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A B S T R A C T

Sustainability and net zero emissions targets drive the importance of turbomachinery design, optimisation,
and efficient operation in modern geoenergy systems. To further enable integration of advanced large-scale
technologies, accurate and resource-efficient simulations of complex equipment and systems need to be
completed readily. An approach to simulate internal leakage flows of centrifugal pumps is presented, an
important factor that influences equipment operation efficiency.

One significant challenge when internal leakage flow is investigated is achieving sufficient simulation detail
in the flow regions separating rotating and stationary components where close-running clearances are present.
Computational fluid dynamics (CFD) meshes typically require excessively fine resolutions of node points in
these situations for accuracy. For example, the typical annular suction wear ring clearance ranges between
0.1–0.5 mm, whilst impeller diameters and other geometric properties have length scales from 600–1200 mm
or even larger.

A reduced order model (ROM) of an annular seal configuration was developed that allows for analytical
calculation of the leakage flow by implementing user scripting in the CFD solver setup. The ROM implementa-
tion has a low symbol count and does not require any type of logic and/or recursive and iterative functionality.
Thus, fine and resource-intensive meshing can be robustly eliminated and replaced by a sufficiently detailed
ROM that contributes leakage flow effects to the overall simulation.

Leakage flow through the suction wear ring of a high differential head (𝛥𝐻), high flow rate, double suction
centrifugal pump with water as working fluid was used as a case study for ROM development. The calibrated
model was verified against a commercial fluid dynamics software package and achieved a level of precision
of 2.4% with 𝜎 = 0.0118 in a wide operating range of 10m ⩽ 𝛥𝐻 ⩽ 350m and fluid temperature (𝑇 ) of
283.15K ⩽ 𝑇 ⩽ 353.15K.

The leakage flow calculated by the ROM was proven to be accurate and therefore capable of accounting for
a range of pressure heads, incorporating surface roughness effects and temperature variations, and adaptable
for various fluids. Guidance for the implementation of the ROM in the Ansys CFX solver environment is also
provided to aid future work.
1. Introduction

The design and operation efficiency of turbomachinery play a piv-
otal role in the advancement of modern geoenergy systems, aligning
with the imperatives for sustainability and net zero emissions. By in-
tegrating simulation technologies of different scales, resource-efficient
modelling approaches can target leakage flows in centrifugal pumps,
a critical factor that influences equipment performance and energy
system optimisation. In the turbomachine environment, the annular
seal can be described as a small fluid-filled annular clearance between a
stationary outer cylinder and a rotating inner cylinder with a fixed axial
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length. The seal configuration can be of various designs, including but
not limited to: cylindrical, serrated, labyrinth, grooved, and stepped.

Annular seals allow centrifugal pumps to operate in a satisfactory
manner. The annular seal configuration is present at all wearing sur-
faces between the rotor and stator interfaces, where a seal is required
between two individual high- and low-pressure chambers. Some ex-
amples where effective sealing is required are: impeller wear rings,
balance pistons/drums, and neck bush interfaces in multistage rotor
arrangements.
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Nomenclature

API American Petroleum Institute
API Application Programming Interface
BEP Best Efficiency Point
CEL CFX Expression Language
CFD Computational Fluid Dynamics
NPSHR Net Positive Suction Head Required [ m]
OD Outside Diameter [ m]
PLC Programmable Logic Controller
ROM Reduced Order Model
𝜋 Circumference/diameter of circle 3.14...
𝑔 Gravitational acceleration 9.81 m∕s2

𝛥𝐻 Static head difference across annulus [ m]
𝜂 Operating efficiency [%]
𝜆 Annular friction coefficient [−]
𝜇 Dynamic viscosity of fluid [N s∕m2]
𝜈 Kinematic viscosity of fluid [m2∕s]
𝜌 Density of fluid [ kg∕m3]
𝜎 Standard deviation of a data set [−]
𝜀 Equivalent sand surface roughness [ m]
𝜁𝐴 Exit pressure loss coefficient [−]
𝜁𝐸𝐴 Total hydraulic pressure loss coefficient [−]
𝜁𝐸 Entrance pressure loss coefficient [−]
𝐴 Roughness compensation factor [−]
𝑎...𝑧 Polynomial regression coefficients [−]
𝐶,𝐾 Polynomial regression constants [−]
𝑐𝑎𝑥 Axial velocity in annulus [ m∕s]
𝑑𝑖𝑚𝑝 OD of impeller [ m]
𝑑𝑠𝑝 OD of rotating inner cylinder of annulus

[ m]
𝐻 Head delivered per pump stage [ m]
𝑖, 𝑗, 𝑦 Numerical list counters (super-, subscripts)

[−]
𝐿𝑠𝑝 Annulus axial length [ m]
𝑛 Rotational speed of the impeller [ RPM]
𝑃 Electrical power [ kW]
𝑝 Absolute pressure of fluid [ Pa(a)]
𝑄 Volumetric flow rate of pump [m3∕s]
𝑄𝑠𝑝 Annular leakage volumetric flow rate

[m3∕s]
𝑟𝑠𝑝 Outer radius for 𝑑𝑠𝑝 [ m]
𝑅𝑒 Axial Reynolds number in annulus [−]
𝑅𝑒𝑢 Reynolds number for circumferential flow

[−]
𝑠 Radial annular clearance [ m]
𝑇 Temperature of fluid [ K]
𝑢𝑠𝑝 Wear ring tip velocity [ m∕s]

It is of paramount importance for the pump designer (and user)
o understand the impact of annular seal clearance and the variation
f such dimensions on the operation and performance of centrifugal
umps in general. The magnitude of the internal leakage flow rate is
irectly related — and very sensitive — to the annular seal clearance.
hen an increase in annular seal clearance is observed, a noticeable

nfluence on the total flow rate through the impeller coupled with
shift of the operating point to the right of the performance curve

and a subsequent detrimental NPSHR shift) has been highlighted in
2

arious texts including Volk (2013), Bloch (2011) and Yedidiah (1996).
Furthermore, Gülich (2014) states that the amount of observable annu-
lar leakage (𝑄𝑠𝑝) increases proportionately to an increase in annular
clearance (𝑠) by 𝑄𝑠𝑝 ∝ 𝑠1.5, with a more pronounced effect in the case
of designs of low specific speed pumps.

