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Abstract:

Micro turbine centrifugal compressors have
been designed and simulated three-
dimensionally using the commercial CFD-
code FLUENT 6. A model only one impeller
channel was used to compare 1D design data
which obtained from CCD code, written and
developed by authors. The numerical results
in respect to performance data showed quite
good agreement with experimental data (&
1D design) at and near the operating point of
best efficiency. The often used model for tur-
bomachinery, known as ‘frozen-rotor’-model
only yields satisfying results for efficiency
and pressure ratio, at and near the point of
best efficiency. For this case the static pres-
sure shows a nearly uniform circumferential
distribution at the inlet of the diffuser, which
numerically leads to more homogenous flow
rates through the single vane channels, and
thus to a more realistic time- averaged flow
distribution. Unsteady simulation for this
purpose, i.e. modeling the rotor rotation rela-
tive to the diffuser, can be carried out and
would certainly provide a flow field solution
of higher quality. The intention of the paper
is to show how good compressor can be de-
signed and modeled with CFD steady models
and to explain reasons for discrepancies be-
tween experiment (1D design) and CFD.

1. Introduction

The centrifugal compressor has very large
field of applications in the compression of
gases in the process industry there are innu-
merable combinations of applications, gases
and pressure possible. The gases to be com-
pressed may be air, oxygen, hydrocarbons,
refrigerants or almost any other industrially
used gas, whereas the pressure levels vary
from 50 kpa for vacuum blowers up to 50
Mpa in barrel compressors and the pressure
ratio may go up to 10.

Microturbines are small gas turbines. In a
micro turbine, a centrifugal compressor com-
presses the inlet air that enters axially, but is
then turned radially out from the impeller.
The static pressure rises due to the decrease
of the relative velocity, but also due to the
centrifugal forces. After the impeller, the
flow enters a radially diffuser. The compres-
sor needs a gathering body, volute, to assem-
ble the flow to the next stage or to the outlet
piping.

The first part of the paper deals how the de-
sign of a centrifugal compressor starts with
the definition of the initial parameters, which
are used to calculate the one- dimensional
flow in the corresponding program. This pro-
gram, developed by authors, and test results
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from previous design to give preliminary re-
sults about the compressor performance.

The radial flow turbine- driven compressor is
quite similar in terms of design and volumet-
ric flow to automobile, truck, and other small
reciprocating engine turbochargers. It is re-
quired, that the high efficiency range of com-
pressor is as wide as possible [12].

In second part of paper three dimensional de-
sign and CFD analysis of centrifugal com-
pressor will be described. The initial parame-
ters of compressor impeller geometry and
flow are used in the three-dimensional design
process which is used to define the whole
compressor wheel geometry.

The compressor flow is calculated with three-
dimensional CFD- program (FLUENT 6).
Results of CFD- calculation and one-
dimensional calculations are compared, and
the design procedure repeated, if necessary.
The high complexity of the flow, especially
in the rotating impeller, makes the CFD
modeling very difficult. There has been done
much research in analyzing the flow and the
different viscous phenomena, but there are
still no programs that can calculate the time
dependent flow explicit [10].

2. One-dimensional flow design

The design of centrifugal compressor impel-
ler usually assumes tow distinct stages. A
preliminary design, making use of one-
dimensional analysis based on previous ex-
perience, is sketched out to specify the inlet
and outlet blade angles and the “skeletal” di-
mensions. This is followed by a detailed de-
sign in which the complete blade and channel
geometry is specified and then subsequently
refined by means of successive aerodynamic
and stress analyses [9].

At first, the design team gathered data from
literature and visited to other universities and
research institute and was convinced that the
design of a centrifugal compressor starts with
the definition of the initial parameters, which
are used to calculate the one-dimensional
flow in the corresponding program. Gradu-
ally, we were able to have design parameters

from our own developed code for centrifugal
compressor design (CCD). This code uses
empirical data from literature and test results
from previous design (such Whitfield (1990)
[7] and Japikse (1996) [8]) to give prelimi-
nary results about the compressor perform-
ance as well as some impeller and diffuser
geometrical parameters.

The input data includes compressor pressure
ratio, inlet pressure (both in total magnitude),
rotating speed (rad/sec), and mass flow rate.
The program includes variables that can later
be altered: Specific speed, different geomet-
rical ratios, slip factor, inlet flow angles, etc.

