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Abstract
In this paper, the performance of a small centrifugal compressor of an 
UAV at design and off-design operational conditions is estimated by 
way of advanced commercial CFD code, ANSYS-CFX-16. Then, the 
gained performance is compared with published predicted performance 
using approximate method[1, 2]. The engine used is JetCat P200-sx, 
which is a single spool turbojet. Considered off-design regimes include 
centrifugal compressor operations at 73%, 80%, 85%, 90%, 100% and 
103% of the design point rotational speed. Commercial CFD code 
CFX-16, is used for compressor performance prediction at design and 
off- design operating conditions. The computational grid is created 
using Turbo-Grid for compressor parts impeller and vanned diffuser. 
While for both intake device and vaneless diffuser an unstructured 
tetrahedral mesh with prism layers along the wall surfaces using 
ANSYS-ICEM CFD mesh is used to resolve the near-wall boundary 
layer. To gain a reduction in the computational analysis cost, only one 
passage is considered as a portion of the computational domain and 
the model is simulated as a steady state problem. Finally, to detect 
the surge point at each rotational speed the unsteady simulation on 
performance predictions of centrifugal compressor is investigated. 
It is a common practice to use compressor characteristics available 
in graphical form. These plots can be transformed into empirical 
equations that can be used in automatic calculation. Such approach 
was done to predict the same compressor performance[13]. The CFD 
detailed compressor performance is compared with the mentioned 
published one. The numerical CFD results illustrate good agreement 
with the analytical model.
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I. INTRODUCTION

Nowadays it is really common to use centrifugal 
compressors in extensively way for industrial applications 
when there is a need for highly pressurized gas. The 
centrifugal compressor pressure ratio arrays from 1 to 1.3 
per stage for those used in industrial processes, 3 to 7 for 
small GTE’s and regularly 13 for centrifugal compressors 
used in the experimental replicas[3]. Small TJE’s 

compressors and turbochargers are the most common 
examples.

Figure 1 shows components and station numbering 
of a small TJE. Amongst all examples of small TJEs, 
the small gas turbines have practiced a growing attention 
lately. These engines have great energy capacity compared 
to their total weight and consequently this makes these 
engines striking for use in small propulsion vehicles like 
UAVs, model airplanes and missiles[4]. 
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Fig. 1: Components and station numbering within engine

The compressor operating performance is represented 
by a map demonstrating the relation between pressure 
ratio and air mass flow rate, ṁ. The serviceable segment of 
the map linked to centrifugal compressors is restricted by 
the surge line, the choke line and the maximum permitted 
compressor speed.

The surge line gives the limitation of the map on the left 
side. This characterizes the limitation of the air mass flow 
at the inlet of the compressor. If the pressure ratio becomes 
too high and the volume flow becomes too small, the air 
no longer sticks to the blades suction side which leads to 
an interruption in the discharge process. The air flow stops 
from going through the compressor and is overturned until 
reaching the state of stabilized pressure and the positive 
flow rate is successfully reached again, then the pressure 
builds up again and the cycle is repeated. The instability in 
flow creates surging which appears as pressure pulsation 
and noise.

The compressor inlet cross-section is typically the 
limitation of the maximum centrifugal compressor flow 
rate. If the flow at the inlet reaches its maximum velocity 
then the flow rate can no longer be increased. The choke 
line can be defined as the rapidly descending line on the 
right side of compressor’s map. A typical map is shown 
in figure 2. Fig. 2: A typical Centrifugal Compressor Map



Engineering of Science and Military Technologies
Volume (2) - Issue (4) - Oct 2018

187

The complete technical specifications of JetCat 
P200-sx which is the selected micro TJE for this 
study are given in Table 1[5]. The JetCat P200-sx 
consists of a standard inlet (intake device), centrifugal 
compressor of a single stage with vane diffusers, an 
annular combustor, a single stage axial turbine and a                                                                                                       

3.7Compressor pressure ratio, π_ct

9 NF (idle) 

230 NF (maximum) 

33000 rpmn (idle)

112000 rpmn (maximum)

750℃EGT(maximum)

0.45 kg/sṁ

1840 km/hExhaust velocity(maximum)

0.584 kg/minFuel consumption(maximum)

95% Jet-A1+ 5% Mobil jet oil254Fuel mixture (By volume)

Table 1: JetCat P200-sx technical specifications as provided from manufacture 

convergent nozzle with speed range from 33,000 
to 112,000 rpm. The impeller is composed of 6                                                         
main blades and 6 splitters (secondary blades)                                                                                          
to reduce the blockage of the passing flow                                                                      
and the vanned diffuser contains 17 radial blades and 34 
axial vanes.

