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ABSTRACT

A steady multiple reference frame segregated compressible solver and an unsteady sliding mesh one are
developed using OpenFOAM® to simulate turbomachinery. For each of the two solvers, governing
equations, numerical approach and solver structure are explained. Pressure and energy equation are
implemented so as to obtain the best numerical properties, such as the ability to use large time-steps. Sod
shock tube test case is used to assess the prediction of compressible phenomena by the transient scheme,
which shows proper resolution of compressible waves. Both solvers are used to simulate a turbocharger
turbine, comparing their solutions to corresponding ones using ANSYS® Fluent® as a means of validation.
The multiple reference frame solver global results quantitatively differ from those computed using ANSYS
Fluent, although predicted flow features match. The solution obtained by the sliding mesh solver presents
better agreement compared to ANSYS Fluent one.
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NOMENCLATURE
Symbols , pseudo-flux (m™ - s)
dA differential area vector (m?) " compressibility (m - s?)
a,  diagonal coefficients of momentum P density (kg - m™®)
equation (kg - m® - s1) T viscous stress tensor (Pa)
¢,  specific heat capacity at constant @ rotational speed (rad - %)
ressure (J - kg™t - K* :
h P ifi ( h Ig 2) 2 Sub- and Superscripts
_ specific enthalpy (m”-s%) 0 stagnation variable
H (v) off-diagonal part of the momentum eff effective value
equation matrix and source terms in inlet value
q . . 2 o f values at faces of control volumes
excluding pressure gradient (kg - m™-s™) out outlet value
turbulent kinetic energy (m’ - s%) p value for generic point P
pressure (Pa) r relative
ref reference value

position vector (m)

specific gas constant (J - kgt - K™
time (s)

temperature (K)

velocity (m - s)

isentropic efficiency

specific heats ratio

thermal conductivity (kg - m - s K™

pressure ratio

Abbreviations

BC boundary condition

CFD computational fluid dynamics
EOS equation of state

GGl general grid interface

MRF multiple reference frame

SM sliding mesh

URF under-relaxation factor
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1. INTRODUCTION

CFD has become an essential tool in
turbomachinery design and analysis, particularly in
automotive turbochargers. The flow passing
through this type of radial turbomachinery must be
considered as compressible, due to the high Mach
numbers (Simpson et al. 2009). When simulating
compressible flow, there are two types of solvers.
The so-called density based solvers can be
employed, in which the use of Riemann solvers
enhances the ability to capture shocks (Toro 1999).
These solvers are thus well-suited for solving
hypersonic flow problems (Nair et al. 2010).
However, they have a high computational cost, over
all when dealing with steady computations, since
they rely on a time-marching process. Computation
of subsonic/transonic turbomachinery flows can
also be carried out by pressure-based segregated
solvers, in which a pressure equation is derived
from continuity and momentum equations. Since
the governing equations are resolved in a sequential
fashion, a pressure-velocity coupling method is
required, such as the well known SIMPLE
(Patankar and Spalding 1972) or PISO (Issa 1986)
algorithms.

Another important feature in solvers used to
simulate turbomachinery is the strategy to deal with
rotor motion. There are two main methods. On the
one side, there is the Multiple Reference Frame
(MRF) approach, also known as frozen rotor, in
which the mesh does not move and the impeller
region is modeled with a rotating frame. This
technique allows solving a set of steady equations,
thus having little computational cost. Several
authors have studied the accuracy of this method
(Hillewaert and Van den Braembussche 1999; Liu
and Hill 2000; Zheng et al. 2010). The general
agreement is that MRF is not the most appropriate
approach for radial turbomachinery simulations,
especially when predicting flow features at off-
design conditions. However, due to its low
computational cost, it is useful as a first hint of the
turbomachinery performance or as a means of
initialization for more complex methods. On the
other side, the Sliding Mesh (SM) approach
considers the unsteady equations, rotating the
impeller mesh at every time-step.

Reaching a periodic state requires 10 to 100 times
more computational cost than obtaining the
converged steady solution with MRF. However,
transient features are resolved, which is of
importance when simulating turbomachinery at off-
design operating conditions (Galindo et al. 2013a).
The SM method has been proved to give good
results (Hellstrom 2010; Guo et al. 2007; Chen et
al. 2008).