The main calculation results are:

_ Aerothermodynamics properties at different
position of impeller wheel

_ Main geometry parameters, compressor
specific speed and power consumption.

_ Isentropic Efficiency and Pressure ratio in
each point, Pressure recovery in the diffuser.

_ Velocity triangles, Deviation angle and
Relative Mach number at inlet and outlet.

This program able to calculate the off-design
performance and produces the compressor
performance parameters for further studies on
the performance map.

2.1. Basic equations for one-dimensional
design

A further important step is necessary before
design optimization calculation can be con-
ducted, that is a complete description of the
flow process, on a one-dimensional basis, in
term of the basic governing equations. The
basic governing equations are presented here,
but only for mixed out flow, from Japikse
(1996) [8]. To compute the exit mixing proc-
ess correctly, a control volume must be setup.
This was a problem in the early Johnston and
Dean (1965), and Dean, Wright and Run-
stadler (1970) derivations but was corrected
in Japikse (1985). Using the proper control
volume shown in Fig.1. [8]

Mixed-out state equations (m):
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Momentum:

I[ﬁ p(YCO|C(t).dA] it = jz F(t)dt

0 \cwv.

Mass:

j(ﬁ p(t)C(t).dAjdt =m

Energy:

j[ﬁAh [p(t)C(t).dA] t—ZP

C.V.

Where: C(t)=C, (¢)i, +C,(t)i, and
dA = dxrd 0i

And: P, includes all parasitic power terms (-)

1

and the overall shaft power (+)
Where i, and 7, are unit vectors in the me-

ridional and tangential directions.

Hence: C(t).dA ==xC, rdAdx
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Fig.1: These figures are equivalent for classical tow-
zone modeling (Japikse 1996) [8]

The control volume (see Fig.1.a) has an in-
finitesimal radial extent (dr), hence there are
no shear stresses on the sides or ends of the
control volume. The depth of the control vol-
ume is b, and gradients in the X- direction

are not considered. Hence, integration is
very, very small but finite angle. Hence there
are no variations in the ¢ direction to be con-
sidered. However, the velocities are time-
dependent entering the control volume
(Fig.1.b and 1.c). Integration will be over a
period 7 and hence, for example, C, is

m

C,,, during the time interval 0 to (1-¢)7

and it is C

m2s

(1-¢&)r tor . Parameters on the r+dr side are

during the time interval

space and time averaged by definition, hence
yielding the so-called mixed-out state. The
historical assumption of an unloaded tip is
used, hence p,, = p,, = p,. Thus we get:

j( Aj [ POCOC, ey, dgei+ j jp2m . mzmrzdﬁlx}t

= jZF(t)dt

This reduces to:
m C +m C _mCmZm +(p2m _pz)zﬂerZ

p " m2p s m2s

(Radial Momentum)

Using the same approach, the tangential
component of the momentum equation be-
comes:

p2pC92p( m2pA2p) + 0,,Cy; (szsAzs)Th

- p2mC92m (CmZmAZ) = O
reduces to:

m,Cp,, +m,Cy =mC,, (Tangential Momentum)

Similarly the energy equation ([c] above) be-
comes:

mpCPT02p +m CpT5,, +(F, )=mC,T,,

iscifricti()n reurc
(Energy Equation)

And the continuity equation ([b] above)
becomes:

m =2m,b,C, ,, p,,, (Conservation of Mass)
T

2m

=Toom — szm /2C, (Stagnation Temprature)
pZm = p2m /RTém (EquatlonOf State)

C; =C,, +C:, (Vectorldentity)
M,, =C,, /\JkRT,, (MachNumber)
P = P2 (T, 1T, )k/(k_” (Equivalance)

Plus assorted dependent variables:
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Ao =Coom ! C.n. (SWirl Parameter)

UZm = lu2m (AZm _tanﬁZb)/ﬂzm (SllpFaCtOI’)
o, =Cp,, /U, (WorkInputFactor)

2.2. Diffuser equations

The vane less diffuser is frequently employed
In process compressors, refrigeration com-
pressors, and turbocharger and micro turbines
compressors. For a vane less diffuser, the
conservation equations are solved by integra-
tion through the vane less diffuser. In a one—
dimensional compressor analysis this is done
as a succession of states through the vane less
diffuser. The full set of equations account for
wall friction effects in both the linear mo-
mentum equations: [8]

2 2

Cdem G fC c'os,3+ld_p=0

dr r ° bsing pdr

2 .