Although some industry standards such as API STD 610 (American
Petroleum Institute, 2011) provide guidance on recommended annular
seal clearances, most original equipment manufacturers have their
own design methodologies and clearance requirements for annular seal
arrangements. Usually, the specified clearances are not solely specified
to account for an optimal internal leakage restriction, but also to
counteract various mechanical concerns, such as: shaft deflection and
rotordynamic stability, materials prone to galling when in service,
etc. The calculation of internal leakage through rotating annular seals
is thus a primary concern for pump designers to enable accurate
performance prediction of new and revised machine configurations.

Easily accessible computing resources have resulted in the increas-
ing utilisation of CFD to aid the pump designer in determining accurate
performance parameters rapidly. However, the modelling of rotating
annular seals is a major difficulty in full pump 3D CFD applications due
to excessive mesh density requirements in the vicinity of the annular
seals, as mentioned by Liebner et al. (2016) and Páscoa et al. (2010), es-
pecially when more than one annular seal is modelled, as in the case of
multistage pumps. In addition, obtaining convergent solutions becomes
even more challenging due to the extreme difference in length scales
between cells in the annular region of the seal and the remainder of the
flow domain. It has been found by Van der Walt (2021) that this could
lead to divergent and unstable numerical behaviour, particularly with
transient simulations under high differential pressure flow conditions.

In order to aid in numerically robust and less computationally
intensive simulations, an alternative method is therefore required to
calculate annular leakage flows — in real time — in large, detailed 3D
CFD models.

Using the user-coding within general CFD software, functionality
can be extended to address specialised flow phenomena, such as annu-
lar leakage flow, with more appropriate models than those provided in
the main codebase. Since the application of user-coding is very case-
specific, 3D CFD submodels are therefore not generally provided to
address annular leakage flow.

This paper presents a novel approach to accurately model the
leakage flow in short annular seals by means of a reduced-order model
(ROM). The implementation was derived from an existing iterative
analytic method but was adapted not to require any type of logic and/or
recursive and iterative functionality, which improves numerical effi-
ciency and stability. The ROM model was verified against a model from
the Flownex (Flownex International, 2023) commercial CFD software
and subsequently applied as an expression in Ansys (Ansys, Inc., 2023)
CFX Expression Language.

Section 2 presents the theoretical model used in the development
of the ROM described in Section 3. The verification process and results
are given in Section 4 with an example implementation in Ansys CEL
described in Section 5. Section 6 concludes.

2. Theoretical model

The predictable geometry of most annular seal types currently used
in turbomachinery design and construction, along with computation-
ally expensive CFD modelling requirements and sufficient available
research related to flow field characteristics, make internal leakage
through annular seals an attractive candidate for ROM construction.
Before undertaking any ROM development actions, a reliable theoret-
ical model should be identified to model the system of concern. The
selected model and its implementation are explained in the following

section.
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Fig. 1. Geometry of single stage annular seal (Gülich, 2014).

2.1. Modelling methodology

In order to accurately describe leakage flow through an annular
seal, certain key variables must be included in the evaluation. These
are illustrated in Fig. 1 and include: The inlet and outlet geometry,
rotating inner cylinder of the annulus (𝑑𝑠𝑝), the length of the seal (𝐿𝑠𝑝),
the annular radial clearance of the seal (𝑠) and the roughness (𝜀) of the
wetted surface area of the seal. The surface effects in this case cannot be
ignored due to the large ratio of surface roughness to flow field height.

The model selected for the calculation of the volumetric leakage
flow rate was developed by Gülich (2014). The accuracy of the pre-
dicted values of the model was verified through comparison with the
results obtained using a commercial fluid dynamics software package.

In order to calculate the volumetric flow rate through a rotating
annulus, a good understanding of the fluid properties is important.
Kinematic viscosity (𝜈) is the most important fluid parameter in the
current method and is described by 𝜈 = 𝜇∕𝜌 (Munson et al., 2013). It is
important to note that since this value will change with temperature
and pressure, adequate compensation should be made to ensure the
accuracy of the model. The model is only valid for fully turbulent flow
in the annulus.

𝑄𝑠𝑝 = 𝜋𝑑𝑠𝑝𝑠𝑐𝑎𝑥 (1)

As shown in Eq. (1), the volumetric leakage flow rate (𝑄𝑠𝑝) is
directly dependent on the outer diameter (OD) of the rotating inner
cylindrical surface (𝑑𝑠𝑝), the measured radial clearance between the
rotating and stationary surfaces (𝑠), and the axial flow velocity of the
fluid in the annulus (𝑐𝑎𝑥).

