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Abstract. This paper presents a time-accurate analysis of a single-channel pump with

a flow system characterized by highly oscillatory behavior. The analysis is performed with

an open-source numerical analysis library, OpenFOAM, which features a recently imple-

mented Generalized Grid Interface method that provides the means to conduct transient,

sliding interface simulations on arbitrarily unstructured meshes. Since the complexity of

the flow field demands high standards from the numerical analysis, two computational

models are considered and four separate cases analyzed to investigate the solution’s sensi-

tivity to turbulence modeling, grid resolution and boundary condition treatment.

The report includes a detailed description of the applied CFD methodology and covers

a broad range of issues that are relevant to the OpenFOAM analysis and post-processing

of the simulations. The obtained time-accurate results are compared against experimental

performance and LDV velocity profile measurements. The comparisons yield a wealth of

information on different aspects of the analysis providing tangible guidelines and recom-

mendations.

All the computational cases depicted the characteristic flow behavior of the pump dis-

tinctly, but, above all, the high-resolution grid model succeeded in capturing the nature of

the flow system in striking detail.
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1 INTRODUCTION

Single-channel (and single-blade) pumps constitute a special family of pumps, fea-
turing geometry designed to operate in waste water conditions without clogging. This
requirement complicates the design for high hydrodynamic efficiency as the non-periodic
geometry generates a complex, oscillatory flow system that is vastly dissimilar to conven-
tional multi-blade water pumps. The demanding nature of the flow system necessitates
spatially and temporally accurate computational analysis,1 which utilizes a sliding inter-
face between the rotating and stationary domains. Moreover, the requirements set by
reliable design practise demand that these computationally intensive transient analyses
are routinely performed with high resolution to examine potential pump prototypes in
greater detail. The role of such high quality CFD in exposing the mechanisms that drive
performance-deteriorating flow behavior is becoming increasingly significant.

Consequently, the drastic increase in demand for such high-fidelity CFD analyses, to-
gether with the need for more flexible, customizable tools has heightened interest in
open-source and license-free software across the CFD community. In response, this study
utilizes OpenFOAM,2 an object-oriented numerical analysis library written in C++ with
a recently implemented Generalized Grid Interface3 (GGI) coupling algorithm, to conduct
a comprehensive, time-accurate flow analysis of an experimental single-channel pump de-
sign.

The implementation of the GGI and the associated testing and validation work4 have
been brought together by the OpenFOAM-extend project∗, which is a collaborative un-
dertaking that also maintains the repository hosting the OpenFOAM library package
used in this study. In accordance with the mission of the OpenFOAM-extend project, as
this study builds on the contributions of others, the work is intended to provide a user
contribution to the open-source community.

This paper provides a thorough description of

Figure 1: An overview of an experimental
single-channel pump geometry.

the performed transient analysis of an experimen-
tal single-channel pump, shown in Figure 1. The
report covers the relevant computational method-
ologies together with the associated algorithmic
fundamentals and describes the analysis of four
different computational models in detail. In the
end, the obtained time-accurate results are pre-
sented together with experimental performance and
Laser Doppler Velocimetry (LDV) velocity pro-
file measurements, and the effects of the different
modeling choices are discussed.

∗http://sourceforge.net/projects/openfoam-extend/
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2 CFD METHODOLOGY

The solution of the time-dependent, turbulent and incompressible flow system of the
pump is governed by the Unsteady Reynolds-Averaged Navier-Stokes equations (URANS),
which can be written for a moving control volume V , bounded by closed surface S with
an outward pointing unit normal vector n, in the following form:

∂

∂t

∫

dV +

∮

(U − Ug) · n dS = 0 (1)

∂

∂t

∫

U dV +

∮

U(U − Ug) · n dS +

∮

pn dS =

∮

νeff∇U · n dS (2)

where U is the fluid velocity vector and Ug denotes the velocity of the bounding surface
S. In Eqn.(2), the influence of the Reynolds stresses is embedded in the effective kine-
matic viscosity νeff , according to Boussinesq’s approximation, necessitating the use of an
appropriate turbulence model to attain closure.

In a more general treatment, where the deformation of control volumes is also consid-
ered, an additional requirement must be satisfied:

∂

∂t

∫

dV +

∮

(Ug · n) dS = 0 (3)

This is known as the Geometric Conservation Law .5 In turbomachinery applications,
where the moving grid domain undergoes only solid body rotation, this condition is evi-
dently satisfied.