C. ng+Cng+CfC s'mﬂ:O

dr r * hsing
ld_p_'_Lde +lﬁ+l:0
pdr C dr hdr r
p=p/RT

T,=T+C*/2C,

Where the ¢ is the diffuser inclination. This

set of equations can be solved directly by
Runge- Kutta integration.

The equation:

1.8x10°
C, = k(—=—)°
f(Re)

Where k is a constant has been used (Japikse
1982) [8]. A value of k=0.01 is frequently
used based on a review of different vane less
diffusers in industrial machines.

Based on these equations, the 1D design of
compressor has been done and results of pre-
liminary design will be used in 3D design
and CFD calculation of this compressor will
be complete.

3. Three-Dimensional Design and CFD
calculations

In radial turbomachines, the first blade pas-
sage measurements were published by Eck-
ardt (1976) for a centrifugal compressor. The
computation methods which have been de-
vised and published, large in number and di-
verse in type to combination with Eckardt
useful results to have detail information about
flow field in centrifugal impeller passages.
Many of researchers such Mc. Nally and
Sockol (1985), Japikse (1976-1996), were
used CFD methods to turbomachines [7].
Moore et al. (1984) used three-dimensional
viscous CFD method to examine the flow in
a medium pressure ratio impeller (which used
largely in turbochargers and micro turbines).
The CFD results, although not directly com-
pared with measurements, showed several
aspects of loss production in the impeller.
Hathaway et al. (1993) and Skoch et al.
(1997) are helping to fill some gaps in CFD
analysis [5]. Hirsch et al. (1996) calibrated
their CFD method using Krain’s data (1981)
and performed numerical simulations quoted
by theoretical notions concerning secondary
flow [5]. In the most nearly years, the use of
CFD for the computation of turbo machinery
flows has significantly increased, and by
combination with measurements it provides a
completely tool for simulation, design, opti-
mization and most important of all, analysis
of the flow field inside the turbomachines [1].
The main purpose of the presented work is to
compare 1D and 3D results to complete de-
sign process of a centrifugal compressor for a
micro turbine.

3.1. Numerical Approaches for Turbo
machinery

The solution of flows in moving reference
frames can be best handled using “moving”
cell zones. The computation domain can con-
sist only of one moving cell zone or a combi-
nation of moving and stationary cell zones.
The single rotating frame option “RRF” can
be used to model flows in turbo machinery
where the flow is unsteady in an inertia frame
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because the rotor/impeller blades sweep the
domain periodically. However, in the ab-
sence of stators or volute, it is possible to per-
form calculations in a domain that moves
with the rotating part. In this case, the flow is
steady relative to the rotating frame, which
simplifies the analysis. If stators are present
in addition to a rotor, that it is not possible to
render the computational problem steady by
choosing a calculation domain that rotates
with the rotor or impeller. The CFD pro-
grams offers different approaches for treating
this problem, all of them are using multiple
frames of reference: [1]

-the frozen rotor model
-the mixing plane model
-the sliding mesh model

Fig.2 shows a resume from the different nu-
merical approach used in turbo machinery. In
this work, a micro turbine compressor which
designed one-dimensionally with CCD code,
have been simulated three-dimensionally us-
ing the commercial CFD code FLUENT 6.

The often used model for turbo machinery,
known as “frozen-rotor”-model only yields
satisfying results for efficiency and pressure
ratio, at and near the best efficiency [2].

‘ numerical simulation of turbomachinery ‘

o o

rotational periodic
in a single fluid zone

fluid zones with muttiple rotating frames

.

| steady approach

| | unsteady |

}

| “Mixing Plane” ‘ ‘“Sliding Mesh”‘

“RRF” ‘ “‘MRFI frozen rotor’]

i - each fluid zone is
constant angular speed ! between fluid zones | treatedasa

-fluid zone rotates with { - relativ movement - unsteady solution

- for transient

need be modeled | interaction i - The flow-field data

-onlyinabsenceof ! (‘mixed-out’™-approach) | are spatialy avareged
stators or volute ! | atthe Mixing Plane

|
| : !
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|
|
i

Fig.2: CFD approaches used in turbo machinery [1].