One of the codes whose use is steadily increasing is
OpenFOAM. OpenFOAM (OpenCFD Ltd 2004-
2013) is an open source toolbox for the solution of
continuum mechanics problems. OpenFOAM has
been  used for  several incompressible
turbomachinery simulations. Auvinen et al. (2009)
conducted a numerical study of a single-channel
pump, comparing CFD results against experimental
data. Transient simulation were performed using a
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sliding mesh approach with the aid of a General
Grid Interface (GGI), a tool developed by Beaudoin
and Jasak (2008). The effect of mesh density,
turbulence models, time-step, and length of inlet
duct on overall parameters such as hydrodynamic
head, shaft power or efficiency was checked.
Moreover, velocity profiles predicted by the
different numerical configurations are compared
with Laser Doppler Velocimetry measurements.
Petit et al. (2009) compared frozen rotor and sliding
grid 2D simulations of the ERCOFTAC centrifugal
pump against experimental data obtained by Ubaldi
et al. (1996). GGI variants and additional
turbomachinery  simulations  performed  with
OpenFOAM can be found in Jasak (2011).

Regarding compressible  flow turbomachinery
simulations using OpenFOAM, Borm et al.
(2011a,b; 2012) developed and tested several
density-based solvers with MRF and SM
capabilities, which are available at one branch of
the Extend Project Borm (2012). Mangani et al.
(2007) developed a pressure-based segregated
compressible solver in OpenFOAM, using a
pressure corrector equation. However, rotor motion
methods were not discussed. Mangani et al. (2012)
investigated the effect of turbulence models on the
prediction of centrifugal compressor global
variables and local flow field. Gréschel et al. (2012)
used an improved version of this solver with a MRF

approach to optimize a high pressure ratio
centrifugal compressor, although the
implementation of the MRF method is not

described.

The main advantages of OpenFOAM are that it is
free of charge, so it does not have any license code
nor license manager problems, and it is an open
code, which allows one to modify almost every
single detail of it. However, since the code is
relatively young, it lacks some capabilities and
some existing ones have not been thoroughly
validated. For instance, there are no compressible
pressure based solvers available in OpenFoam
having a built-in rotor motion capability, which is a
must in turbomachinery applications, and allowing
to perform computations with large time-step size.
The objective of this paper is therefore to develop
compressible pressure-based segregated solvers for
turbomachinery flow simulations using
OpenFOAM, with both MRF and SM approaches.
The solvers have been implemented in
OpenFOAM-1.6-ext.

For each of the two solvers, corresponding
governing equations will be first presented and the
solver structure will be explained. Then, the solver
will be used to simulate a turbocharger turbine,
comparing the solution obtained to the one
computed using ANSYS Fluent.

2. MULTIPLE REFERENCE
FRAME

The governing equations in a rotating reference
frame, using the absolute velocity formulation, can
be expressed as:
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V(o) =0
V- (pVV)+ p(@AV)=-Vp+V-T
V[V, + p(@AT)]= V- (kg VT + T V) 1)
p=pRT =2
174
where total enthalpy is defined as:
o2
h0=h+|V2| 1k @)

The differences between Eqg. (1) and the ordinary
Navier-Stokes equations are that the advective
terms are computed with a relative flux
(V, =V—a@~r) and there are new terms due to non

inertial effects.

It is important to highlight that energy equation has
been considered using total enthalpy because it
provides a conservative formulation. Since a
segregated approach is sought, the pressure
equation is derived using continuity and momentum
ones following the work by Jasak (2006), resulting
in Eq. (3):

Z¢d,f pe=V- (p(a:)AVp) . 3)

Left hand side of Eq. (3) has been integrated over a
control volume using a linearized and discretized
form of Gauss’ theorem. Since Eq. (3) is not a
pressure corrector equation, implicit under-
relaxation can be performed, thus improving the
linear solver stability (Ferziger and Peric 2002), and
the restrictions on boundary conditions described by
Mangani (2008) are not present. In Eq. (3) a
pseudo-flux, ¢,, is used as presented by Jasak

~—

(1996). ¢, is computed as shown in Eq. (4):