Employing the extensive library structure of OpenFOAM, two flow solver types utiliz-
ing segregated velocity-pressure coupling algorithms and featuring both automatic mesh
motion and deformation functionality,6 have been developed by the community for simu-
lating the flow systems described by Eqns.(1-3). The first, entitled pimpleDyMFoam∗, is
based on the PISO7 algorithm while the second, transientSimpleDyMFoam†, implements
a time-accurate SIMPLE8 pressure correction method. Although the PISO solver facil-
itates an accurate transient solution, it suffers from inefficient temporal time marching
due to a restricting limitation on the maximum time step length. For this reason it has
proven impractical for turbomachinery applications. On the other hand, the solver fea-
turing SIMPLE does allow more aggressive time marching – naturally at the expense of
temporal accuracy, which is critical in performing efficient time-accurate analysis of flow
systems whose transient behavior evolves over a comparatively long time. Therefore, in
this study the simulations are carried out with transientSimpleDyMFoam, whose principal
algorithmic description is provided in the following section.

∗Available in OpenFOAM 1.6 and in OpenFOAM 1.5 as turbDyMFoam
†Developed under OpenFOAM-extend project (http://openfoam-extend.sourceforge.net) and, there-

fore, resides in the OpenFOAM-dev release.
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2.1 Flow Solver

In order to provide an informative description of the transientSimpleDyMFoam flow
solver, which implements the segregated SIMPLE pressure-velocity coupling algorithm,
a proper groundwork must be laid by presenting a concise derivation of the pressure
equation9 as it is implemented in OpenFOAM. The grid can be considered stationary
in the treament because, within a time step, the pressure-correction step operates in an
absolute velocity field.

2.1.1 Theoretical Background

Firstly, equations (1) and (2) are written in a discrete form for a fixed control volume V
(i.e. cell) that is bounded by an arbitrary number Nf of cell faces. Given the surface area
of a cell face Sf , its normal vector nf and the definition of a face flux φf = (Uf · nf )Sf ,
the equations can be written as:

Nf
∑

f

(Uf · nf )Sf = 0 , or simply:

Nf
∑

f

φf = 0 (4)

∆U

∆t
V +

Nf
∑

f

φfUf −

Nf
∑

f

(νeff∇U · n)f Sf = −

Nf
∑

f

pf nfSf (5)

The discrete momentum equation (5) can be transformed into a linear system of equa-
tions that, for each computational cell center P surrounded by Nnb neighboring cells,
obtains a form:

aPUP +

Nnb
∑

nb

anbUnb = RHS (6)

where the dimensions of the system have been changed due to a division by cell volume VP .
The right-hand-side (RHS) of the equation contains the source contributions arising from
the discretizations of the transient, convection and diffusion terms and the pressure gra-
dient. For convenience, the contributions are split into velocity- and pressure-dependent
parts RHS = rhs(U) − ∇p, recognizing that ∇p = ( 1

V
)
∑

f pf nfSf . Using short-hand
notation

H(U) = −

Nnb
∑

nb

anbUnb + rhs(U)

Eqn. (6) can be expressed as

aPUP = H(U) −∇p (7)

From this formulation, a new face velocity can be defined that is interpolated onto the
cell faces using cell center values:
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UP =
H(U)

aP

−
∇p

aP

(8)

Uf =

(

H(U)

aP

)

f

−

(

1

aP

)

f

(∇p)f (9)

The discrete pressure equation is obtained by substituting Eqn.(9) into the continuity
requirement of Eqn.(4), yielding

Nf
∑

f

[

(

1

aP

)

f

(∇p)f

]

· nf Sf =

Nf
∑

f

(

H(U)

aP

)

f

· nf Sf (10)

A simplified form resembling the implementation in OpenFOAM can be attained by
defining an intermediate velocity field and evaluating the flux field, which does not satisfy
the continuity requirement, accordingly

U⋆ =

(

H(U)

aP

)

(11)

φ⋆
f =

(

U⋆
f · nf

)

Sf (12)

Thereby, the discrete pressure equation reaches its final form:

Nf
∑

f

[

(

1

aP

)

f

(∇p)f

]

· nf Sf =

Nf
∑

f

φ⋆
f (13)

2.1.2 Solver Description

Referring to the developments in Section 2.1.1 the solution procedure implemented in
transientSimpleDyMFoam can be illustrated by the following procedure:

TIME Loop: while (tn < tend)

1) Increment time: tn = tn−1 + ∆t.

