝑎𝑣𝑔 = 0.5(𝜌𝑖𝑛 + 𝜌𝑜𝑢𝑡 ).
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FIGURE 2: OVERVIEW OF THE GRID ON THE MERIDIONAL PLANE (TOP) AND OF INDIVIDUAL COMPONENTS (BOTTOM). A COMBINATION
OF STRUCTURED AND UNSTRUCTURED GRIDS IS USED.

2.3 GRID AND BOUNDARY CONDITIONS

The grid topology comprises a combination of structured
(Hexahedra) and unstructured (Tetrahedra) grids. The grids of
all turbomachinery components are structured (Ansys Turbo-
grid), while the grids of the volutes, additional ducting compo-
nents, leakage paths and motor cavities are unstructured (Ansys
Mesher). The inducer and impeller grids include a total of approx-
imately 3.39 × 106 and 4.74 × 106 number of elements respec-
tively, the volutes along with the adjacent ducting components
5.83 × 106 and the hub, shroud and motor cavities incorporate a
total count of about 60.1×106 elements. Inflation layers are used
in all turbomachinery components but not in ducted components
to preserve computational requirements within reasonable lev-
els. This is not expected to substantially affect the performance
quantities of interest as the inertia forces are primarily driving
the flow-field due to the excessively low viscosity of hydrogen.
An overview of the mesh on the meridional plane along with the
mesh of individual components is shown in Fig. 2. The total
element count is approximately 18.7× 106 elements for the clean
and approximately 78.8× 106 elements for the full configuration.

At the pump inlet, denoted with number "0", uniform stag-
nation pressure and temperature are applied, while at the outlet
(number "5"), mass flow is imposed. The working fluid is liquid
hydrogen. The compressibility factor along the pump is expected
to range by approximately 0.28 between the inlet and the outlet,
thus real gas modelling is required. The standard, real gas mod-
els embedded in CFX were deemed inadequate for the operating
range under consideration and proved to be relatively unstable in
certain operating conditions. This was addressed by introduc-
ing Real Gas Property (RGP) tables containing both liquid and
gaseous hydrogen properties from the national institute of stan-
dards and technology (NIST) database. The 𝑘 − 𝜔 turbulence
model is used and the energy equation is also resolved. Frozen

rotor interfaces are set between rotating and stationary domains,
since mixing planes introduced significant numerical instabili-
ties. All walls are adiabatic with no-slip condition. All rotors are
driven by the same shaft, thereby having similar angular veloc-
ities. Steady-state, single phase, RANS simulations are carried
out using with higher order schemes.

2.4 NUMERICAL UNCERTAINTY
To evaluate the metrics of interest, it is essential to quantify

the uncertainty associated with the mesh as well as the unsteadi-
ness of the steady-state flow solutions on which the characteri-
sation of the design and off-design pump performance is based
upon. The pump performance metrics are time averaged (in
steady simulations they are iteration-averaged) to extract the av-
erage performance metrics. The average fluctuations are then
determined by averaging the difference between the mean and
the instantaneous/recorded value of the property, over a range
of iterations, typically 10% of the iterations before the simula-
tion was stopped. Denoting with Λ an arbitrary quantity and
replacing time with iterations for steady-state simulations, the
mean of the quantity and the average fluctuations are computed
by Eqns.(4),(5):

Λ =

∫ 𝑡2
𝑡1 Λ𝑑𝑡

Δ𝑡
(4)

Λ′ =

∫ 𝑡2
𝑡1 (Λ − Λ)𝑑𝑡

Δ𝑡
(5)

Table 3. summarises the mean fluctuations, as percentage
of the corresponding averaged metrics. The fluctuations of the
mass flow at the outlet, overall head rise and leakage mass flows
are shown at different operating points at design speed. The
mass flow fluctuations are small, not exceeding 0.56%. The
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average amplitude of the head rise oscillations is larger, reaching
its maximum at the highest and lowest mass flow off design points.
The excessive oscillations observed in the hub leakage paths, are
in absolute numbers negligible, as the path fills with hydrogen
and the incoming or exiting mass flow is almost zero. The shroud
leakage mass flow is fluctuating by less than 1.73% across most
operating points and is increasing to less than 4.5% at the lowest
mass flow conditions. The design point values are shown in bold
letters.