3.2. Grid Generation

One of the most important and time-
consuming tasks in the process of a CFD
simulation is the generation of the computa-

tional grid. First of all is the decision whether
the domain shall be discretiz with hexahedral,
tetrahedral or hybrid cells. Using tetrahedral
cells can save a lot of time because the mesh-
ing of the volume works almost automati-
cally. The grids for compressor channel were
completely generated with the preprocessor
GAMBIT which offers some CAD tools as
well as meshing tools. Three-Dimensional
(3D) models of the machine described above
were generated. In the centrifugal compres-
sor, due to rotational periodicity of the
blades, only one channel consisting of pres-
sure and suction side of the main blade had to
be generated [4]. The whole impeller is made
up of 13 blades. The whole impeller geome-
try had to be divided into several hexahedral
volumes, each of which could be meshed
with hexahedral cells (Fig. 3).
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Fig 3: Modeling & Grid generation for Centrifugal
Compressor with GAMBIT

3.3. Numerical Implementation

3.3.1. Model parameter

The impeller region was modeled as a refer-
ence rotating with respective rotary speed.
The most appropriate discretization scheme
was the segregated implicit solver. It imme-
diately turns the initial backflow, and solution
parameter come to convergence. Turbulence
is modeled using the standard k£ —¢& model
without realizable modifications. Also the
energy equation has to be solved additionally.
The medium is treated as ideal gas with vis-
cous heating. The momentum equation is
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solved using the QUICK scheme, the pres-
sure correction with the SIMPLE scheme.
The under relaxation factor pressure must be
very conservative, about 0.3 or 0.2; otherwise
the pressure correction might diverse.

3.3.2. Boundary conditions

For the compressible flow, mass flow rate
normal to boundary was used as the inlet
boundary condition. At the inlet total tem-
perature, turbulent intensity and length scale
must be defined too (Tu=1.5% L=10mm) [3].
A velocity at the outlet, the static pressure
and backflow properties must be defined. All
in inertia reference frame moving walls are
part of the rotating reference frame. These
walls are treated as moving walls with rota-
tional speed of 0 relative to the adjacent cell
zone, which is rotating. Non- rotating walls
in the inertia frame of reference, which are
part of the rotating reference frame, are
treated as moving walls with a rotational
speed of absolute 0. The walls are adiabatic.

3.4. Equation for a rotating reference
frame

When the equations of motion are solved in a
rotating frame of reference, the acceleration
of the fluid is augmented by additional terms
that appear in the momentum equations.
FLUENT allows you to solve rotating frame
problems using either the absolute velocity,
V, or the relative velocityV, , as the depend-

ent variable. The tow velocities are related
the following equation: [3]

V=V -Qxr

Here, Q is the angular velocity vector and r
is the position vector in the rotating frame.

The left-hand side of the momentum equa-
tion appears as follows for an inertia refer-
ence frame:

d
E(pV) +V.(pVV)

For a rotating reference frame, the left-hand
side written in terms of absolute velocity be-
comes:

%(pV) +V.(pVV)+QxV

In terms of relative velocities the left-hand
side is given by

%(pl/;)JrV.(erVr)JrZQer +Q><Q><r+paa—?xr

Where 2QxV +QxQxr is the Coriolis
force. Note that FLUENT neglects the

0Q .
p(a—)xr term, so it can not accurately
t

model a time-varying angular velocity [3].

Using the relative velocity formulation for
flows in rotating domains, the equation for
conservation of mass, or continuity equation,
can be written as follows for both the abso-
lute and the relative velocity formulations:

op O
L= (pV)=S8
> axi(/o =S,

Energy equation: FLUENT solves the energy
equation in the following form:

0 0 0, d
BBl
a & o '

Where £k,
J; is the diffusion flux of species j'. The

first three terms on the right-hand side of En-
ergy Equation represent energy transfer due
to conduction, species diffusion, and viscous
dissipation, respectively S, includes heat of

Jf _I_Lg(]lpe//)_h%

is the effective conductivity, and

chemical reaction, and any other volumetric
heat sources you have defined. In Energy
2
: u;
Equation, £ =h P
Yo,
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Where sensible enthalpy h is defined for ideal

gases ash = ij,hj, and for incompressible
=

flows ash = Zm ih+ L In this equations

j P
m, is mass fraction of species ;'
T

andh, = [C, ,dT (Where T, is 298.15K).