2) Convert face fluxes to correspond to an absolute velocity field:
φf = (Uf · nf )Sf .

3) Apply mesh movement (and/or deformation) utilizing a chosen dynamic mesh li-
brary.

4) Correct the flux field if the mesh has deformed. (Not necessary in turbomachinery
applications.)

5) Convert face fluxes to correspond to a relative velocity field: φf = (U−Ug)f ·nf Sf .
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6) SIMPLE Loop: for( i = 0; i < nIter ; i++)

6.1: Build the momentum equation (6) applying relaxation 0 < αu < 1 to increase
the diagonal dominance of the coefficients matrix:

aP

αu

Ui
P +

Nnb
∑

nb

anbU
i
nb = RHS +

(1 − αu)

αu

aPUi−1
P (14)

and solve for Ui. (Note that at the matrix level the terms are multiplied by
cell volume VP before the relaxation is applied.)

6.2: Define an intermediate velocity field U⋆ and compute a corresponding flux field
φ⋆

f according to Eqns. (11) and (12).

6.3: Store the pressure value of the current iteration: pi−1 = pi.

6.4: Build the pressure equation (13) and solve for pi.

6.5: Correct the flux field such that it fulfills the continuity requirement:

φf = φ⋆
f −

(

1
aP

)

(∇pi)f · nf Sf

6.6: Apply an explicit relaxation to the pressure field pi = pi−1 + αp(p
i − pi−1),

where αp is the under-relaxation factor for pressure that typically takes on
values within range 0.1 ≤ αp ≤ 0.3.

6.7: Convert face fluxes to correspond to a relative velocity field:
φf = (U − Ug)f · nf Sf .

6.8: Correct the velocity field utilizing a relaxed pressure field according to Eqn.(8):

Ui = U⋆i −
∇pi

aP

6.9: Solve turbulence model equations.

6.10: Return to 6.1 or continue.

7) Return to 1) or exit time loop and terminate simulation.

2.2 Computational Models

This study focuses on simulating the main flow system of the pump, which dictates
the hydrodynamic quality of the design, and, therefore, some specific aspects of the pump
arrangement are neglected. For instance, the computational models do not include the
water-filled cavities which emerge in the spaces separating the impeller hub and shroud
from the pump housing. Consequently, the relatively small gaps which separate the
rotating impeller from the stationary volute and merge the main flow path with the cavities
are also omitted from the analysis. The model simplifications are well justified from a
computational perspective, but inevitably hinder comparability between the numerical
and experimental results.
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However, in design practice the main objective is to reach comparative improvements.
Thus, the principal concern lies in securing the quality of the CFD analysis such that
the small changes in the hydrodynamic design are reflected in the numerical results. For
this reason, strong emphasis has been placed on producing high quality grids consistently
through a templatable process. These requirements have been achieved with a grid gen-
eration tool called GridPro.10 Its technology has been thoughtfully exploited to generate
hexahedral meshes for a configuration where the rotating domain is separated from the
stationary by a cylindrical interface, as shown in Figure 2. The coupling across the non-
conformal grid interface is handled by the GGI.

Figure 2: The CFD models consist of rotating (middle) and stationary (right) domains, which are coupled
across the shown grid interface by GGI.

To investigate the effect of grid resolution, two different grid densities are considered
in this study. Both grids are generated for high Reynolds number turbulence models,
which employ wall functions at the solid boundaries. The grids are depicted in Figure
3 and labeled Coarse (≈ 0.5M cells) and Fine (≈ 1.5M cells), respectively. The mesh
conversion to OpenFOAM format was accomplished with GridPro2Foam∗ converter.

Figure 3: General view of the Coarse (left) and the Fine (right) GridPro grids.

