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Abstract

Centrifugal compressors, which serve the purpose of internal combustion engines (ICE) supercharging, have a region of
unstable operation. The compressor instabilities can be distinguished as rotating stall, mild, or deep surge, depending on the
compression system parameters. All these types of compressor operation should be avoided for engine durability and long ser-
vice life. Therefore, it is important to provide fast, stable, and correct prediction of compressor instabilities at ICE operating
cycle simulation. The experimental research was conducted for an aircraft engine compressor to measure compressor perfor-
mance map in the region of unstable operation, which is usually never provided by the manufacturer, and to study the compres-
sion system operation in the mild and deep surge modes. A mathematical model was developed, based on the Moore-Greitzer
approach together with the modified equation of the compressor outlet pipe airflow acceleration, and integrated into the Blitz-
PRO service for ICE steady and transient operation simulation. It is shown that the suggested mathematical model correlates
well with the experimental data for the compressor testbench case. The application of the developed mathematical model pro-
vides fast and stable calculations and prediction of the type of compression system instability.
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Introduction performance parameters.! In terms of ICE operating
cycle synthesis, it is important to cover the whole range
of possible compressor operations, including the
instabilities. The last is a tough task as the rotating stall
is caused by the complex of gas-dynamics reasons,
which include vortex formation, while the surge or
pumping depends not only on the compressor itself,
but also on characteristics of the entire compression
system, which include manifolds, runners, and valves.

Centrifugal compressors are widely used for ICE super-
charging — either as a part of the turbocharger, or
driven from the engine crankshaft. This type of com-
pressor provides high efficiency combined with small
size, but it also has some well-known drawbacks in
terms of matching with the piston part of an engine.
Firstly, centrifugal compressors need control system to
achieve the desired level of supercharging pressure in
the wide range of engine operation, and secondly, they
have the region of unstable operation. Unstable opera-  'Department of Internal Combustion Engines, Plants and Technical
tion modes of the centrifugal compressor are also 2l"lair?tenant:.e, Na'tional University of Shipbuild'ing, Myko.IaTiV, Ukr?ine.
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prediction techniques, which could detect early stages
of compressor stalling or surging, are necessary. ¢ . .
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This paper aims to develop the turbocharger surge
prediction methods together with approaches for the
correct simulation of the centrifugal compressor
instabilities, based on the compressor performance
maps application.

Literature review

Centrifugal compressor instabilities are usually distin-
guished as rotating stall and surge, which are interre-
lated but have different effects on the compression
system. The rotating stall occurs as the airflow for the
given compressor speed decreases to some level, when
the small disturbance in the inlet flow causes stalling
some number of compression cells, which are formed
by the impeller blade. Stalling develops as the incidence
angle of the inlet flow increases too much and the vor-
texes appear along with the compression cell.
Supercharging pressure decreases gradually as well as
compressor efficiency.” Averaged airflow remains posi-
tive during a rotating stall.

Compressor surge or pumping results in self-exiting
oscillation of supercharged air pressure and air mass
flow and depends on the intake receiver volume, length,
and cross-area of runners (the pipe which connects
the compressor and receiver and pipes, connecting the
receiver and cylinders). The surge operation of the com-
pression system could be classified as mild surge and
deep surge, depending on the oscillation frequency and
amplitude.

The mild surge has the oscillation frequency, close
to the Helmholtz resonance frequency,® when the recei-
ver is considered as the vessel with high volume, which
is connected to the compressor output with the pipe.
The Helmholtz frequency as the natural frequency of
the oscillating system could be calculated as:

H™ 75— — (1)

where a,— sonic speed at the compressor outlet tempera-
ture, A,;,— the area of the pipe cross-section, L,;,.— the
length of the pipe, Vi receiver volume.