TABLE 3: MASS FLOW, HEAD RISE, HUB AND SHROUD LEAKAGE
PATH FLUCTUATIONS AT DESIGN SPEED (BOLD) AND DIFFERENT
FLOW RATES AS PERCENTAGE OF THE AVERAGED VALUES.

𝑄𝑛𝑜𝑟𝑚 𝑚̇′
𝑜𝑢𝑡% Δ𝐻′% 𝑚̇𝐿𝑃

ℎ,𝑜𝑢𝑡
% 𝑚̇𝐿𝑃

𝑠,𝑜𝑢𝑡%
0.18 1.72 6.05 1059.78 4.36
0.22 1.05 5.14 282.23 4.47
0.27 0.58 4.57 353.74 2.87
0.36 0.45 2.87 112.58 1.25
0.45 0.21 5.49 114.81 1.73
0.48 0.28 1.98 80.22 1.00
0.54 0.23 2.62 95.63 1.24
0.64 0.12 1.50 244.75 1.53
0.77 0.21 4.38 79.25 1.02
0.90 0.17 4.81 87.83 1.57
1.00 0.13 7.45 97.21 1.31

FIGURE 3: OVERVIEW OF ISOLATED GRID CONVERGENCE STUD-
IES FOR IMPELLERS AND VOLUTES CARRIED OUT AT DESIGN
CONDITIONS. THE METRICS ARE NORMALISED WITH THE COR-
RESPONDING EXTRAPOLATED VALUES.

A grid convergence study has been carried out at design
conditions for each component individually, to estimate the nu-
merical uncertainty associated with the mesh. The head changes
across the inducer, the impeller and the volute with the inter-
mediate connecting duct are normalised with the corresponding

extrapolated values, using Richardson extrapolation and are plot-
ted in Fig. 3. Since the second impeller and volutes are identical
and only the downstream diffusing duct differs (meshed following
identical approach), a separate grid sensitivity analysis has not
been carried out for the second stage volute and diffusing duct. In
the case of the first stage volute/ducts, the displayed property is
essentially the head loss. The errors associated with the inducer
and impeller domains, discretised with the medium grids, are less
than 1.01%, while the head loss error of the volute and down-
stream duct is within a reasonable 2.82%. The minor accuracy
benefits of the more refined grids were not deemed sufficient to
justify the additional computational cost, thus the medium grids
were selected for all components.

PUMP PERFORMANCE ANALYSIS
The implications of the leakage flows and their origins is eval-

uated by comparing the baseline and full configuration following
a three-fold approach; comparison of the full pump performance,
assessment of individual component metrics and examination of
the prevalent flow-field features. The analysis is initially fo-
cused on the design point, subsequently low and high mass flow
off-design conditions are investigated and finally, the full char-
acteristics at different operating conditions and rotational speeds
are presented, aiming to generalise the observations made in the
analysis of the isolated operating conditions.

DESIGN POINT OPERATION
The design point corresponds to the normalised volumetric

flow rate of 0.64 (see Table 3). The implications of the leakage
flows on the pump performance are quantified both on a compo-
nent as well as on a system basis, by determining the efficiency
and the head variations extracted from the baseline and full con-
figuration. Planes [0-5] are taken at the pump inlet (0), inducer
outlet (1), first stage impeller outlet (2), second stage impeller
inlet (3), second stage impeller outlet (4) and pump outlet (5).
For the full configuration analysis, additional planes are defined
exactly at the inlet and outlet of the impellers, coinciding with
the streamwise position of the boundaries of the shroud leakage
path rotating walls (see Fig. 2). These enable the quantification
of properties transferred by the leakage flow and will be referred
to hereafter as planes 1.1, 1.9, 3.1, 3.9.