¢ =w((@) " H(v))dA

in  which the pseudo-velocity employed,
(a‘;)*H(V), does not carry the pressure gradient

®)

contribution. The pseudo-velocity field can be
obtained rearrainging the momentum equation, as
shown in Eq. (6):

alv, =H()-Vp, (6)

where the terms of the equation have been separated
in the diagonal terms, ag\Tp, and the off-diagonal

part and rest of the sources of the equation
excluding the pressure gradient, represented by the
operator H (V). Additionally, since it is a MRF

solver, the flux in the rotating domain has to be
relative to the rotating reference frame, as:

by =v(@) THW) ~@AT)dA.
)

The solver structure is sketched in Fig. 1. Following
the SIMPLE approach, a momentum predictor
comes first, in which velocity equation is defined,
implicitly under-relaxed and solved. Then, the
pseudo-flux is computed. However, since implicit
under relaxation has changed the matrix coefficients
of momentum equation, an update of the equation
coefficients is required to erase this effect and
ensure that the solution fulfils continuity. This is
something not done by the compressible solvers
currently available in OpenFOAM. Afterwards,
pressure equation is assembled, implicitly relaxed
and solved.

Momentum predictor (bd pressure equation
TET—

* Define « Update U Eq. * Define

* Implicit Relax. —_> C —> * Implicit Relax.
+ Calculat ,

* Solve alate 9y * Solve
- J
¢ (Satisfies cont.)

Explicit relaxation p « Update p Eq.
—
l + Calculate ¢,

Momentum
corrector

—> p (EOS) —— Enthalpy Eq.—> Turbulence eq.

Fig. 1. Flowchart of the proposed MRF solver. Major changes regarding already available OpenFOAM
solvers are highlighted in red

Since the equations are implemented in a
conservative form, in which continuity is implicitly
considered, it is important that the calculated fluxes
satisfy continuity. In order to obtain a set of face
fluxes that fulfills this requirement, two things must
be taken into account: the coefficient matrix of
pressure equation should be updated before
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obtaining the flux, for the same reason as in
momentum equation, and the implicit URF should
be close to 1. Then, pressure field is explicitly
relaxed and velocity is corrected with the new
pressure contribution.

Finally, density is obtained using the equation of
state (EOS) and enthalpy and turbulent equations
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are solved. After that, a new iteration is performed.
Regarding enthalpy equation, it has been placed
after the pressure-velocity coupling to have a
consistent set of pressure and velocity fields and
fluxes when solving it. If the fluid cell considered
belongs to the rotor, the corresponding non-inertial
terms must be added prior to solving momentum
and energy equations and the fluxes should be made
relative to the rotating reference frame after its
computation.

The developed solver was used to simulate the
variable geometry turbine analyzed by Galindo et
al. (2013b) under different operating conditions,
providing good convergence behavior. The solution
obtained by this solver is compared to the one
computed using ANSYS Fluent. The same setup,
described in Table 1, is used in both codes. First
order discretization schemes have been chosen for
the current simulations. This selection is based on
the fact that the implementation of 1% order
schemes is unequivocal while the implementation
of a 2" order scheme could have different
approaches in each code, and the goal of the
simulations is not accuracy of the solution but
comparability across codes.

Y4y
7

vy
VAYa)
ARAVA D

3
7

Table 1 MRF configuration parameters

Discretization st
schemes 1" order

Mass flow (0.065, 0.075,
Inlet BC 0.085, 0.095 kg/s),

total temperature (664 K)
Outlet BC Static pressure (101325 Pa)
\éV:éLlheat transfer Adiabatic
Turbulence model RNG k-¢
Rotational speed 18953 rad/s
Thermal properties | Constant values for dry air at
(cp, K, etc.) 664 K

The mesh used by both codes is the one represented
in Fig. 2, with 1.2 million cells. A mesh
independence analysis was performed to determine
its influence on the solution. It was observed that
doubling the total number of cells, the solution
changed about a 0.5 % in pressure drop and a 2 %
in torque. Since the objective of this paper is to
compare solvers, the additional computational cost
of increasing the number of cells in order to obtain
the most accurate solution was not justified.

VA AVAVAYARTRYAATETS )
VAVAVAVATSI S ==
AV e

Fig. 2. 1.2 million cells mesh used for solvers comparison. The rotor region has been marked in red.