The deep surge in contrast to mild surge has the
oscillation frequency three to five times smaller than
Helmholtz frequency and is expressed as air pumping
with periodic air backflow from the compressor down-
stream to its ups.tream.4

For centrifugal compressors the rotating stall at
the inducer tips is considered as the surge predecessor,
it is asymmetric due to compressor volute.” For the
vanned diffuser compressor with a pressure increase
ratio II.,,, > 2 the rotating stall could also occur in
this part of the compressor® preceding the surge.

Papers®’ present a widely used approach for an axial
compressor surge simulation for compressor control
and unstable operation prediction issues. This method

was further applied for centrifugal compressors in Fink
et al.®, Gravdahl et al.® One of the key elements of the
method is a representation of the compressor perfor-
mance characteristic consisting on three parts. The first
part represents the negative slope normal compression
operation curve, the second part has an S-shape and
describes compressor operation in the region of
unstable operation, and the third part serves to deter-
mine compressor backflow characteristic.

The non-dimensional parameter B, which describes
the instability of the compression system, was also pro-
posed by®”:

—_—
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where u,— circumferential impeller speed at compressor
outlet.

Parameter B helps to assess the possible type of
instability for given compression system: if it exceeds
some critical value, the compression system will run
into the surge, while beyond this critical value the rotat-
ing stall will occur.

Consideration of the compressor speed variation
during surge cycle helped to match experimental results
much better as it is shown in Fink et al.’> Papers®!”
show the gap for simulation accuracy increments apply-
ing the 1-D unsteady airflow model for the compression
system flow path.

The literature review shows that some simulation
approaches for a centrifugal compressor surge opera-
tion prediction were successfully developed, but it’s still
unclear how to adopt them for a complex ICE mathe-
matical model. Some tough challenges should be over-
come among which are stable and fast calculations
together with the correct prediction of the surge opera-
tion of the compression system.

Experimental data

The set of experimental tests of centrifugal compressor
behavior under different conditions was carried out on
the test-bench. The test-bench can be set in three config-
urations, allowing examining all three types of compres-
sor operation beyond the surge line of its performance
map: “mild” surge, “deep” surge, and rotating stall.
The diagram of the testbench is given in Figure 1.
The Walter M332 aircraft engine centrifugal compres-
sor with the impeller geometry and performance data,
presented in Table 1, is coupled with the electric DC
motor by the planetary gear. The compressor pumps
the air to the receiver through the output pipe. Two
throttle plates are installed to alter the compressor air-
flow. The main throttle is at the exit of the receiver
tank, while the auxiliary throttle is positioned close to
the compressor volute outlet before the receiver tank.
The auxiliary throttle serves to define the compressor
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Figure 1. Centrifugal compressor testbench diagram.

| — compressor impeller; 2 — gearbox; 3 — DC electric motor;

4 — electronic scales; 5 — tahogenerator; 6 — laptop; 7 — A/C converter;
8 — bench of Motorolla MPX5010DP pressure sensors; 9 — electronic
thermometer; 10 — chromel-alumel thermocouples; | | — main throttle;
12 — receiver tank; |3 — auxiliary throttle; 14 — airflowmeter nozzle
(switchable with Siemens VDO MAF sensor); 15 — manifold air pressure
sensor (Bosch 0281002401).

performance at the range of its unstable operation, and
the main throttle is used to measure the standard static
compressor performance map and to trigger the test-
bench into the “mild” and “deep” surge mode. The
“deep” surge of the compression system was possible
with the short connecting pipe between the receiver and
the compressor volute outlet, while the long connecting
pipe was used to run the system into “mild” mode (see
Figure 1).

The test-bench is equipped with necessary measuring
devices. The airflow at the static operation is measured
with the aid of a standard intake nozzle and optionally
with the mass airflow (MAF) sensor. The Pitot tubes,
one directed toward the compressor inlet and the sec-
ond — to the incoming airflow, are used to detect and
measure the compressor backflow under surge condi-
tions. The detailed view of the sensors diagram is given
in Figure 2. The pressure sensors of the differential type

Table I. Compressor testbench configuration.

are used to measure the pressure drop levels for men-
tioned purposes. The compressor charging pressure is
measured with the standard automotive MAP sensor,
while the temperatures at the compressor inlet and out-
let are measured with the chromel-alumel thermocou-
ples and electronic thermometer. The pressure sensors
signals together with the tahogenerator signal are
recorded on the PC with the help of the A/D converter.
Compressor speed was measured with the tahogenera-
tor and confirmed with the acoustic spectrum
analysis.!!