The density and the mass flow measured at the aforemen-
tioned planes and design conditions for the full configuration are
shown in Fig. 5 and are normalised with the corresponding inlet
values. The measured mass flow rate at the inlet of the impellers
indicates that a significant amount of pressurised hydrogen exits
the impellers, subsequently enters the shroud leakage cavity, trav-
elling backwards all the way to the inlet of the impellers where
it mixes with the incoming main flow (see leakage contours in
Fig. 4). The mass flow through the first and second stage shroud
leakage paths reaches 27.6% and 26.5% of the total pump mass
flow, forcing the impellers to operate at a substantially higher
mass flow. This entails design implications, particularly if the
pumped substance is compressible, e.g. gaseous hydrogen, since
choking could occur at a lower overall flow rate. While this is not
a concern in the current configuration, the higher flow rate in the
impeller shifts the operating point towards the high flow region,
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FIGURE 4: DIFFERENCE BETWEEN LOCAL AND SATURATION PRESSURE ALONG FIRST STAGE IMPELLER INDICATING REGIONS WITH
VAPOUR AND LIQUID PROPERTIES.

FIGURE 5: NORMALISED DENSITY AND MASS FLOW ALONG
THE FULL PUMP MODEL MEASURED AT DIFFERENT PLANES IN-
CLUDING PLANES UPSTREAM AND DOWNSTREAM THE SHROUD
LEAKAGE PATHS.

where the pump efficiency is lower. A redesign of the impeller,
to account for the increased mass flow through the impellers,
is expected to alleviate the efficiency penalties by adjusting the
optimum operation of the impeller for higher flow rates.

Despite the pressurisation of the fluid, the density drops by
approximately 10.2%; this is related to the local flow-field and
the RGP tables. The pump is operating close to saturation condi-
tions, particularly at the inlet, thus being prone to phase changes.
Even though phase changes are not explicitly modelled (single

phase), the RGP tables contain both liquid and gas data and will
adjust the fluid properties locally based on the state of the flow.
This is captured in the contours of Fig. 4, where the difference
between the local and saturation pressure (approximated by a 4𝑡ℎ
order polynomial) are plotted across the first stage flow path. Val-
ues below zero indicate properties within the two-phase regime.
These form in the high-acceleration regions; at the impeller LE
and in the leakage paths. The flow through the shroud leakage
accelerates since the area reduces as the flow is travelling back-
wards towards the impeller inlet. This causes the local pressure
to drop below the saturation pressure, mixing with the incoming
flow at the inducer outlet (see Fig. 4). At the hub leakage path,
a similar phenomenon is observed, however the obstruction of
the flow causes re-pressurisation towards the bearing, raising its
pressure above saturation. At the LE of the impeller, the local
acceleration of the flow is precipitating a similar phenomenon, as
shown in the impeller contours in Fig. 4.

Prior to the performance quantification of the pump and its
sub-components, an overview of the main flow features under-
pinning the operation of each component is provided in Fig. 6.
Similar to the first stage hub leakage flow, the motor cavities fill
with the incoming liquid hydrogen from the second stage impeller
hub leakage path. This results in an equilibrium of the pressure
forces between the impeller fluid and the motor cavity fluid and in
turn, in a negligible interaction between the two flow paths. This
is evident by the minuscule mass flow exchange at the hub leakage
path inlet which is of similar magnitude to the one shown in Fig.
4 (see normalised mass flow plot). Large separation regions de-
velop inside the impeller passages, which vary in size according
to the state of the flow-field and the circumferential position of
the blades relative to the volute. Large separation regions also
form in the first and second stage diffusing ducts downstream
the impeller volutes, including the 180𝑜 bend. The presence of
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FIGURE 6: OVERVIEW OF THE MAIN FLOW FEATURES OF THE
FULL CONFIGURATION AT DESIGN CONDITIONS.

separated/recirculating regions induces head loss, reducing the
efficiency of the components and thereby of the pump.

To better understand the mechanisms driving the large sep-
aration regions in the diffusing ducts, the first stage impeller
flow-field is examined. Figure 7 shows relative velocity vectors
in the first stage impeller and volute along with the flow angle dis-
tributions at different planes in the vicinity of the volute tongue.