To compare the global performance of the turbine
predicted by both codes, flow capacity and
efficiency curves are computed using the results
from the 4 simulated operating conditions. In order
to compute flow capacity of the turbine, corrected
mass flow is defined as shown in Eq. (8):

ey ®)

pref
in which p, =101325 Pa and T, = 288.15 K,
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and total-to-static pressure ratio is calculated

following Eq. (9):

_ Pino

pOU'

I 9)

t,s

Left side of Fig. 3 shows the flow -capacity
predicted by the 2 codes, obtained from the 4
different MRF cases. The computed values differ up
to 10 %.
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Fig. 3. Flow capacity predicted by ANSYS Fluent (blue) and the developed MRF solver (red)

Isentropic turbine efficiency is calculated taking
into account the perfect gas hypothesis, as:
Tno =T,

i out,0
—
Tin,o[l—Ht,Z ]
Right side of Fig. 3 presents the isentropic turbine
efficiency against pressure ratio. Maximum
efficiency point is located at a similar expansion
ratio, although the developed solver predicted
efficiencies are about 6 % less than ANSY'S Fluent
ones.

W
n=-

is

(10)

. 193 kPa

I 112 kPa

The case in which the imposed mass flow is
0.065 kg/s is studied in more detail. Fig. 4 shows a
comparison between the pressure fields at the stator
predicted by both codes for the aforementioned
case. The scale has been deliberately set with
different limits. In this way, one can see that the
flow features are very similar, although the pressure
drop is clearly underpredicted by the proposed
solver.

Fig. 5 depicts the velocity field at the turbine stator
predicted by ANSYS Fluent (left side) and the
developed solver (right side) for the same case.
Except at the proximity of the bolts, velocity fields
are almost identical.

Fig. 4. Pressure field predicted by ANSYS Fluent (left) and the developed MRF solver (right) for the
0.065 kg/s case.

3. SLIDING MESH

Sliding mesh governing equations (Eq. (11)) are
similar to Eq. (1) in the fact that relative fluxes are
employed. However, the corresponding temporal
terms are not dropped and there are no non-inertial
extra terms:

op

+V-(pV,) =0

o0 11)

+V-(NV)=-Vp+V-T
o (pV,V) p T
oph LD -
%+V-(pv,ho)=5p+v-(keﬁVT+r-v)

p=pRT =2
v
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The pressure equation is again derived using
continuity and momentum ones, resulting in Eq.
(11):

%4_2%1 Ps :V.(p(a;)'1Vp) ) (12)

The pseudo-flux ¢d used in Eqg. (12) is the one

defined by Eq. (5) (or Eq. (7) if the considered cell
is in the rotating domain). As in Eg. (3), the
convective term is presented in a discretized form.

The solver structure is sketched in Fig. 6. Only the
major differences respect to the one shown in Fig. 1
will be pointed out. When starting a new time-step,
the mesh is correspondingly rotated and continuity
equation is firstly solved. Then, the so-called
PIMPLE loop is applied. Momentum predictor is
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followed by a number of pressure equation and
momentum corrector loops, known as inner loops.
Afterwards, density is updated and enthalpy and
turbulent equations are solved. The whole set of

— 400 m/s

I 0m/s

equations, excluding continuity, form an outer loop
which is repeated a predefined number of times to
overcome the segregated approach. After that, a
new time-step can be performed.

— 400 m/s

B . v
|

i

I 0m/s

Fig. 5. Velocity field predicted by ANSYS Fluent (left) and the developed MRF solver (right) for the
0.065 kg/s case.

Momentum predictor

Continuity eq.
* Solv
Inner loops

* Define
* Implicit Relax.

(S

v Outer loops

g

+ Update U Eq.
+ Calculate ¢y,

Explicit

¢ (Satisfies cont.)

PEq. §

relaxation p

l

Momentum
corrector

» Update p Eq.
+ Calculate ¢,

—> p (EOS)——Enthalpy Eq.——>Turbulence eq. -~

* Define
* Implicit Relax.
* Solve

Fig. 6. Flowchart of the proposed SM solver. Major changes regarding already available OpenFOAM
solvers are highlighted in red.