Pressure sensors’ accuracy was about 1% of full
scale span, temperatures were measured with about
0.25°C accuracy. The accuracy of the compressor speed
estimation depended rather on the speed control accu-
racy than on measurements errors, and could be esti-
mated as +50 rpm.

The results of static measurements are presented in
Figure 3. The referred impeller speed and airflow, com-
pressor pressure increase ratio, and adiabatic efficiency
are calculated as:

o T o T/ Ty
cmpr.ref cmpr T. f, air.ref ar (po— Apint)/ pré’f,
k,\;,l
W, = Pow i (Hehr — 1)
cmpr Do — Apint > Had.cmpr Tcmpr — Tint 5

(3)

where penprs Temp— compressor outlet pressure and
temperature; po— barometric pressure; Tj,— tempera-
ture at the compressor inlet; Ap;,— pressure drop at the
compressor intake; 7,.,,= 300K and p,., = 96kPa —
referred temperature and pressure correspondently.
Three constant-speed curves have been measured.
Each curve has two parts, considering the airflow decre-
ment direction. The first part describes the compressor
operation with the large-volume receiver tank (solid

Parameter Units Large receiver Large receiver, short pipe Small receiver
Impeller exducer diameter D, mm 150

Impeller inducer diameter d, mm 62

Impeller hub diameter dhub mm 27

Number of blades Npjades - 12

Outlet blade height b blade mm 6

Blade thickness tolade mm 1.5

Type of diffuser - bladeless

Rated speed Nempr rpm 20,000

Planetary gear ratio igear - 74

Rated pressure increase ratio cmpr 1.25

Receiver volume Ve dm? 29 29 0.88
Compressor outlet pipe diameter dpipe.out mm 68 52 52
Comepressor outlet pipe length pipe.out m 1.8 0.18 0.18
Theoretical Helmholtz frequency f Hz 15.1 38.1 206.7
Theoretical B parameter B - 0.458 1.824 0.336
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(a)

Figure 2. Compressor intake pressures measurement in detail:
(2) airflowmeter nozzle configuration and (b) Siemens VDO

MAF sensor configuration.
| — ring-type 4-orifices intake static sensor; 2, 3 — Pitot-tube pressure
sensors.

lines in the Figure 3) — the airflow is controlled by the
main throttle plate at the receiver exit, while the auxili-
ary throttle at the receiver enter is opened. Further clos-
ing of the main throttle causes the surge operation of
the compression system. That is why the second part of
the constant-speed curve could only be measured if the
compressor pumps the air into small-volume receiver.
The airflow for this case is controlled by the auxiliary
throttle plate at the receiver inlet and the main throttle
at the receiver exit remains opened (dashed lines in
Figure 3).

Error bars in the Figure 3 show the estimation of
measurements accuracy. The standard approach was
applied to define the errors of indirect measurements:

axn)
2 2 2
— 8—yAXI + 8—yAxZ + ...+ a_yAxn s
0X1 0X> 0x,

where x;, x5, x,, — directly measured parameters, Axi,
Ax,, Ax, —errors of direct measurements, Ay — absolute
error of indirect measurement.

The errors of directly measured parameters are esti-
mated basing on the sensors’ accuracy and number of
conducted measurements. Relatively big measurements
errors for the adiabatic efficiency Mug.cmpr = 5%—10%,
calculated using equation (3), are explained mainly by
the accuracy of the nominator estimation at relatively
small values of I1,,,,,,.