The formulation for the calculation of 𝑐𝑎𝑥 is given in Eq. (2). Note
the further dependency on various variables, including the difference
in head observed across the annulus (𝛥𝐻) and the annular friction
coefficient (𝜆). Although it is possible to approximate 𝛥𝐻 analytically,
it is not recommended due to the fact that this variable can be calcu-
lated and continuously updated by referencing static pressure values
extracted from the main flow field generated by the CFD simulation
runtime.

𝑐𝑎𝑥 =

√

√

√

√

2𝑔𝛥𝐻

𝜁𝐸𝐴 + 𝜆
𝐿𝑠𝑝
2𝑠

(2)

𝜁𝐸𝐴 = 𝜁𝐸 + 𝜁𝐴 (3)

In Eq. (3) the total hydraulic pressure loss coefficient (𝜁𝐸𝐴) of the
annulus consists of the inlet pressure loss coefficient (𝜁𝐸) and the
outlet pressure loss coefficient (𝜁𝐴) and were approximated using the
methodology presented in Table 1.4 from Gülich (2014); however,
these values can also be approximated using alternative methods de-
scribed in authoritative texts on fluid mechanics such as Rennels and
Hudson (2012). Inlet and outlet loss coefficients were calculated as
those for a sudden contraction and a sudden expansion, with rounded
edges and without a backwall arrangement. These coefficients can have
an unexpectedly large impact on the total flow rate computed through
the annulus, and care should be taken during the design of such devices.

The hydraulic friction loss coefficient (𝜆) in Eq. (4) ensures that the
friction caused by the roughness of the surface in the axial direction
3

is taken into account while simultaneously compensating for the rota-
tional effect experienced by the fluid as it passes through the rotating
annular geometry. The addition of the effect of surface roughness is
extremely beneficial for the analyst, and this is one of the main benefits
of using the current theoretical model.

𝜆 =
[

1 + 0.19
(𝑅𝑒𝑢
𝑅𝑒

)2
]0.375

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Influence of rotation

[

0.31

log
(

𝐴 + 6.5
𝑅𝑒

)2

]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Friction coefficient

(4)

However, the model is highly implicit, since the Eqs. (2), (4), and
(8) are interdependent. 𝑅𝑒 cannot be computed without taking into
account the other equations mentioned.

The roughness compensation factor (𝐴) is given by

𝐴 = 0.135 𝜀
𝑠
, (5)

with the wear ring tip velocity (𝑢𝑠𝑝) calculated as

𝑢𝑠𝑝 =
𝜋𝑑𝑠𝑝𝑛
60

. (6)

The Reynolds number (𝑅𝑒𝑢) at the OD of wear ring for circumfer-
ential flow is given by

𝑅𝑒𝑢 =
2𝑠𝑢𝑠𝑝
𝜈

, (7)

with the axial Reynolds number (𝑅𝑒) of flow in the annulus:

𝑅𝑒 =
2𝑠𝑐𝑎𝑥
𝜈

. (8)

To determine 𝑅𝑒, Eq. (4) is substituted in (2); Eq. (8) is rewritten to
isolate 𝑐𝑎𝑥 and then equated with Eq. (2). The mentioned manipulations
produce Eq. (9).

𝜈𝑅𝑒
2𝑠

=

√

√

√

√

2𝑔𝛥𝐻

𝜁𝐸𝐴 + 𝜆
𝐿𝑠𝑝
2𝑠

(9)

Although highly implicit, the reduced and simplified Eq. (9) allows
the implementation of numerical root finding algorithms, as the only
truly unknown variable is 𝑅𝑒. The root-finding algorithm implemented
in the study was the secant method, as detailed in Bradie (2006). After
determining the axial Reynolds number, 𝑅𝑒, a simple substitution can
be implemented to find the remaining dependent variables and finally
𝑄𝑠𝑝.

The ROM implementation presented in Section 3, was derived from
the implicit method described above. If implemented correctly, no iter-
ative or recursive solving methods are required to solve the ROM. The
explicit nature of the mathematical formulation ensures the numerical
efficiency and local stability of the seal region in the overall CFD
simulation.

3. Reduced order model (ROM)

The main purpose of a ROM is to substitute a complex system of
equations/methods/models, often encompassing iterative or numeri-
cal methods, with a simpler — but still mathematically equivalent
— analytic equation (or system of equations) that can be evaluated
rapidly and implemented on demand. The effective implementation
of ROMs in complex computational simulations (e.g. CFD analyses)
can dramatically reduce grid resolution and improve mesh quality
metrics in problematic portions of the domain, thereby ensuring better
numerical stability and reducing solver run-times without sacrificing
solution accuracy.

In order to construct a ROM for use in general engineering appli-
cations, a large amount of reliable data is required to be obtained to
use as input for the construction of the mathematical model. The data
required relate to the system being evaluated and the dependence of
the particular system on variables such as temperature, pressure, etc.



Geoenergy Science and Engineering 233 (2024) 212470J.P. van der Walt et al.

3

m
o
d
i

s

The modelling approach presented in this paper originated from an
idea of calculating all possible outcomes from a particular circumstance
(keeping certain conditions fixed) and fitting a model to those points.
The approach enables robust interpolation without iteration between
the calculated points, based on a single variable input (naturally, a sys-
tem of equations should be built for additional variable dependencies).
The underlying physics of the annular leakage flow is referenced in
Section 2 and was used to inform the ROM methodology that follows.

3.1. Choice of regression model

The choice of regression approach for the 1D ROM is crucial since
it ultimately determines the accuracy and numerical robustness of the
modelling strategy, especially when it is incorporated into a more
detailed and complex 3D CFD simulation. To represent the values from
the Gülich theoretical model, Kriging, rational functions and Fourier
transforms were considered as options before polynomial functions was
finally chosen as the regression technique.