∗Available at http://www.rtech-engineering.com/news.html
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From a computational point of view, the treatment of the inflow boundary conditions
turns out to be problematic: Imposing constant velocity and turbulence quantities at
a location where a developed (or developing) pipe flow truly occurs clearly represents a
compromising approximation. This introduces uncertainties whose level of severity should
be investigated. For this purpose, a second computational model has been prepared by
appending an elongated inlet duct to the Coarse model to allow the pipe flow profile
to develop before reaching the original inflow boundary. The computational models are
shown in Figure 4. The appended duct is part of the stationary domain and is also
connected to the rotating domain via GGI.

Figure 4: Outline of the standard model (left) and the elongated inlet duct model (right).

2.3 CFD Analysis and Case Specifications

The transient simulations are performed for the pump’s design point conditions, which
were also present in the experiment performed in collaboration with the manufacturer
Grundfos. The associated boundary conditions applied in the CFD analysis are listed in
Table 1.

Solution Rotating Stationary

Variable Walls Walls Inlet Outlet

U Uwall = (Ω × r) Fixed Value: Fixed Value: Uin Zero Gradient
|Ω| = 1470 rpm Uwall = 0 (ρUin · n)S = 27.8 kg/s

p Zero Gradient Zero Gradient Zero Gradient Fixed Value: pout

k Wall Function Wall Function Fixed Value: kin Zero Gradient
ε Wall Function Wall Function Fixed Value: εin Zero Gradient
ω Wall Function Wall Function Fixed Value: ωin Zero Gradient

Table 1: Applied boundary conditions.

The computational cases included in this study were constructed to yield informa-
tion about numerous aspects concerning transient analysis of turbomachinery with Open-
FOAM. Yet, the main elements of consideration, besides overall solution quality, were
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limited to the effects of grid resolution, turbulence modeling and treatment of the inlet
boundary condition. A listing of the essential computational settings characterizing the
four different cases is shown in Table 2. The labeling of the numerical schemes adheres
to the OpenFOAM syntax in which, for example, the suffix “V“ denotes a scheme for a
vector variable, while the scalar following the name specifies the level of applied limiting.
Due to their low numerical diffusion characteristics, limitedLinear schemes were utilized
with the high resolution Fine grid, while the more robust Gamma11 schemes were em-
ployed with the Coarse models. Despite having numerical accuracy as a high priority, the
effect of the different discretization methods on the numerical results were not thoroughly
investigated in this study. Experience has shown that on high quality grids most higher
order discretization schemes perform well and the need for associated limiters is reduced.

Grid, Fine, Coarse, Coarse Long, Coarse,
Turbulence Model k − ω SST k − ω SST k − ω SST k − ε

Time-Step Size

∆θ = |Ω|∆t ∆θ = 0.5o ∆θ = 0.5o ∆θ = 0.5o ∆θ = 0.5o

Time Derivative backward Euler Euler Euler
Schemes: 2nd order 1storder 1storder 1storder

Convection U: lLV 0.35 U: GammaV 0.5 U: GammaV 0.5 U: GammaV 0.5
Schemes: k, ω: lL 1. k, ω: Gamma 1. k, ω: Gamma 1. k, ε: Gamma 1.

Relaxation αu=0.75 αu=0.95 αu=0.95 αu=0.95
Factors: αp=0.3 αp=0.1 αp=0.1 αp=0.1

αk,ω=0.5 αk,ω=0.65 αk,ω=0.65 αk,ε=0.65
SIMPLE Loop

nIter: nIter = 8 nIter = 6 nIter = 6 nIter = 6

Table 2: A case-specific listing of parameters and schemes used in the CFD analysis. Note the abbrevia-
tion: lL(V)=limitedLinear(V).

The transient simulations considered in this report were carried out exploiting tech-
niques that aim to minimize the total CPU time required to complete the analysis. At
first, using the Coarse model, an initial flow field was solved using a quasi-steady (or
frozen-rotor) method for the purpose of providing a starting point for the time-accurate
simulation. Unfortunately, due to the non-peridic geometry of the single-channel pump,
the quasi-steady results misrepresent the true nature of the flow system to such degree
that in the transient analysis up to nine complete revolutions were required to convect
the ’nonsense’ out of the system and reach a recurring periodic behavior. Since this
lengthy evolution of the flow field was not of principal interest, it was beneficial to use a
larger time step to advance the solution efficiently until higher accuracy analysis became
feasible. In the build-up phase of the Coarse model, the time steps used corresponded
up to ∆θ =3o and were employed together with modified solution parameters (relax-
ation factors, inner iterations, etc.) and discretization schemes. Once the flow field had
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evolved sufficiently, the temporally and spatially accurate settigs were activated and the
computation was continued (at least four complete revolutions) to ensure two successive
revolutions demonstrated identical performance behavior.