The “mild” surge mode of the system is triggered
when the auxiliary throttle is opened, while the main
throttle is closed. The compressor volute outlet and the
receiver tank were connected with the long pipe. The
operation of the system becomes unstable with signifi-
cant oscillations of airflow and pressure. A typical

Ay(xy,x2, ...

135 =O0==12100 rpm 70 A
- =—0=15050 rpm s
5 ==tv=18500 rpm 565
g X 3
=60
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Figure 3. Measured static performance maps of the
compressor with the measurements errors bars.

Hemprrer = 18213 rpm

Nemprrer = 18808 rpm

APrnozies KPA Penp kP2

Appiror, kP2

1,8 0.2

Figure 4. Averaged data for a compressor surge operation:
dashed line — short pipe, “deep surge”; solid line — long pipe,
“mild surge.”

record lasted for about 3s, which gives from 30 to 35
oscillations.

The “deep” surge of the compression system was
measured using the short connecting pipe between the
receiver tank and compressor volute outlet.

The recorded data were processed by time-averaging
the signal across the oscillations:

1 Neetl

i
Yrecord <— + 7) s
N, osc Z f ocs

i=0

Yau(7) = (4)

where Y,,— averaged signal; Y., recorded signal; 7—
the time from the oscillation start; N,.— number of
recorded oscillations; f,..—oscillation frequency.

The example of experimental diagrams after data
averaging could be seen in Figure 4, while Table 2 pre-
sents some parameters of the surge operation been mea-
sured. The oscillation frequency f,., slightly decreases
with the compressor speed rise. The recorded “mild”
surge oscillation frequency is much closer to the theore-
tical Helmholtz frequency, compared to the “deep”
surge. The ratio between Helmholtz and actual frequen-
cies is about 1.45 for “mild” surge and about 2.7 for the
“deep” surge configuration. As the “classic” mild surge is
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Table 2. Measured parameters of the compression system surge operation.

Parameter | 2 3
Long pipe, “mild” surge configuration
Compressor referred speed, Ncmprref, FPM 12,215 15510 18,213
Ambient temperature, to, °C 16 16.2 19.1
Charge air temperature, tempr » °C 322 4].1 52.5
Oscillation frequency, fo., Hz 10.34 10.25 10.12
Actual B parameter 0.41 0.525 0.625
Maximum charging pressure, kPa 115.89 124.43 132.17
Minimum charging pressure, kPa 109.59 115.49 120.7
Theoretical Helmholtz frequency, fyy, Hz 14.8 14.9 15.2
Theoretical B parameter 0.288 0.361 0416
Short pipe, “deep” surge configuration
Compressor referred speed, Ncppr.ref, pm 12,015 15,365 18,808
Ambient temperature, to, °C I5.1 15.6 15.8
Charge air temperature, ty,, °C 31.5 42 54
Oscillation frequency, fo., Hz 14.72 14.12 13.4
Actual B parameter 2.343 2.247 2.132
Maximum charging pressure, kPa 114.8 123.1 1339
Minimum charging pressure, kPa 110.26 6.1 123.9
Theoretical Helmholtz frequency, fyy, Hz 36.12 36.76 37.45
Theoretical B parameter 1.178 1.479 1.769

251y 60 -
55 4
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0 12100mpm
0O 15050rpm
A 18500rpm
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40

0.5 35

r T 30 T T T )
-0.2 0 02 0.4 0 0.1 0.2 03 0.4
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Figure 5. Dimensionless representation of compressor
performance map.

supposed to have oscillations close to Helmholtz fre-
quency, the measured “mild” surge could be classified as
transitional between “classic” mild surge and “deep”
surge.

To find the backflow part of the compressor charac-
teristic the Pitot tube signal was used as it shows the air
backflow explicitly. Backflow points were averaged by
a polynomial equation as it could be seen in Figure 5,
where experimental points are expressed in dimension-
less parameters.