3.1.1. Original motivation
The ROM procedure was adapted from a method the first author had

originally developed to streamline in-house digital twins of complex
flow systems within the petrochemical environment. The twin models
were hard-coded into the plant’s information system (data logging
system for process monitoring) where the user-programmed calculation
routines were curbed by symbol count and barred any type of logic
and/or recursive and iterative functionality. Subsequently, the need
arose to reduce complete equipment operating characteristics (turbo-
compressors, turbines, multistage centrifugal pumps, etc.) into a simple
expression, or a couple of intertwining simple expressions. Advanta-
geously, this enabled explicit calculations to be performed without the
need for iteration and resolved any potential mathematical difficulties
that would crash the PLC (i.e. infinite loops or mathematical principle
errors).

3.1.2. Alternative modelling options
Kriging regression (also known as Gaussian process regression) can

be considered an iterative process (Krige, 1951). The process involves
a feedback loop between the data and the chosen curve fit model
(be it linear or more complex). The Kriging process itself involves an
iterative step where weightings are computed for each neighbouring
data point and the predicted value arising from the regression model is
updated based on the weighting of the evaluated points. However, due
to the fact that the scatter in the values of the mathematical model in
Section 2 is essentially non-existent, and a very close polynomial fit is
possible, the authors did not see any need for this type of regression
analysis to be applied.

Using rational functions can be a forward approach, but due to
the operational desire of keeping the ROM model brief, this method
was also not considered. A polynomial function fits the calculated
values from the mathematical model almost perfectly, so again, using
a method such as the rational function approach would not add much
value as there is almost no scatter in the theoretical values.

Fourier series analysis would be useful if there were noisy data
which required a Fourier transform to be completed — additionally, the
Fourier series is a sum of sine and cosine functions which introduces
wiggles into the processed data (unless a sufficient number of terms are
present to ‘‘iron out’’ the wiggles to an acceptable amplitude). In order
to keep the model as concise as possible, the Fourier series was also
not used as there is no need to adapt the ROM’s compositional terms
4

on the fly.
Table 1
Dependency of ROM variables.

Variable Type Dependency

Inputs
𝑠 Independent Fixed geometry
𝑑𝑠𝑝 Independent Fixed geometry
𝛥𝐻 Dependent Extracted from CFD
Output
𝑄𝑠𝑝 Dependent 𝑐𝑎𝑥 → 𝑅𝑒 → 𝜈 → 𝑇 , 𝑝

3.1.3. Rationale for polynomial regression
Polynomial regression offers several advantages when used as a data

regression strategy:

1. Due to the fact that the generated values from the theoretical
model are exact and no scatter is reported, a polynomial curve fit
through these values is possible and yields very accurate results
without the need to perform complex curve fitting algorithms to
increase accuracy.

2. To remove any additional/inherent implicit mathematics from
the model, a marching-style regression is required.

3. The existing model can be easily modified to include annuli
of various dimensions — without changing the structure of the
ROM (this furthermore creates the possibility of developing a
user API for general use).

4. It is straightforward to develop a polynomial model that solves
very quickly without the risk of numerical instability or mathe-
matical errors.

5. Regression can be applied only when one variable is indepen-
dent (e.g. 𝛥𝐻) and the dependent variables (in this case only
𝑇 ) are ‘‘stacked’’ and then interpolated in a 3D manner on
the 𝑥- and 𝑧-axis. The polynomial curve fit model was proven
to be accurate for the current application — implementation
of alternative interpolation schemes could potentially impact
calculation efficiency and accuracy in a negative manner.

.2. Variable dependency

In order to construct an accurate ROM, it is important to deter-
ine which physical parameters will influence the system and how

ne will effectively account for these parameters. The first step is to
etermine the variable dependency of the theoretical model described
n Section 2.

From Table 1, most variables related to the geometry of the in-
tallation of the annular seal are independent (that is, 𝑑𝑠𝑝, 𝑠, 𝜀, 𝐿𝑠𝑝,

etc.), while the parameters related to the flow and state of the fluid are
dependent. It is notable that the leakage flow rate (𝑄𝑠𝑝) is completely
dependent on the axial Reynolds number (𝑅𝑒), while 𝑅𝑒 is, in turn,
dependent on the kinematic viscosity of the fluid (𝜈), which is directly
dependent on the fluid temperature (𝑇 ) and pressure (𝑝).

The differential head observed across the annular seal arrangement,
𝛥𝐻 , is unknown and will therefore have to be calculated and provided
as input to the ROM. For the final dependent variable, the ROM is thus
dependent on the main numerical model (‘‘master’’) of the pump being
simulated. In the workflow described here, the differential head is thus
calculated using the CFX Expression Language (CEL) functions within
Ansys CFX during the solution process.

3.3. Generation of theoretical base values

In order to construct a representative ROM, sufficient values relating
the theoretical model to the physical system at different operating
points are required to enable ROM setup.

Table 2 shows a structured approach to value generation; with a
fixed geometry (annular inlet and outlet geometry, surface roughness
𝜀, diameters, etc.), the Gülich model as described in Section 2 was
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Table 2
Theoretical values representing the relationship
between 𝑄𝑠𝑝 and 𝛥𝐻 as a function of 𝑇 for
fixed geometry and roughness.