Previous studies were conducted on several micro TJEs' 
models, to predict their performance theoretically using 
CFD and / or analytical models[6-10]. Some of these studies 
used map scaling to expect the compressor performance 
variation at different rotational speeds[6-8]. Additional 
studies used CFD analysis and commercial software to 
predict it[9 and 10].

 This paper is directed on studying the performance of 
micro TJEs by predicting it theoretically using commercial 
CFD code, ANSYS-CFX, and verifying this prediction 
using approximate method.

II. Governing Equations
In order to give a proper description of the flow behavior 

of centrifugal compressor it is important to discuss 
the mass and momentum conservation equations, the 
compression process is considered without heat exchange 
in simulation. CFD programs permit the user to split the 
model into separate parts named sub-domains, each one 
can have characteristics that are different from the other 
sub- domains. In this case of study, it is essential to divide 
the model into 4 different parts (intake device, impeller, 
vaneless diffuser and vanned diffuser). Three of these parts 
are fixed (stationary) while the sub-domain allocated to 
the impeller has an angular velocity. Consequently, for the 
same numerical simulation two different types of domains 
are synchronized, in order to connect these different sub-
domains (parts). ANSYS-CFX-16 offers the interfaces 
needed to deliver the data among different parts (domains). 
Each sub-domain has its individual mesh[11].

To define the impeller rotational movement, it is 
required to assign the orientation framework of the model, 
where Z axis is considered as the rotational axis. And 
the domain specified to the impeller (rotor) is confirmed 
that it shares the same rotational axis and passes through 
the original (0,0,0) point of the orientation framework. 
Additional relations must be involved on the momentum 
equations to designate the flow on this domain accurately.

Numerical simulations are classified into three different 
groups: RANS (Reynolds Averaged Navier-Stokes), LES 
(Large Eddy Simulation) and DNS (Direct numerical 
simulations). The work in this paper can be considered as 
a RANS simulation, which is most common suitable for 
the treated problem using CFD’s. The LES upon which 
the flux equations that are time dependent are to be solved 
for the biggest turbulences and in the same time modeling 
the effect of the smaller swirling flow. The DNS model for 
the mean time is only appropriate for microscopic scales, 
it solves entirely the Navier-Stokes equations, however it 
needs high capability solver.

In this paper, taking the assumption of Reynolds 
average equations and Boussinesq hypothesis a turbulence 
flow managed by the mass and momentum conservation 
equations is used. With this supposition on turbulence 
modeling and considering non-inertial reference framework 
system (x, y, z), the equations of conservation of mass 
(2.1) and momentum (2.2), (2.3) and (2.4) are described 
as follows:

(2.1)
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(2.2)

(2.3)

(2.4)

If rotation presets for the domain, then the angular 
velocity must be included ; in this case, the terms Dx and 
Dy and  are described in equations (2.5) and (2.6):

(2.5)
(2.6)

For static domains, these terms  Dx and Dy are zero. 
The turbulent kinetic viscosity is defined in the following 
equation:

(2.7)

Two equations turbulent model k - ɛ is used in this 
case of study; in this model a mathematical relation 
bonding between vt with both k and ɛ and is presented in                         
equation (2.8):

(2.8)

Where:
k : turbulent kinetic energy
ɛ : energy diffusion ratio
hµ : constant for the k - ɛ turbulent model. 
The equation defining both k and ɛ, respectively, are 

shown in equations (2.9) and (2.10):

(2.9)

(2.10)

Where:
Sk and Sɛ : diffusive terms for k and ɛ
Pk            : define the production of k, and
hɛ1   ,   hɛ2  : coefficients from the k - ɛ  model
Explanation of  Sk, Sɛ and Pk are defined in equations (2.11), 
(2.12) and (2.13)
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(2.11)

(2.12)

(2.13)

Where : σk and σε are the Pradnt number for k and ε, 

the values of the coefficients of   k - ε are:

hμ =0.09, σk=1.00, σε=1.30, hε1=1.44, hε2 =1.92[12].

III. Domain Interfaces
Using ANSYS-CFXfor the centrifugal compressor 

study case, two different kinds  of interfaces can be defined.
Interfaces can be used to connectstatic meshes or to connect 
a static mesh with a rotational one. Table. 2 shows the two 
kinds of interfaces.