FIGURE 7: VELOCITY VECTORS (RELATIVE IN IMPELLER, ABSO-
LUTE IN VOLUTE) AND ABSOLUTE FLOW VELOCITY ANGLE DIS-
TRIBUTIONS AT 5 PLANES NEAR 1ST STAGE VOLUTE TONGUE.

The absolute flow angle, 𝛼𝜃 is computed with respect to the
tangential component, with increasing positive values indicating
vectors directed more towards the positive radial direction. Fo-
cusing on the TE of the impeller blade, it can be seen that the
recirculation region is deflecting the flow, causing part of it to
migrate towards the suction side near the TE, increasing its ab-
solute flow angle. That portion of the flow clashes locally with
the bulk flow of the adjacent passage near the volute tongue, in-
creasing locally the absolute flow angle of the adjacent passage.

This causes a radial shift of the flow in the proximity of the volute
tongue, which is reflected on the increase in the absolute flow an-
gle, shown on planes (1-3) in Fig. 7. The radial shift along with
the diffusion in the duct gives rise to flow separation, resulting in
total pressure (and head) loss. The evolution of the losses along
with the 3D streamlines in the ducts downstream the first and
second stage volutes are shown in Fig. 8. The highest loss region
is in the diffusing duct where the flow forms a large recirculation
region, gradually becoming more uniform as it flows through the
1800 bend (Fig. 8 a). The flow downstream the second volute
(Fig. 8 b) exhibits identical behaviour driven by similar flow
mechanisms, further increasing total pressure losses.

FIGURE 8: OVERVIEW OF 3D STREAMLINES AND TOTAL PRES-
SURE LOSSES AT DIFFERENT PLANES ALONG THE DUCTS
DOWNSTREAM THE A) 1ST AND B) 2ND STAGE VOLUTES.

To quantify the head changes along the pump, including
the aforementioned losses and the impact of leakage flows, the
normalised averaged head obtained by the baseline and the full
configuration is plotted in Fig. 9, at the planes shown in Fig. 2.
At the inlet of both impellers, downstream the leakage path
(planes 1.1, 3.1), the total pressure of the full configuration is
higher by 8.3% and 3.6%; this is due to the mixing of the pres-
surised shroud leakage flow with the main flow. The operation of
the impellers at very high, off-design mass flow conditions results
in lower head rise at the impeller outlet, which is evident by the
lower measured head at planes 2 and 4. The head losses in the
first volute and ducts are larger in the clean configuration, while
in the 2𝑛𝑑 stage ones, no significant differences can be observed.

To better assess the performance variations of the different
components, head changes and efficiencies of each of the major
components are extracted for both configurations and compared
in Fig. 10. The variations are given as percentage changes
with respect to the baseline quantities, with red and green num-
bers denoting detrimental and beneficial changes respectively. It
is evident that the presence of leakage flow is detrimental for
all components except for the first volute and connecting ducts.
There is a significant drop in the inducer head rise, due to more
extended two-phase regions and mismatch with the 1st stage im-
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FIGURE 9: COMPARISON OF NORMALISED HEAD AT DIFFERENT
PLANES ALONG THE PUMP.

peller which is operating at a very high off-design flow rate, both
precipitated by the leakage flows. This is also reflected on the
efficiency, which drops by 23.1% in the full configuration. The
overall contribution of the inducer is rather negligible compared
to the impellers, thereby not significantly affecting the overall
pump performance metrics. The mismatch is also affecting the
1st stage impeller, exacerbating the head rise penalties by 4.5%
compared to the 2nd stage (1.2%), resulting in similar efficiency
drops by 12.6%. The second stage impeller also achieves a higher
head rise due to the lower density of the fluid. The impact of the
leakage paths translates to an overall 4% and 13.5% deterioration
in the pump’s overall head rise and efficiency respectively, indi-
cating that the pump requires substantially higher energy while
producing slightly less head.