𝑇0 𝑇1 𝑇2 … 𝑇𝑖
𝛥𝐻0 𝑄𝑠𝑝0,0 𝑄𝑠𝑝0,1 𝑄𝑠𝑝0,2 … 𝑄𝑠𝑝0,𝑖
𝛥𝐻1 𝑄𝑠𝑝1,0 𝑄𝑠𝑝1,1 𝑄𝑠𝑝1,2 … 𝑄𝑠𝑝1,𝑖
𝛥𝐻2 𝑄𝑠𝑝2,0 𝑄𝑠𝑝2,1 𝑄𝑠𝑝2,2 … 𝑄𝑠𝑝2,𝑖
⋮ ⋮ ⋮ ⋮ ⋮

𝛥𝐻𝑗 𝑄𝑠𝑝𝑗,0 𝑄𝑠𝑝𝑗,1 𝑄𝑠𝑝𝑗,2 … 𝑄𝑠𝑝𝑗,𝑖

Table 3
Polynomial regression applied per 𝛥𝐻 to
describe 𝑄𝑠𝑝 as a function of 𝑇 .

𝛥𝐻0 𝑥0𝑇 𝑦 + ... + 𝑏0𝑇 2 + 𝑎0𝑇 + 𝐶0 = 𝑄𝑠𝑝0
𝛥𝐻1 𝑥1𝑇 𝑦 + ... + 𝑏1𝑇 2 + 𝑎1𝑇 + 𝐶1 = 𝑄𝑠𝑝1
𝛥𝐻2 𝑥2𝑇 𝑦 + ... + 𝑏2𝑇 2 + 𝑎2𝑇 + 𝐶2 = 𝑄𝑠𝑝2
⋮ ⋮

𝛥𝐻 𝑗 𝑥𝑗𝑇 𝑦 + ... + 𝑏𝑗𝑇 2 + 𝑎𝑗𝑇 + 𝐶𝑗 = 𝑄𝑠𝑝𝑗

Table 4
Polynomial regression of values in Table 3 to find
polynomial coefficients for 𝐶 as a function of 𝛥𝐻 .
𝛥𝐻0 𝑧0𝛥𝐻0

𝑦 + ... + 𝑟0𝛥𝐻0
2 + 𝑞0𝛥𝐻0 +𝐾0 = 𝐶0

𝛥𝐻1 𝑧0𝛥𝐻1
𝑦 + ... + 𝑟0𝛥𝐻1

2 + 𝑞0𝛥𝐻1 +𝐾0 = 𝐶1
𝛥𝐻2 𝑧0𝛥𝐻2

𝑦 + ... + 𝑟0𝛥𝐻2
2 + 𝑞0𝛥𝐻2 +𝐾0 = 𝐶2

⋮ ⋮
𝛥𝐻𝑗 𝑧0𝛥𝐻𝑗

𝑦 + ... + 𝑟0𝛥𝐻𝑗
2 + 𝑞0𝛥𝐻𝑗 +𝐾0 = 𝐶𝑗

solved for a range of expected 𝛥𝐻 and 𝑇 values. After experimentation
with liquid water over the range of values, it could be stated that 𝑝
has a negligible influence on 𝜈 across the operating range expected in
general turbomachinery applications and can be safely omitted from
ROM construction.

3.4. Polynomial regression steps

The values generated in Table 2 should be made accessible by means
of a number of regression steps, to ultimately find an expression for 𝑄𝑠𝑝
as a function of the annular 𝛥𝐻 and fluid temperature (𝑇 ).

3.4.1. Obtain leakage flow as function of differential head and temperature
Regression should be performed per row; thus, for each fixed value

𝛥𝐻𝑗 , the value of 𝑄𝑠𝑝𝑗 as a function of 𝑇 was determined.
Table 3 describes the intended regression steps and is represented

by polynomial equations. Note that the regression formulae should be
of the same type and order for every row (that is, per 𝛥𝐻𝑗), and the
format should be adapted to a scheme that best represents the values.

After the regression analysis is complete, 𝑄𝑠𝑝𝑗 can be easily com-
puted at any 𝑇 (interpolated within the model range) with a single
equation that corresponds to the specified 𝛥𝐻𝑗 .

3.4.2. Determine polynomial coefficients as a function of differential head
In order to enable greater flexibility in the regression functions and

to condense the magnitude of the required equations, the sensitivity
of the model to a range of 𝛥𝐻 had to be incorporated. Regression of
individual polynomial coefficients was performed as a function of 𝛥𝐻
— of which the equation system for 𝐶(𝛥𝐻) is shown in Table 4.

Similarly, the process is repeated for the additional coefficients
required, as described in Table 5. However, in this step the order and
type of the generated regression equations need not all be similar in
form and order.
5

Table 5
Polynomial regression of values in Tables 3 and
4 to find polynomial coefficients as a function of
𝛥𝐻 .
𝑧0𝛥𝐻

𝑦 + ... + 𝑟0𝛥𝐻
2 + 𝑞0𝛥𝐻 +𝐾0 = 𝐶(𝛥𝐻)

𝑧1𝛥𝐻
𝑦 + ... + 𝑟1𝛥𝐻

2 + 𝑞1𝛥𝐻 +𝐾1 = 𝑎(𝛥𝐻)
𝑧2𝛥𝐻

𝑦 + ... + 𝑟2𝛥𝐻
2 + 𝑞2𝛥𝐻 +𝐾2 = 𝑏(𝛥𝐻)

⋮
𝑧𝑖𝛥𝐻

𝑦 + ... + 𝑟𝑖𝛥𝐻
2 + 𝑞𝑖𝛥𝐻 +𝐾𝑖 = 𝑥(𝛥𝐻)

Fig. 2. Cross sectional drawing of subject pump, with part descriptions (Red dashed
line area is detailed in Fig. 4).
Source: Adapted from Van der Walt (2021).