Substantial time was saved by taking advantage of a utility called mapFields, which
enabled the flow solution to be copied from the Coarse grid to the Fine grid. This pro-
vided an excellent jump-start for the computationally intensive case. The same utility was
used to initiate the Coarse Long simulation, although the mapping could not influence
the added inlet duct. Nonetheless, the reduction in computational time was notable.

2.3.1 On Relaxation and Convergence

When solving the time-accurate Navier-Stokes equations (2), the matrix equation’s
diagonal dominance is principally due to the time derivate term (V/∆t), which becomes
insufficient for numerical stability on larger time steps. For this reason, the diagonal
dominance is further increased by applying relaxation to the matrix equation, as shown
in Eqn.(14), requiring that the solution must be iteratively solved until convergence within
every time step. However, as is well known about iterative pressure-correction schemes,
such as SIMPLE, that are mainly applied to steady-state computations, the role of relax-
ation is not clearly defined due to application- and numerical scheme-specific dependen-
cies. Yet, the iterative nature of the solution method gives way to permissive standards
which simplify the practical aspects considerably.

The picture is slightly more complex with URANS simulations since the role of the
physical time step length and grid density are added into the mix. In this study the
physical time step length was determined according to the accuracy requirement set by
the hydrodynamic system of the pump, and the relaxation factors for the solution vari-
ables were set to ensure smooth numerical behavior within each time step. The variation
between relaxation factors for the Fine and the Coarse models lays bare the effect of
grid resolution with a given time step: The physical time step provides nearly sufficient
diagonal dominance for the matrix equation on the Coarse grid, while significant relax-
ation is needed for the Fine case in order to ensure robust behavior. Even though the
transient SIMPLE algorithm is not sensitive to any Courant number CFL criteria, it is
meaningful to look at the mean Courant numbers of the two cases as they clearly reflect
the underlying numerical difference.

Fine: CFLmean = 0.0377

Coarse: CFLmean = 0.0266

as the Courant number in OpenFOAM is computed per cell face:

CFL =
φf∆t

Sf |∆xcc|

where |∆xcc| is the distance between the adjacent cell centers. The maximum Courant
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numbers were practically equal for the two models because of nearly identical grid refine-
ment close to the walls.

While smooth numerical behavior was achieved for a wide range of time steps – and
mean Courant numbers – the time-accurate evolution of the pressure field began to demon-
strate irregular behavior as the physical time step was reduced such that the mean Courant
number reached the reported Coarse range. As will be seen in the pressure results in Sec-
tion 3, the Coarse model generates small high-frequency oscillations which are visible in
the hydrodynamic head graphs. These small-scale oscillations become subdued as the
mean Courant number is increased, as is the case with the Fine model or when the time
step is increased with the Coarse grid.

Through numerical testing it was established that, within a time step, a three orders of
magnitude reduction in residuals served as a sufficient convergence criterion for the veloc-
ity and turbulence variables, while the coincident convergence of one order of magnitude
(or even less) in pressure was found to be adequate. Stricter criteria did not have any
detectable effects on the solutions.

2.4 Performance Analysis and Post-Processing

The assessment of the hydrodynamic performance of the pump is based on control
volume analysis of the First Law of Thermodynamics, which, when applied to a pump
with adiabatic walls and no heat source, yields the following relation:

Ẇs = ĖT + ṁ (hTOUT
− hTIN

) (15)

where Ẇs denotes the rate of shaft work done on the system (i.e. shaft power), ĖT is the
time rate of change of total energy within the system, ṁ is the mass flow rate through
the pump and hT stands for the total specific enthalpy. Utilizing notation ∆ to indicate
differences between the values at the outlet and inlet, and the definition of total pressure
for incompressible flow (pT = p + 1/2ρU · U), the energy balance can be written