Interface models available between 
stationary and rotational meshesInterface model available between static meshesSimulation Type

Stage, Frozen RotorGGISteady State

Stage, Frozen Rotor, Transient rotor-statorGGITransient State

Table 2: ANSYS-CFX Interfaces

GGI type connection is the simplest of all types of 
connections, because of that the frame in this situation is 
static combined with an always constant relative position 
between cells.

In Steady State simulation with the aim of combine a 
static mesh with a rotational one, a choice between Stage 
or Frozen rotor can be taken. Knowing that for these 
two interfaces models the relative movement between 
their meshes is not designated, internally calculations 
of thedegrees rotated by the rotor (impeller) is done by 
ANSYS-CFX and that data is linked every time step. 
Receivingthe data of two adjacent time steps and post 
process the situation of the meshes are combined with the 
intention of the relative position remains to be the same.

Frozen rotor method differs from the stage (mixing 
plane) method as named in CFX in dealing with flow in the 
interface for both upstream and downstream components. 
The stage mixes the flow and use the average quantities on 
the interface for the upstream and downstream components. 
Though frozen rotor passes the true flow to downstream 
and vice versa. So, if it is interested in the wake effect on 
the performance of downstream component then frozen 
rotor method is selected. The disadvantage of frozen rotor 

method is that, it gives the solution at the single relative 
position. Thus, if it is essential to get the wake effect on 
downstream component for all relative positions, which 
does happen in reality, then the true transient method 
should be considered.

If the main direction of the passing flow is parallel to 
the normal vector of the cell’s face (perpendicular to the 
face) then the Stage interface is appropriate. The Frozen 
Rotor interface is appropriate when the direction of the 
passing flow is perpendicular to the normal vector (has a 
relatively high tangential component trough the interface 
surface).

The last kind of interfaces is called Transient Rotor 
Stator which only available for transient simulations. 
This model is the only one capable of reporting the whole 
relative movement between meshes as it gives more precise 
results but in the other hand needs more processing time.

In this case of study, four interfaces are defined for 
the compressor model, the first interface is between the 
intake device and the impeller sub domain, the second one 
connects the impeller and the vaneless diffuser, the third 
one connects the vaneless diffuser with the radial blade 
of the vanned diffuser and the last one is placed between 
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the radial part of diffuser and the exit sub-domain which 
contains the axial part of diffuser, see details on figure 3.

Fig. 3: Domain Interfaces in JetCat’s Compressor

IV. Numerical Solution Technique
4.1. Geometry Preparation

A reverse engineering methodology isusedin order to 

attain a full 3-Dimensional geometry of the JetCat P200-
sx centrifugal compressor. Initially the TJEis carefully 
disassembled until the centrifugal compressor is visibly 
realized. At that time a CMMis used to separately 
measure point coordinates on the centrifugal compressor 
components (impeller, vaneless diffuser, vanned diffuser 
and elbow).

Because of the small size of the impeller features 
relative to the scanning sensorit was so hard to obtain a 
precise measurement of the impeller, for several times 
the sensor had to be re-orientated to allow it to reach all 
areas of the impeller while avoiding contact between the 
impeller and other parts of the CMM.

The CMM used for scanning is a ZEISS MICURA CMM 
which offers active scanning withmeasuring accuracy of 
less than one micrometer. Because of the small size of the 
impellerfeatures relative to the scanning sensor it was so 
hard to obtain a precise measurement of theimpeller. For 
several times the sensor had to be re-orientated to allow 
it to reach all areas of theimpeller whileavoiding contact 
between the impeller and other parts of the CMM.

To solve this problem an optical laser scanner 
is used[14] for the impeller blades and splitters. The 
optical scanner has a much less bulky tool compared to 
the CMM. The resulting point cloud is processed on 
Siemens NX9 software to deal with the parameterized 
model of the compressor parts. Figure 4 shows                                                                                        
optical scanner on impeller during the scanning                                      
procedure and also shows the resulting point                                                           
cloud from the scan.

Fig. 4: Optical laser scanning of impeller[14]
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Because of periodicity structural features of the 
geometry of impeller, only single channel (passage) 
holding only one main blade and one splitter is modelled. 
To guarantee a good transition between the impeller and 
the diffuser and to decrease the computation costs. The 

Fig. 5: Meshing of impeller using ANSYS TurboGrid

same periodicity on geometry of diffuser is applied. The 
mesh of the model is created with ANSYS TurboGrid[11], 
which automates the creation of high quality hexahedral 
meshes desired for blade passages in the rotating impeller 
and the diffuser, as seen in figures 5,6 and 7. 