3.5. Final form of ROM

In order to combine the equation systems generated in Tables 3–
5 into a single polynomial function, the functions that represent the
polynomial coefficients were incorporated into the form of the original
regression function in Table 3.

𝑥(𝛥𝐻)𝑇 𝑦 +⋯

... + 𝑏(𝛥𝐻)𝑇 2+𝑎(𝛥𝐻)𝑇 + 𝐶(𝛥𝐻) = 𝑄𝑠𝑝
(10)

Eq. (10) then gives the final form of the ROM. This equation is a
function of 𝑇 and 𝛥𝐻 over the entire range of base model values. The
annular leakage flow, 𝑄𝑠𝑝 can therefore be predicted analytically with
this single equation — along with its constituent coefficients — that
can be programmed into a numerical solver environment.

4. Verification and calibration

4.1. Case study - double suction centrifugal pump

To demonstrate the preparation of the annular seal ROM for CFD
analysis, the internal leakage generated by the suction wear ring of the
double suction centrifugal pump in Fig. 2 is presented as a case study.
The general layout of the impeller and volute is shown in Fig. 3.

The detailed location of the suction wear ring and the relevant flow
regions with the ROM inlet and outlet boundaries are shown in Fig. 4.
Leakage flow through the annular seal thus forms a flow path that
leads from the high-pressure discharge outlet back to the low-pressure
suction side of the impeller.

The pump performance characteristics at the Best Efficiency Point
(BEP) are stated in Table 6 from Van der Walt (2021), where 𝜂𝑃 =
𝜌𝑔𝐻𝑄 from Gülich (2014).

To calibrate the ROM model, the relevant test values were generated
using the original Gülich model (Gülich, 2014). The calibrated ROM
model was then verified by comparing the values predicted by the
model with the corresponding results of the 1D fluid network simu-
lation code Flownex (Flownex International, 2018), which has its own
built-in model for an annular seal.
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Fig. 3. Drawings depicting the subject pump’s impeller and double volute layout
showing location of suction wear ring (Van der Walt, 2021).

Table 6
Case study parameters obtained from original pump documentation and calculation
(Van der Walt, 2021).

Parameters at best efficiency point (BEP)
Variable Value Unit Description

NPSHR3% 9 m Net Positive Suction Head
𝑄 1150 m3∕ h Volumetric flow rate
𝐻 286.55 m Head delivered per pump stage
𝜂 82.77 % Operating efficiency
𝑃 1084.8 kW Electrical power
𝑛 2985 RPM Rotational speed of the impeller
𝑑𝑖𝑚𝑝 0.473 m OD of the impeller

Table 7
Independent input variables for the subject pump in the case study (Van der Walt,
2021).
𝑠 𝑑𝑠𝑝 𝑛 𝐿𝑠𝑝 𝜁𝐸𝐴 𝜀
m m RPM m − m

0.00025 0.2655 2985 0.0379 1.1787 0

4.2. Parameter set for calibration

In order to verify the selected mathematical model, it is calibrated
and then tested against existing software. The inputs of the independent
variables used for both the calibration and the verification are shown
in Table 7. The parameters in Table 7 were taken from the operational
values and dimensions of the physical pump used in the case study,
documented by Van der Walt (2021).

IAPWS guidelines were used to update the properties of the fluid at
every temperature point; density (𝜌) was calculated using IAPWS R7-
97 (2012) and dynamic viscosity (𝜇) was calculated using Huber et al.
(2009). The kinematic viscosity, 𝜈, was then calculated using the equa-
tion 𝜈 = 𝜇∕𝜌 for each operating point. During property calculations, the
inlet absolute pressure of the pump was used as the reference pressure,
6

Fig. 4. Detailed cross section showing suction wear ring with leakage flow path and
relevant flow field regions.

Fig. 5. Annular flow rate 𝑄𝑠𝑝 as function of fluid temperature 𝑇 and pressure
differential 𝛥𝐻 across the annulus.

since the pressure increase due to the pumping mechanics will impact
the fluid properties to an insignificant degree for an incompressible
liquid.

The values were calculated in a pressure head range of 10m ⩽ 𝛥𝐻 ⩽
350m and a temperature range of 283.15K ⩽ 𝑇 ⩽ 353.15K. Values are
shown in Fig. 5 with selected values listed in Table 8.

4.3. Gülich-Flownex verification

Table 7 specifies a surface roughness (𝜀) of 0m; this is due to the
fact that Flownex was unable to accommodate the surface roughness in
its evaluation of rotating annular flow at the time of implementation.
Thus, a base case of 𝜀 = 0m was selected for verification.

According to Flownex International (2018), Flownex calculates the
expected annular flow with an iterative process that combines the tech-
niques outlined in the publications by Yamada (1962), Kaye and Elgar
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Fig. 6. Model created with network components in Flownex.

Table 8
Flow rates from Gülich model verified against Flownex.
𝛥𝐻 𝑇 Gülich Flownex Gülich∕Flownex
[m] [◦C] 𝑄𝑠𝑝 𝑄𝑠𝑝

[m3∕h] [m3∕h]

45 10 9.516 9.363 1.0163
80 15 14.430 14.071 1.0255
105 20 17.408 16.967 1.0260
135 25 20.539 20.009 1.0265
180 30 24.583 23.989 1.0248
205 40 26.957 26.346 1.0232
225 50 28.827 28.224 1.0214
160 60 24.049 23.531 1.0220
135 70 22.058 21.586 1.0219
105 80 19.250 18.826 1.0225

Table 9
Analysis of G‘̀ulich-Flownex comparison ratio: G’́ulich∕Flownex.