Ẇs = ĖT + ṁ [∆e + ∆ (pT /ρ)] (16)

as ∆e represents the change of internal energy across the system. Recognizing that
the only mechanism contributing to the change in internal energy across the system is
dissipation due to viscous stresses (i.e. Φ = ṁ∆e) and Ẇs = T ·Ω, where T is the torque
on the impeller, Eqn. (16) can be written in a simple, but informative form:

T · Ω = ĖT + ∆EM + Φ (17)

where ∆EM = ṁ∆ (pT /ρ) is the rate of mechanical energy change across the system, or
power output. The terms in the equation represent different energy budgets that allow
the hydrodynamic performance of the pump to be evaluated. In pump analysis this is
typically aided by two additional measures which are derived from (17), namely total
hydrodynamic head, H, and efficiency, η:
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H =
∆EM

ṁg
(18)

η =
∆EM

T · Ω
(19)

Here it should be noted that in time-accurate simulations the role of ĖT on the right-
hand-side of Eqn.(17) complicates the continuous monitoring of performance because the
balance between the budgets is time dependent; the mechanisms that transfer energy
from one budget to another do not operate synchronously. However, this does not affect
the time-averaged measures, taken over a complete revolution, because the flow physics
require that ĖTavg

= 0.
To accomplish the time-accurate monitoring of system performance in a flexible and

convenient manner, OpenFOAM’s built-in machinery for function objects was harnessed
to develop a specific analysis tool for turbomachinery. With this function object the
transient performance data could be gathered irrespective of the flow solver used for
the analysis and across any set of user-defined boundary patches. The same boundary
patches were used with all the models to extract the data, including the Coarse Long

model where the GGI patch, at the interface between the added duct and the original
model, functioned as a monitoring inlet.

To construct a velocity profile comparison between CFD results and LDV measure-
ments, a utility called sample in the OpenFOAM library was used to extract velocity
values along specified lines within the domain for every four degrees. A number of flow
visualization animations were created for the same saved solution states (90 in total),
which were then joined together with the velocity comparison animations to yield a highly
informative depiction of the transient behavior of the system. All the data handling and
plotting needed for assembling the performance results and animations were accomplished
with simple Python∗ scripts.

3 RESULTS AND DISCUSSION

The transient simulations conducted in this study generated a vast volume of data,
which, after proper post-processing, yielded a tremendous amount of information on both
the hydrodynamic performance and the behavior of the pump. While the extraction of
the performance data is straight-forward and can be done on-the-fly as the computation
progresses, acquiring knowledge about how the geometric features of the design affect
the flow behavior requires a considerably more arduous process and demands appropri-
ate visualization and post-processing tools. This section is arranged so that the results
concerning the performance analysis are first presented and then followed by an account
of the velocity profile comparisons and flow visualizations, which bring further insight to
the complex flow behavior of the pump.

∗http://www.python.org/
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3.1 Performance Comparison

The time-accurate behavior of the performance measures, shown in Figure 5, exhibit
distinctly the oscillatory nature of the flow system and demonstrate the differences be-
tween the numerical modeling choices. From the hydrodynamic head and impeller force
plots it becomes apparent that both Fine and Coarse grids, regardless of the chosen
turbulence model, generate nearly identical pressure solutions, providing only marginally
different time-averaged head values, as shown in Table 3. The small-scale pressure fluctu-
ations, which are hardly visible in the Fine graphs but notable in the Coarse results, are
solely due to numerical issues, as discussed in section 2.3.1. One should note, however,
that these fluctuations show no effect on the impeller forces and very little effect on the
shaft power, indicating that the fluctuations occur on a global scale and thereby have
only a small influence on the solution of the momentum equation.

Figure 5: Comparison of computational performance behaviors: Head (top left), TΩ (top right), η

(bottom left) and Fx (bottom right).

The differences in modeling choices are most notable in the shaft power and efficiency
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Total Head Shaft Power Efficiency

Grid, Turbulence Model Havg (m) TΩavg (W) ηavg (%)
Fine, k − ω SST 9.60 2985 87.8
Coarse, k − ω SST 9.57 3037 85.9
Coarse Long, k − ω SST 9.62 3041 86.3
Coarse, k − ε 9.55 3137 83.0

Experiment 9.2 3250 78.0

Table 3: Comparison of computational, time-averaged (1 rev.) performance results. Experimental values
are included for reference.

results. The standard k−ε model, by virtue of its more diffuse nature, predicts 7% higher
viscous torque on the impeller than the Coarse k − ω SST.