OFF-DESIGN OPERATION
The pump is expected to operate at a range of different mass

flows dictated by the instantaneous engine hydrogen supply re-
quirements. As the engine throttles down, the engine fuel re-
quirements will decrease, shifting the operating point of the pump
towards the lower mass flow region. The low mass flow operation
of the pump is therefore critical from an operability point of view.
Higher than design point flow rates, are of lesser practical usage,
as the pump would not be expected to operate at such conditions.
However, a rather unexpected behaviour is exhibited, thus a more
in depth investigation is carried out. A range of higher and lower
off-design points are obtained at 60%, 80% and 100% speed with
and without leakage flows. The overall pump head rise and effi-
ciencies are normalised with the corresponding overall maximum
recorded values and plotted against the normalised inlet volumet-
ric flow rate in Fig.11a. A more in depth analysis is carried out
in lower and upper extreme points; the second lowest and highest
mass flow points are selected, corresponding to 34% and 156%
of the design volumetric flow rate (see Tab. 3). These along with

FIGURE 10: COMPARISON OF (A) HEAD CHANGE AND B) EF-
FICIENCIES OF THE MAIN COMPONENTS WITH AND WITHOUT
LEAKAGE FLOWS. GREEN AND RED NUMBERS INDICATE PER-
FORMANCE IMPROVEMENT OR DETERIORATION RESPECTIVELY.

the design point are annotated on Fig. 11.
The head rise and efficiency curves show a detrimental im-

pact of leakage flow on pump performance across the majority
of the investigated operating range regardless of the rotational
speed. In terms of head rise, the penalties are more pronounced
at higher speeds, reaching approximately 4% and 4.5% at DP
and point (1), but tend to diminish as the pump speed reduces.
The most noteworthy impact is the efficiency detriment, which
amounts to 13.5% and 11% at the aforementioned conditions.
Despite the large shroud leakage flows, the pump is still able
to deliver the required head rise but requires significantly more
power to overcome the losses and the dissipation of the total pres-
sure carried by the leakage flows. Observing Fig. 11b, it can
be seen that the presence of leakage flows essentially shifts the
characteristics downwards (lower efficiencies) and towards the
right, behaving as a less efficient, up-scaled (in terms of mass
flow) version of the baseline model. When the mass flow though
exceeds the design point by a certain amount (140% of the design
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FIGURE 11: COMPARISON OF A) HEAD RISE AND B) PUMP EFFI-
CIENCY OBTAINED FROM THE BASELINE AND THE FULL MODEL
AT 60%, 80% AND 100% SPEED. VALUES ARE NORMALISED WITH
THE MAXIMUM HEAD RISE AND EFFICIENCY RESPECTIVELY.

mass flow at 100% speed), the trend reverses and the leakage
model is substantially over performing both in terms of head rise
and efficiency. At point (2), the full model outperforms the clean
one in terms of head rise and efficiency by a striking 43% and
27% respectively . The mechanisms underlying the behaviour of
the pump at low and high mass flows are investigated, focusing
on the 100% speed characteristic.

The amount of leakage flow through the shroud and the hub
is essential in the evaluation of their correlation with the overall
pump performance. As discussed in the previous paragraphs, the
mass flow through the hub leakage paths is negligible since the
hub leakage flow of the first stage impeller is impeded by the shaft
bearing, while the one of the second stage impeller leads to the
motor cavities. Once these fill with hydrogen, the liquid remains

FIGURE 12: HEAD LOSS NORMALISED WITH VOLUTE INLET HEAD
A) ACROSS FIRST STAGE VOLUTE AND DOWNSTREAM DUCTS
AND B) SECOND STAGE VOLUTE AND DOWNSTREAM DUCTS.