Data points Average Median 𝜎

680 1.0238 1.0242 0.0118

(1958), Cornish (1933) and Taylor (1923). These methods have been
verified and validated and are described in the Flownex 8.9.1.3592
release documentation.

Fig. 6 shows the setup of the model in Flownex: An annular flow
element (‘‘SuctionWearRing’’) is connected to an inlet and an outlet
node, where the appropriate temperature (𝑇 ) and static pressure (𝑝)
boundaries are defined. Absolute static pressure values at the inlet and
outlet nodes were specified with reference to the required differential
head (𝛥𝐻) with the inlet 𝑇 adapted as required for the specified test
points. For flow rate calculations, the annular flow element was refined
with 20 sub-elements to reach full convergence after each step. The
working fluid was specified as clean water from the Flownex Fluid
Library: ‘‘H2O - Water - General (Two Phase Fluids)’’.

Table 8 shows a (shortened) range of test points where the original
values from the Gülich model are compared with the calculated flow
rates 𝑄𝑠𝑝 from Flownex. Modified units for 𝑄𝑠𝑝 and 𝑇 are used to
facilitate the interpretation of the magnitudes compared to Fig. 5.

A summary of the comparison is presented in Table 9. Based on
the evaluation of Table 9; the method proposed by Gülich gener-
ally predicts approximately 2.4% more leakage flow compared to the
corresponding Flownex results when considering 𝜀 = 0m.

The Gülich-Flownex comparison ratio (Gülich∕Flownex) was anal-
ysed for 680 data points, resulting in an average ratio of 1.0238 with
a median value of 1.0242 and a standard deviation of 𝜎 = 0.0118.

The Gülich model was therefore judged to be consistent over the
stated ranges of temperature and differential head values and can be
considered accurate and fit for purpose.

4.4. Gülich-ROM calibration and verification

A ROM was constructed using the method outlined in Sections 2
and 3 using the values generated by the Gülich model. The resulting
equations that were obtained are shown in Eqs. (11a) to (11e).

𝑑(𝛥𝐻)𝑇 3 + 𝑐(𝛥𝐻)𝑇 2 + 𝑏(𝛥𝐻)𝑇 + 𝑎(𝛥𝐻) = 𝑄 (11a)
7

𝑠𝑝
Table 10
Flow rates from Gülich model compared with ROM.
𝛥𝐻 𝑇 Gülich ROM Gülich

ROM
[m] [◦C] 𝑄𝑠𝑝 𝑄𝑠𝑝

[m3∕h] [m3∕h]

45 10 9.516 9.465 1.0054
80 15 14.430 14.466 0.9975
105 20 17.408 17.441 0.9981
135 25 20.539 20.530 1.0004
180 30 24.583 24.552 1.0013
205 40 26.957 26.952 1.0002
225 50 28.827 28.845 0.9994
160 60 24.049 24.011 1.0016
135 70 22.058 22.045 1.0006
105 80 19.250 19.296 0.9976

Table 11
Analysis of values; Gülich∕ROM.

Data points Average Median 𝜎

680 0.9986 1.0 0.0125

1.17449 × 10−11𝛥𝐻5 − 1.31299 × 10−8𝛥𝐻4 +⋯

+ 5.83278 × 10−6𝛥𝐻3 − 1.36951 × 10−3𝛥𝐻2 +⋯

+ 0.246651𝛥𝐻 + 0.164876 = 𝑎(𝛥𝐻)

(11b)

7.51733 × 10−14𝛥𝐻5 − 7.90636 × 10−11𝛥𝐻4 +⋯

+ 3.18534 × 10−8𝛥𝐻3 − 6.28108 × 10−6𝛥𝐻2 +⋯

+ 7.70495𝛥𝐻 × 10−4 + 0.029208 = 𝑏(𝛥𝐻)

(11c)

− 6.43846 × 10−16𝛥𝐻5 + 6.81099 × 10−13𝛥𝐻4 −⋯

− 2.76039 × 10−10𝛥𝐻3 + 5.45809 × 10−8𝛥𝐻2 −⋯

− 6.56047𝛥𝐻 × 10−6 − 2.40868 × 10−4 = 𝑐(𝛥𝐻)

(11d)

2.34674 × 10−18𝛥𝐻5 − 2.50829 × 10−15𝛥𝐻4 +⋯

+ 1.02979 × 10−12𝛥𝐻3 − 2.06901 × 10−10𝛥𝐻2 +⋯

+ 2.53314𝛥𝐻 × 10−8 + 9.80977 × 10−7 = 𝑑(𝛥𝐻)

(11e)

Independent variables were selected and specified across the same
parameter ranges as defined in Section 4.2. A range of values was
generated and a shortened version of this set is presented in Table 10
with modified units for 𝑄𝑠𝑝 and 𝑇 to facilitate the interpretation of the
magnitude and comparison with Fig. 5.

A comparison between the corresponding values of 𝑄𝑠𝑝 predicted
by the ROM and Gülich models is given in Table 11. The Gülich-
ROM comparison ratio (Gülich∕ROM) was analysed for 680 data points,
resulting in an average ratio of 0.9986 with a median value of 1.0 and
a standard deviation of 𝜎 = 0.0125.