On the other hand, all the k − ω SST simulations show surprisingly good mutual
agreement regardless of the marked difference in grid resolutions. This evidently manifests
the positive influence of having a high grid quality on a comparatively coarse mesh.

A comparison of the Coarse and Coarse Long results leads to a welcomed conclusion
concerning the inlet boundary condition treatment: The influence of having a developed
pipe flow profile at the inlet, instead of fixed values for U, k, ω and ε, is insignificant
for performance analysis. Thus, the usage of the conventional model is well justified for
design purposes.

The flow simulations demonstrated a relatively

Figure 6: Illustration of the changes in so-
lution behavior as ∆t is increased. The
change occurs at t = 0.30.

strict temporal accuracy requirement and a signifi-
cant sensitivity to increasing the time step length.
The effect of temporal accuracy can readily out-
weigh the effect of grid resolution or boundary
condition treatment. For instance, increasing the
time step to correspond to ∆θ = |Ω|∆t = 1o, the
Coarse k − ω SST performance results change as
follow: Havg = 9.45m (1.3%), TΩavg = 3080W
(1.4%), ηavg = 83.6% (∆η =2.3%), where the per-
centage difference is shown in parenthesis. Thus, if
comparative studies between slightly changed ge-
ometries are conducted, it is important to employ
the same computational settings and time steps. Otherwise the changes due to design
alterations may be blurred by the differences in the numerical treatment. Since the nu-
merical behavior of the pressure solution also changes with an increasing time step, Figure
6 is added to exemplify this phenomenon.

The juxtaposition of computational and experimental performance measures in Table
3 does not provide an apparently meaningful comparison since the complexity of the
computational models has been reduced by neglecting specific details (see section 2.2)
which complicate the CFD analysis. These neglected wet areas and leakages increase the
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shaft power requirement and have a moderate adverse effect on the hydrodynamic head,
which accounts for the fact that the CFD analysis ends up consistently over-predicting the
performance. Since the effects of these extra loss mechanisms remain both predictable and
uniform for a particular pump configuration, the utility of the experimental measurements
remains essential.

3.2 Flow Behavior and Velocity Profile Comparison

While the performance data is crucial in evaluating the quality of the design, it does not
provide any insight into the flow behavior of the system. In order to improve the design
rules utilized in generating new pump geometries, the dependencies between characteris-
tic flow phenomena and geometric attributes must be properly identified and understood,
which, in turn, requires access to detailed information about the flow system. Experi-
mental means offer a crucial, yet limited and expensive, contribution in the development,
but when combined with high accuracy CFD analysis, the capacity to extract meaningful
information on flow system dependencies increases dramatically. Therefore, as the utility
of CFD analysis has been well established for performance predictions, greater emphasis
has now been placed on gaining a more detailed description of the flow structures devel-
oping within the pump. This naturally requires a higher grid resolution, an appropriate
turbulence model and a set of discretization schemes that do not suffer from considerable
numerical diffusion. Despite these computationally demanding requirements, the scope of
this analysis is deliberately limited to such URANS simulations that remain both com-
putationally and practically feasible.

The Fine case has been prepared with the objec-

Figure 7: Time-accurate LDV velocity pro-
file measurements were taken at the shown
locations, W1 and W3, for comparison.

tive that, while the size of the computational grid
remains moderate by current standards, the resolu-
tion of the simulated flow behavior is considerably
increased compared to the Coarse model. In order
to gain greater confidence in the transient CFD
results produced by OpenFOAM, a set of time-
accurate LDV velocity profile measurements were
prepared for this study. Two sets of radial and
tangential profiles, labeled A and B, were taken at
two locations in the pump’s volute, shown in Fig-
ure 7, such that the second set of measurements
were taken at a slightly different radial locations.
A tick marker fixed to the trailing edge of the blade was used to set θ = 0 where the
trailing edge aligns with W1.

The animated velocity profile comparisons bring forth a captivating demonstration of
the time-dependent behavior of the flow system and reveal the striking agreement on the
fluctuating nature of the tangential and radial velocity fields, which unfortunately cannot
be properly conveyed in this report. Although Figures 8 and 9 can only provide a glimpse
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of the time-accurate comparisons, they warrant support for the following deductions:

• All the models succeed in predicting the tangential velocity behavior with good
accuracy.