Fig. 6: Meshing of radial part of vanned diffuser using ANSYS TurboGrid
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Fig. 7: Meshing of Axial part of Vanned Diffuser using ANSYS TurboGrid

An unstructured mesh is used for the                                                      
simulation of both the intake and vaneless                                                                                                              

diffuser using ANSYS-ICEM CFD-Mesh[11].                                            
As in figure 8.

Fig. 8: Meshing of intake and Vaneless Diffuser using ANSYS-ICEM CFD Mesh

4.2. Grid independence test
Precision of results hang on grid resolution. Grid 

refining can be continued up to a certain limit known 
as grid independence limit (GIL) at which the obtained 
results does not have significant change. The total pressure 
at the compressor outlet at design speed is taken to 
evaluate the grid independence test of the computational 
domain. Various level of grid refinement used for grid 
independence test are shown in Table. 3. The total pressure 

at compressor outlet with respect to the grid refinement 
level is shown in Figure 9. The results illustrate that there 
are deviations in the computed value of the total pressure 
at compressor outlet for the grid refinement level from 1 
to 5 and also shows that the grid refinement level 6 has an 
acceptable value of deviation compared with level 7. So, 
grid refinement level 6 is selected. The refinement level 
consists of 1160486 nodes and 2004247 elements for final 
simulation of the computational domain.
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Table 3: Mesh refinement levels

deviation %The total pressure at 
compressor outlet [Pa]Total number of elementsTotal number of nodesGrid refinement level

-23525012564016085381

6.5525066013137876624092

30.32432667014439738038373

13.12336954015033008653304

2.73537965017235009823505

0.0315379770200424711604866

-0.2107378970235743213520757

Fig. 9: Grid independence test of computational domain

In Table 4, the number of cells of each domain is 
specified which is determined by grid independency test 
for each domain.

Table 4: Mesh Statics

Number of 
ElementsNumber of NodesDomain Name

33631762775Intake

388764418507Impeller

1019014190084Vaneless Diffuser

194460210656Radial Diffuser

260152278464Axial Diffuser 
(Exit)

20042471160486Total

this paper. The fluid is air as idle gas and the reference 
pressure of 0 Pascal as gauge pressure is selected. 
The following boundary conditions are selected.
Thefluidisairasidlegasandthe reference pressure of 0 Pascal 
as gauge pressure is selected. The following boundary 
conditions are selected: 
-Total pressure with a value of 101325 Pa at compressor 
inlet. 
-Total temperature with a value of 288.15° K Pa at 
compressorinlet.
-Static pressure at compressoroutlet.
-5% turbulence intensity atinlet.

A constant physical time step with a value equals                                                                                                                   
1E − 4 is chosen and the mass flow rate m ̇ is evaluated at 
the centrifugal compressor outlet (exit). 

The used CFD solves both steady and compressible 
Navier- Stokes equations, joined by k – ε turbulence model. 

Meridional plane of the JetCat P200-sx centrifugal 
compressor is shown in figure 10 using ANSYS-CFX.

Boundary Conditions
A single-phase flow turbulence simulation is used in 
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Fig. 10: JetCat’s compressor flow path

4.4 CFD Results
In this work, six calculations have been made for each 

number of revolutions: The first one at the design speed 
point, four in the left part of the performance curve and the 
last one is in the right part. For each of these calculations, 
the same mesh generated by ANSYS TurboGrid and 

ANSYS-ICEM CFD mesh is used.
For each calculation, a steady state simulation is used at 

the beginning to predict the performance of the compressor 
which gives values of ṁ far from the surge point. The 
stream lines of the flow passing through the compressor 
can be seen in figure 11.

Fig. 11: Streamlines in JetCat’s Compressor
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As ṁ decreases towards the surge point, the steady state 
simulation fails to give stable results and the ṁ ̇monitor 
shows the tendency of the solver to go towards zero mass 
flow. Figure 12 shows the complete failure of the solution 

when reaching zero flow, ( ṁ = 0 ), using steady state 
simulation near the surge point. At this state, a transient 
simulation is selected and the solver succeeds to reach the 
surge point.

Fig. 12: JetCat’s Compressor surge 

The used procedure to reach the surge point at each 
relative speed is illustrated in figure 13. Where the variation 
of ṁ at the compressor outlet (for one passage of the 
total 34 guide vane passages of the vanned diffuser) with 
accumulated time step at off-design case of compressor 
operation at 90% of the design point rotational speed is 
shown as an example.