Upon evaluation of Table 11, the ROM generally predicted on
average 0.14% less leakage flow with a 0% median deviation compared
to the Gülich model when considering 𝜀 = 0m. Therefore, the ROM can
be judged as consistent and sufficiently accurate over the stated ranges
of temperature and differential head values and can be considered
suitable for use.

5. Implementation in Ansys CFX

The method described in Sections 2 to 4 can be implemented in any
CFD software suite with user scripting capability. An example of such
implementation for the determination of 𝛥𝐻 , 𝑇 , and 𝑄𝑠𝑝 is presented
using Ansys CFX Expression Language (CEL).

Various key variables need to be calculated prior to implementing a
ROM of the intended system, while other parameters are calculated and
updated per iteration during simulation run-time. The methodology can
be summarised by these three steps:
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5.1. Extract boundary differential head and temperature from detailed 3D
model

The values for 𝛥𝐻 and 𝑇 are obtained from the detailed 3D simu-
lation region by specifying the annular entrance and exit of the seal as
named selection boundaries. The annulus entrance is located on the
discharge volute and is named REGION:Discharge_WearRing_
Interface; the annulus exit is located on the suction volute side and
is named REGION:Suction_WearRing_Interface.

𝛥𝐻 = WearRingdeltaH is calculated as:

(((areaAve(Pressure)
@ REGION:DischargeWearRing_Interface)
/(g*areaAve(density)
@ REGION:Discharge WearRing_Interface))-((
areaAve(Pressure)
@ REGION:Suction_WearRing_Interface)
/(g*areaAve(density)
@ REGION:Suction_WearRing_Interface)))/(1[m])

𝑇=WearRingInletTemperature is calculated by:

((areaAve(T)
@REGION:Discharge WearRing_Interface
)/(1[K]))-273.15

5.2. Calculate leakage flow using the ROM model

After performing the required flow calculations using the results
extracted from the named 3D selections, 𝛥𝐻 and 𝑇 are passed as inputs
to the ROM function that calculates 𝑄𝑠𝑝.

𝑄𝑠𝑝 = WearRingLeakageROM is calculated by:

(((ROMx3const*WearRingInletTemperature^3)+
(ROMx2const*WearRingInletTemperature^2)+
(ROMxconst*WearRingInletTemperature)+
(ROMcconst))/60/60)*(1[m^3/s])*
areaAve(density)
@REGION:Discharge WearRing_Interface

It should be noted that the equations for 𝛥𝐻 and 𝑇 should be non-
dimensionalised before the implementation of the constructed ROM.
After the implementation of the method, the answer will be redimen-
sionalised for input back into the main solver. Note that the unit of
flow rate for the inlet boundary condition in the CFX solver is kg∕s,
and therefore 𝑄𝑠𝑝 would require conversion to this unit. The noted
variables ROMx3const, ROMx2const, ROMxconst and ROMcconst
are respectively equal to 𝑑(𝛥𝐻), 𝑐(𝛥𝐻), 𝑏(𝛥𝐻) and 𝑎(𝛥𝐻).

5.3. Return leakage flow to the main simulation model

The calculated result from the ROM is the leakage flow 𝑄𝑠𝑝. This
parameter is subsequently returned as the outlet flow rate to the
REGION:Discharge_WearRing_Interface boundary on the dis-
charge volute side and as the inlet flow rate to the REGION:Suction_
WearRing_Interface on the suction side volute’s named selection
boundary.
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6. Conclusion

The proposed ROM methodology was verified for accurate mod-
elling of leakage flow in a centrifugal pump with a single-stage rotating
annular seal with a hydraulically smooth surface finish and water as the
working fluid.

The novel contributions of the study are the numerically robust
modelling approach and the underlying theoretical principles (Sec-
tion 2) that allow the analyst to account for the effects of surface
roughness in the ROM model. The ROM methodology provides a frame-
work where fluids, such as hydrocarbons, may also be used, as density
and viscosity are included as parameters in the base theoretical model.
However, care must be taken, when other fluids are used, to define loss
coefficients in the base theoretical model in an appropriate manner, es-
pecially when dealing with high-viscosity cases or fluids with changing
compositions.

The inclusion of surface roughness makes the proposed methodol-
ogy superior to techniques focused on hydraulically smooth profiles due
to the significant effect of roughness on leakage rate, 𝑄𝑠𝑝, while the
ability to use other fluids gives wider applicability.

The paper also presents a method to implement the generated ROM
in Ansys CFX Expression Language. The ROM has been validated as
an embedded part of a fully detailed 3D transient centrifugal pump
simulation (Van der Walt, 2021).

The future implementation of this ROM modelling approach by
CFD analysts will ensure dramatic reductions in mesh size in annu-
lar flow regions, excellent solution accuracy, an increase in overall
solver speed, and an improvement in convergence behaviour. With
appropriate consideration, the methodology can be adapted for rotating
annular seals of various designs and operating with water or alternative
fluids, e.g. hydrocarbons. This makes it a valuable tool for geoenergy
applications where enhancing and monitoring the energy efficiency of
geothermal systems (in particular, turbomachinery components) are of
importance.

Compressors, pumps, and turbines are vital components of un-
derground gas storage, hydrogen production, and geothermal energy
generation operations. By combining ROMs with advanced techniques
(such as artificial intelligence, machine learning, and data analytics),
predictive models can be developed that adapt quickly to changing
operating conditions, ensuring the continued efficiency of geoenergy
systems.
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