trapped and does not interact with the main flow (see Fig. 4). The
impeller shroud cavities however, are creating a closed feedback
loop with the main flow path, allowing the backwards travelling
of a significant amount of mass flow from the impeller exit to the
impeller inlet, as observed at the design point. In absolute values,
the shroud leakage mass flow increases with impeller speed but
remains approximately invariable throughout the characteristic,
i.e. is not a function of pump mass flow. Plotting the volumetric
flow rate of the first stage shroud leakage flow normalised with
the pump flow rate (inlet), highlights the extend of the leakage
flow as a fraction of the overall flow rate (see Fig. 13a). At
design speed and lowest mass flow setting, the flow rate through
the leakage amounts to an astonishing 92.9% (82.5% at point 1)),
dropping to 27.6% at DP and 18.5% at point (2) respectively. The
trends are similar for all speeds but the leakage flow rate decreases
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FIGURE 13: FIRST STAGE A) SHROUD LEAKAGE FLOW NORMALISED WITH OVERALL PUMP MASS FLOW, B) HEAD RISE AND C) EFFI-
CIENCY WITH AND WITHOUT LEAKAGE FLOWS.

with speed both in absolute numbers as well as a function of the
overall pump flow rate.

The head rise and efficiencies of the first stage impeller with
and without leakage flows are plotted against normalised pump
inlet flow rate in Fig. 13b,c. Due to the primarily flat profile of the
head rise curves, the head does not vary significantly despite the
increased flow rate through the impellers, with the clean config-
uration performing slightly better in the lower mass flow region.
The efficiency curves though indicate a consistent efficiency drop
across the entire operating range, which is exacerbated as the flow
rate decreases. The efficiency diminishes by 8.82% at the highest
flow rate point, further reducing by 12.6% at DP and by 36.7%
at operating point (1). The increasingly higher efficiency loss
is associated with the flow rate through the leakage flow, which
dramatically increases (as fraction of overall pump flow rate) at
lower mass flows, resulting in higher dissipation of the produced
head as this travels back through the shroud leakage path.

While the efficiency of the impellers is consistent with the
global pump performance quantities at mid to low flow rates, in-
cluding DP, it does not reflect on the high flow range where the
baseline pump configuration is under performing. The driving
mechanism lies in the ducting components downstream the vo-
lutes; the 180𝑜 bend and the diffusing duct at the outlet. Figure
12 shows the head loss across the first stage volute inlet to sec-
ond stage impeller inlet (top) and the second stage volute inlet to
pump outlet. The head loss is normalised with the head at the
volute inlets. For clarity only the 60% and 100% speed curves
are shown. The head losses in the ducting components form a
loss bucket, reaching a minimum in the vicinity of the DP and
increasing at higher and lower off-design conditions. Similar to
pump head rise and efficiency curves, the addition of leakage
flows shifts the curves upwards (higher losses) and towards the
right, which is more evident at lower rotational speeds. In the
mid to low flow rate operating range, the differences are relatively
minor, thus the inefficiency of the impellers is primarily driving
the pump performance penalties. At high flow rates though, the
head loss difference between the 2 configurations is significant;
at point (2) the head loss of the full configuration reduces by

66.3% and 47% in the first and second stage ducts respectively.
These completely offset the higher efficiency of the impellers re-
ducing the overall pump efficiency to levels lower than those of
the full configuration. The overall pump performance at higher
mass flows is therefore limited by the performance of the volutes
and the ducting components, rather than the performance of the
turbomachinery components.