For each of the considered rotational speeds a steady 
state simulation is selected with an assumed value of the 
compressor output static pressure then after the run ends, 
CFX results are obtained. With the same rotational speed, 
a higher value of the compressor output static pressure 

than the first run is chosen and a steady state simulation 
is again selected where new CFX results are obtained. 
This procedure is continued until reaching the point at 
which the program fails to solve the state. At this point a 
transient simulation is selected with initial values resulted 
of the last successful steady state run. After a short time 
of running the transient simulation the mass flow rate 
at the outlet of the compressor starts to fluctuate and a                                                                                                   
noticeable loss in mass flow rate atthe outlet                                                                 
is noticed. After a short time, a peak is                                                                                           
formed and this point is considered as the surge point, 
Figure 13.
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Fig. 13: P-Mass Boundary Flow Compressor outlet at 100800 rpm (n̅  = 0.9)

Fig. 14: Recirculation area at surge point

A velocity vector field is created on a plane near to 
the impeller shroud close to the surge point at 90% of 
the design rotational speed. A recirculation existence of 
a vortex on this plane is observed as shown in figure 14. 

Some of the vectors are directed towards the impeller inlet 
as seen on the zoom part of the figure. It can be supposed 
that this recirculation occurrence is the symptoms of surge 
onset.
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Using the same procedure at each rotational speed, 
the JetCat P200-sx Compressor map of pressure ratio and 

compressor total adiabatic efficiency vs. corrected  ṁ is 
represented in figures 15. 

Fig. 15: Compressor performance map using CFX
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V. Approximate Method 

An approximate method written in MATLAB 
elaborated, verified and published[13] is used to calculate the 

variation in both compression ratio and compressor total 
adiabatic efficiency with m ̇at design speed and at different 
rotational speeds. As result, the whole performance 
compressor map generated is shown in figures 16.

Fig. 16: Compressor performance map using approximate method

VI. Results and discussion

The purpose of this section is to present the results 
obtained from CFD and MATLAB, compare and analyze 

shared and different points. Figure 17 shows the pressure 
ratio characteristics obtained from both the CFD and 
the MATLAB calculations for all compressor rotational 
speeds. 
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Fig. 17: Comparison of pressure ratio vs./corrected mass flow at different rpm

It is noticed that differences between CFD and 
MATLAB results are changeable with the impeller 
rotational speeds. In fact, at design speed and at n̅ = 1.03 
of the designed rotational speed it can be seen that both 
CFD and approximate method results are closely to be 
identical while with lowering the rotational speed the gaps                       

between CFD and MATLAB increase which is 
commonly expected because the data used in approximate 
method is predicted for the large-scale gas turbine                                                                                                            
engine radial compressors. Also, both estimated                                             
surge lines have a good agreement and are close                                       
to each other.
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Fig. 18: Comparison of the compressor total adiabatic efficiency vs./corrected mass flow

Figure 18 shows the relation between compressor 
total adiabatic efficiency and mass flow rate for the same 
rotational speeds values. Compressor efficiency curves 
calculated by CFD and approximate method have the 
same trend as mentioned for the compressor pressure ratio 
curves. 

MATLAB lines are steeper than curves generated by 
CFD with ṁ decrease after reaching maximum efficiencies, 
CFD efficiency values are higher than the predicted values 
by MATLAB due to the assumed constant losses values. 

Such deviation between the approximate and CFD 
simulation coincides with published results of similar 
researches on turbomachinery[13, 15] where deviation 
reached up to 8 % at minimum revolution speed. 

VII. Conclusion
This work demonstrates the usage of CFD simulations 

to model numerically the flow field through a centrifugal 

compressor and consequently determining its performance 
map. Also, the paper explains a possible way for predicting 
the surge point using CFX solution monitoring with both 
steady state and transient simulations to evaluate surge 
onset. 

Using the approximate method for prediction the 
JetCat P200-sx compressor map shows how multiple plot 
2-D graphs used in different references can be digitized, 
interpolated and used in an automated computation. This 
technique can be used for many other GTE’s compressors 
off-design calculations. 

By comparing both results it can be said that prediction 
of a centrifugal compressor performance using approximate 
method with MATLAB gives good results when 
compared with CFD, which makes approximate analytical 
method preferable, more flexible and easier to use in the                                                                                          
compressor early design phase and much more economic 
from point of view of both time and cost. 
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