T"é:/

4. Results and Comparison to 1D data

As said above, the main purpose of this work
was to design a centrifugal compressor for a
micro turbine. Both of the preliminary design
and CFD methods were described, and said
that the 1D design has been done with CCD
code and essential data for 3D design and
CFD calculation were obtained from this
code. Now with comparison these results, the
design process of centrifugal compressor will
be complete. Not that by using of CFD re-
sults we able to improve performance pa-
rameters, and describe the flow field in com-
pressor channel that measurements unable to
give this ability. The compressor data in the
point of best efficiency (b.e.p) are shown in
table 1.

Table 1
Efficiency n 82%
Rotating N 7000
Speed (rad/sec)
Mass Flow i 0.865
Rate a (kg/sec)
Pressgre Ra- Pr 4
tio

The flow field inside the computational do-
main is shown in Figure 5. Contours of static
pressure (Fig 4a) and tangential velocity (Fig
4b) are presented in passage of channel.
Static pressure contours, for impeller also are
shown in Figure 5. It must be emphasized
that the flow field inside the impeller shows a
good qualitative agreement with the 1D data.
In areas of high static pressure, the radial ve-
locity is rather small; the effect has an influ-

ence on the flow field inside the impeller.
High radial velocities are located in areas of
low static pressure. These results are in dif-
ferent mass flow rates through each single
impeller channel.
B o

Contours of Static Pressure ipascal) Apr 24, 2005
FLUENT 5.2 {3d. segregated. ke)

Fig. 4a: Static Pressure Contour
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E \
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2 Py
Confours of Tangential Velocity {m/s) Apr 16, 2005

FLUENT 5.2 (34, seéega:eu_ ke)

Fig 4b: Tangential Velocity Contour

[
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Confours of Statlc Pressure (pascal) Apr 14, 2005

il
FLUENT 5.2 {3d. segregated, ke)

Fig. 5: Static Pressure Contours for Impeller

The comparison of 1D (base on experimental
data) and numerical analysis of the centrifu-
gal compressor is shown in table 2. As seen,
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static pressure and velocity magnitude for
impeller, in the b.e.p. show good agreement
with 1D data, and maximum difference be-
tween CFD calculations and 1D design is

about 15%.

Table 2

1D CFD (average)

Impeller Inlet Outlet | Inlet | Outlet

Static Pressure | ¢4 25 | 93007 | 8162 | 2220

(kpa)

Radial Veloc-

ity (m/sec) 0 173 10.19 | 184.85
Tangential Ve-

locity (m/sec) 28 361.29 | 4453 | 242.83
Relative Ve-

locity (m/sec) 274.89 | 21645 | 281.84 | 242.66

A good match between 1D and CFD calcula-
tions, offer a little change in design process.
It means that design of compressor was suc-
cessfully done, and designers can obtain
these data, and use them to improve perform-
ance of compressor or for a new design. By
using CFD results, also it is possible to de-
scribe impeller passage flow phenomena.

5. Conclusions

The centrifugal compressor for a micro tur-
bine has been designed completely. One-
Dimensional Design was complete with CCD
code, which written and developed by au-
thors, then by using FLUENT code, CFD
analyses base on 1D data have been done.
The common CFD-package offers different
approaches to simulate systems with both sta-
tionary and rotating components. With the
general single or multi-frames, using local
reference frames which are stationary or ro-
tating as appropriate, can steady-state analy-
ses in turbo machinery be performed. One of
these different ways to model the interaction
of rotating and stationary parts is the frozen-
rotor method, which is useful when the
circumferential flow variation of each blade
passage experiences is large during a full
revolution. With this option, computations
are again performed in a steady-state mode,

based on the assumption of quasi-steady flow
around the rotating component at every rotat-
ing angle. The detailed CFD model of com-
pressor and it comparison with the experi-
mental data (obtained from CCD code) are
explained and shown in this work. A good
match between CFD and 1D data was seen
for a centrifugal impeller of approximately
3.5:1 pressure ratio. Overall, the CFD gave a
good prediction of the performance and re-
solved enough of the local flow details. By
using this information of flow phenomena, it
is possible to improve compressor perform-
ance, or make a new design of centrifugal
compressor for different machines.
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