To identify the underlying flow mechanisms driving the re-
duced losses in the full configuration, total pressure contours
are plotted at different planes across the ducting components
downstream the 1𝑠𝑡 stage volute (Fig. 14a). To better visu-
alise the high loss regions, local limits are used at each plane.
The low total pressure regions visualise the extend of the sepa-
rated/recirculation region, which increases abruptly shortly after
the exit enters the diffusing duct and gradually increases as the
flow is guided towards the second stage. Comparing the baseline
and the full configuration, it is evident that the separation region is
larger in the baseline configuration. The mechanisms triggering
the onset of the separation have been investigated at design con-
ditions and are also underpinning the off-design points. Focusing
on Fig. 14b), where the impeller streamlines and total pressure
distributions are shown, it can be seen that the separation point is
shifted further away from the volute tongue, delaying the onset of
separation. This occurs due to the shroud leakage flow; the local
acceleration of the flow escaping from the blade passage reduces
the local pressure. This enables locally part of the shroud leakage
flow to reverse and exit at the impeller outlet. This is shown in
Fig. 14b (bottom right), where contours of positive radial ve-
locity form in the shroud leakage path. This mixes locally with
the migrating flow, suppressing it and decreasing the deflection
of the main volute flow. This reduces the absolute flow angles
compared to the clean configuration near the volute tongue and
by extension, the radial shift of the streamlines which initiates the
downstream flow separation. The beneficial effect of the shroud
leakage flow manifests only when the local acceleration of the
flow is sufficiently high to create that suction phenomenon in the
shroud leakage path, which explains its occurrence only in the
high flow region.
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FIGURE 14: HIGH FLOW RATE A)TOTAL PRESSURE CONTOURS AT DIFFERENT PLANES ALONG 1st STAGE DUCTS USING LOCAL COLOUR
BAR LIMITS AND B) VELOCITY VECTORS AND TOTAL PRESSURE CONTOUR COMPARISON OF BASELINE AND FULL CONFIGURATION.
SHROUD LEAKAGE FLOW RADIAL VELOCITY CONTOUR IS ALSO SHOWN.

SUMMARY AND CONCLUSIONS
The effect of leakage flow on a two-stage, hydrogen pump is

assessed and quantified via CFD simulations by comparing the
global and component level performance metrics of two configu-
rations: one without leakage flows (baseline) and one with (full).
The main conclusions are summarised below:

1. The large changes in the compressibility factor between the
inlet and the outlet require RGP tables for proper modelling.
A reduction in density is recorded, due to the compressibility
of hydrogen and due to the presence of regions where vapour
would form. Such regions are captured in the leakage paths
and the impeller LE of the 1𝑠𝑡 stage, thereby highlighting
the necessity of explicit two-phase modelling.

2. The flow rate through the hub leakage paths and the motor
cavities is negligible as these fill with hydrogen and do not
interact with the main flow. The acceleration of the flow is
sufficient to decrease the pressure below the saturation one.

3. The shroud leakage flows create a closed loop system with
the impeller flow path, increasing the flow rate through the
impellers by 27.6% at design point and up to 92.9% at the
lowest flow rate. Presence of vapour is predicted due to
the acceleration of the backwards travelling shroud leakage
flow.

4. Leakage flows detrimentally affect both the pump and turbo-
machinery components head rise and efficiency. The head
loss does not exceed 4.5% across the entire operating range,
but substantially higher power input is required, reflected on
the large efficiency drop of 13.5% and 12.6% for the pump
and the impellers at design conditions.

5. At mid to low flow rates, head rise and efficiency penalties
are primarily driven by the dissipation of the head, as a
large fraction of the flow is recirculated through the shroud
leakage paths.

6. At high flow off-design conditions, the leakage model is
outperforming the baseline one, by 43.4% and 26.7% in head
rise and efficiency respectively. This is due to reduced losses
in the volutes and ducting components which completely
offset the more inefficient operation of the impellers.

7. The losses in the volutes are governed by the radial shift of
the streamlines near the volute tongue. This is triggered by
the passage separations, which deflect the flow, allowing it to
migrate towards the adjacent blade through the TE, mixing
with the incoming flow from the volute. This increases the
absolute exit flow angle at the volute tongue promoting flow
separation. At higher mass flows, the acceleration is large
enough to allow locally the shroud leakage flow to travel
forward towards the impeller outlet, suppressing that effect
and reducing separation losses.

8. The study has quantitatively described the deviation of per-
formance metrics in the realisable engineering hardware
with leakage flow paths, as compared to the typical char-
acterisation practice, which is based only on main flow path
components. Therefore, this study provides margins to be
considered in the baseline design practise for aircraft repre-
sentative low-specific speed LH2 pumps that need to operate
with large turn-down ratios. The form of the characteristics
and their range of deviation could be used as generic scalable
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formats in lower order fuel system modelling for enabling
synergistic cycle innovation studies for hydrogen aircraft.
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