Sod shock tube test case (Sod 1978) is used to
assess the ability of the transient solver to capture
compressible phenomena. The test has been set up
in the same way as in Galindo et al. (2011). A 2-m-
long tube is divided by a membrane into two
separate regions: the domain at the left side of the
membrane is initially set at a pressure of 3 bar and a
temperature of 293 K, while the right side is set at a
pressure of 1 bar and a temperature of 293 K. At
time zero this membrane is eliminated and the flow
inside the tube starts to evolve.

The results obtained by the developed solver are
presented in Fig. 7 in terms of temperature,
velocity, pressure and density axial profiles at time
2 ms compared against analytical solution. Contact
and shock discontinuities and rarefaction wave are
captured by the solver. An undershoot of the
profiles is observed, but it disappears as long as the
number of cells is increased, achieving a perfect
match with analytical solution (not shown here).

In order to check the sliding mesh capability of the
developed solver, it is used to simulate transient
behavior of the turbine at lowest mass flow
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operating conditions (see Table 1). At every time-
step 10 outer loops are performed, causing the
residuals to drop several orders of magnitude and
thus ensuring a good convergence. The solution
obtained by this solver is compared to the one
computed using ANSYS Fluent. The mesh and
setup is the same as the one used in section 2. The
time-step was chosen so that the mesh turns 1° per
time-step.

Fig. 8 shows a comparison between the pressure
field at the stator predicted by ANSYS Fluent (left
side) and the proposed solver (right side). Both
solutions are very similar, although the developed
solver pressure at inlet is slightly higher. Fig. 9
depicts the velocity field at the stator computed by
the two codes for the same conditions. Again, the
velocity fields are almost identical.

Fig. 10 presents the torque evolution predicted by
both codes. Blade passing frequency is properly
captured by the two codes, although the developed
solver predicts oscillations which amplitude is 15%
greater than the one obtained using FLUENT.
Torque mean values differ in 3.5 %.
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Fig. 7. Comparison of developed solver and analytical flow profiles at time 2 ms for Sod shock tube test
case. Temperature (top left), velocity (top right), pressure (bottom left) and density (bottom right).
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Fig. 8. Pressure field predicted by ANSYS Fluent (left) and the developed SM solver (right).
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Fig. 9. Velocity field predicted by ANSYS Fluent (left) and the developed SM solver (right).
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4. CONCLUSIONS

In this paper, a MRF compressible solver and a SM
one have been developed using OpenFOAM to
simulate turbomachinery. Pressure equation has
been derived following the work by Jasak (1996),
instead of using a pressure corrector equation. In
this way, implicit under-relaxation can be
performed, with the corresponding increase of
linear solver stability and avoiding restrictions on
boundary conditions. Energy equation has been
implemented using total enthalpy because it
provides a conservative formulation.

The structure of the SM solver, which enables
computations with a large time-step size due to the
existence of inner and outer loops and under-
relaxation, and the rotor motion capability make the
developed solver suitable for performing
automotive turbocharger simulations, not having
currently an equivalent pressure based segregated
compressible OpenFOAM solver.

Both solvers have been used to simulate a
turbocharger turbine, showing good convergence
behavior. Their solutions have been compared to
corresponding ones computed using ANSYS
Fluent, as a means of validation. The MRF solver
predicts proper flow features. However, it still
needs some work since the provided values can
differ up to 10 % compared to ANSYS Fluent ones.
The SM solver obtains a more accurate solution,
even though some differences exist compared to
ANSYS  Fluent.  Compressible  phenomena
prediction by the transient solver is confirmed by
Sod shock tube test case.

0.295
Vi /\ [\ f
E 029\ \/ \ j M
302857 ,.'-\‘ af‘\ ,'F‘\ ;'-\\‘ ‘t“\‘ :‘,‘\ :ﬂ‘l f’ ‘\ ,’r‘l 1’\\;
g F .', \‘. /A ,; Vv ‘\ f’ Vol "n n" !
0.275- ——————i|
— Developed Solver
---ANSYS FLUENT
0.67
1012 0.0121 ) 0.0122
Time (s)

Fig. 10. Evolution of torque with time computed
by ANSYS Fluent (blue) and the developed SM
solver (red).
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