• The measured radial profiles indicate that the pump generates a large swirling struc-
ture in the volute such that the flow bordering Zmax is outward while at Zmin it is
inward. This undesired flow behavior is correctly captured by CFD.

• In the radial velocity profiles, particularly at W1 shown in Figure 8, there is a
consistent discrepancy within the range Z = 0.01 → 0.03 throughout the revolution
of the impeller. It is suspected that this is due to leakage between the impeller and
the volute, which is not included in the computational model.

• The differences between the Coarse and Coarse Long results are insignificant. The
special treatment of the inlet boundary condition does not pay off in this respect
either.

• Results generated by the Fine model demonstrate greater detail in the secondary
flow structures, which are evident from the shape and behavior of the radial profiles.

• Although the Coarse k−ε solution captures the main flow characteristics, compared
to the Coarse k−ω SST cases, the results exhibit notably higher numerical damping.

As the animated time-accurate velocity profile comparisons are adjoined with a broader
visualization of the flow field, as shown in Figure 10, a remarkably descriptive illustration
of the flow behavior can be achieved. This is particularly striking with the Fine simula-
tion, which lays out the evolution of a wide range of flow structures distinctly. Therefore,
with the aid of well-prepared transient visualizations, different aspects of the oscillating
flow system can be closely analyzed. For instance, the complex impeller-volute interac-
tion of the pump emerged with an arresting resolution from the Fine analysis. Through
proper visualizations, detailed information about this potentially detrimental transient
phenomenon could be extracted. The strong interaction between the impeller and volute
is exemplified in Figure 11.

In conclusion, the presented work, which applies an open-source CFD tool to a complex
flow problem, leads to a tangible ramification: The study demonstrates the means to meet
the ever-growing demand to conduct high-accuracy transient turbomachinery analysis
routinely as a part of the design practice. As a corollary, even further cost efficiency can
be obtained in design as increasingly detailed numerical testing ultimately reduces the
need to construct expensive prototypes.
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Figure 8: Snapshots from an animation depicting a time-accurate comparison of the radial (Ux) and
tangential (Uy) velocity profiles obtained at measurement point W1. Abbreviations: F=Fine k − ω,
C-L=Coarse Long k − ω, C=Coarse k − ω, C-Ke=Coarse k − ε

Figure 9: Snapshots from an animation depicting a time-accurate comparison of the radial (Uy) and
tangential (Ux) velocity profiles obtained at measurement point W3.

4 CONCLUSIONS

- With the newly added utility of the GGI, detailed transient analysis of turbomachin-
ery applications has become feasible with OpenFOAM.

- A transient solver which implements the SIMPLE pressure correction algorithm is
shown to facilitate an efficient and robust transient analysis due to the ability to utilize
a wide range of time step lengths. This is essential in the single-channel pump analysis
because the flow solution goes through a lengthy development period before settling into
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Figure 10: A combined illustration of the flow field across the y−plane. The location of the line along
which W1 measurements were taken is marked by arrows.

Figure 11: Visualizations of the pressure (top) and velocity (bottom) fields at different impeller angles.

a recurring periodic pattern.

- With high quality computational meshes, grid resolution does not influence the perfor-
mance predictions notably. However, in order to resolve the characteristic flow structures
of the pump, grid resolution becomes critical.

- The analysis indicates that it is sufficient to impose fixed value boundary conditions
for velocity and turbulence variables at the inlet of the pump.

- The pressure solution remains practically unaltered as different turbulence models
(k − ω SST vs. k − ε) are applied. On the other hand, clear differences manifest in the
shaft power requirement values (TΩ) and in time-accurate velocity profile comparisons.
The standard k − ε results clearly suffer from excessive diffusion.

- As the time step is reduced and the mean Courant number CFL of the computation
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becomes sufficiently small, the pressure field begins to demonstrate small fluctuations.
However, this numerical behavior does not have a notable effect on the performance or
the velocity field behavior.

- The time-accurate LDV velocity profile comparisons together with detailed visualiza-
tions attest that the high grid resolution model succeeds in resolving the flow system with
striking detail. Although some details of the pump configuration have been omitted in the
CFD model, the complex fluctuating behavior of the flow can be successfully captured.
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