The dimensionless representation of the compressor
flow map shows that experimental points lay on the
common line as it could be seen in Figure 5. The flow
coefficient ® and the pressure rise coefficient ¥, are
given as:

Gair.ref
PoApipeti

s Lempr —

2Apcm r
ZTFampr ( 5)

d = ,
poli3

where Ap,,,,, — pressures difference at the compressor
outlet and inlet; py — air density at the compressor inlet.

Thus, for the measured range of compressor speed,
the compressor performance maps — both flow and effi-
ciency — could be expressed by the single fifth order
polynomial lines and the second order polynomials
were applied for the backflow part of the maps.

Mathematical model development

As it was mentioned, the most effective way to consider
the supercharger behavior for ICE operating cycle
synthesis is to use performance maps for compressor
and turbine. Blitz-PRO — non-commercial service for
engineering and educational purposes with free access —
applies specially prepared performance maps for com-
pressor and turbine for this task.'*'* The compression
system unstable operation prediction is an extension of
the existing routings and is also based on the super-
charger performance maps.

The simulation of the ICE operating cycle has some
differences in terms of supercharger instability predic-
tion for steady and transient engine operation issues.
Steady engine operation means its speed and torque
(averaged by cycle) are considered constant. This type
of simulations is used for engine static performance
characteristics calculation, prediction of the engine heat
balance, research into combustion and heat transfer
processes, etc. Among these tasks, one of the important
is matching the given supercharger to the engine, using
its performance maps. The requirements for the com-
pressor instability prediction could be set as following:

1. Rotating stall, “mild” and “deep” surge operation
should be distinguished correctly; the amplitude
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and frequency of pulsations are to be calculated
with 10%-30 % accuracy.

2. Calculations should be fast and stable as the main
focus is on the engine overall parameters, not on
the compression system instability problem.

3. Supercharger speed variation throughout the oper-
ating cycle could be neglected.

Blitz-PRO utilizes a combination of the quasi-steady
(single and two-zone) and one-dimensional unsteady
approaches to describe the processes in interrelated
open thermodynamic systems (OTS), which are parts
of the general thermodynamic system — the engine.'*

The equations sets include the first law of thermody-
namics, mass balance, and gas state differential equa-
tions for quasi-steady OTS. The first law of
thermodynamics is expressed as:

(dlﬁ,d i d1>

“dm; dmigier dr d(c,)r
= - + eym— + mT—2T
Cym (Z do cym do mT o

dv
P4y

8Qmmb + Z 8Ql1ulll
1

where df,/de, dIj/de — the rate of enthalpy change
due to fuel evaporation and due to mass exchange pro-
cesses, 60 ...»/de — heat release rate due to fuel com-
bustion, 6Q,,.;.;/de — heat transfer rate to the walls of
the system, dmi,./de, dm;/de — fuel mass flow and
gases mass flow, n; — number of the interacting thermo-
dynamic systems, involved into mass exchange process,
n, — number of walls, involved into heat transfer pro-
cess, p, T, V, m — pressure, temperature, volume, mass
of the gases mixture in the OTS, ¢,, ¢,,, — actual and
average isochoric specific heat capacity.

The thermodynamics first law equation is completed
with the mass balance equation and with the gas-state
equation:

n
dm =" dm; + dmp ;pV = Z2 RT, (7)
j + dm "
1

where Z is compression factor,
Berthelot equation:

9 6
=1+ —_ —
Z=1% 15379 (1 02> ®)

where 7 = p/pcrita 0
and temperature.

calculated by the

= T/T,,; relative to critical pressure

2V

15 Pumping loop in the
intake receiver
2w

-10 -5 5 10 15 T 25
05 G,.e/, kg/s

Figure 6. Compressor constant-speed line treatment for
“deep” surge simulation: | — compressor stable operation line
AB; 2 — compressor unstable operation region BC; 3 — backflow
part of the constant-speed line CD.

The mass flow between interacting thermodynamic
systems is calculated on the traditional quasi-steady
nozzle approach:

2k,
Lo RuTy

Wstatic =
if o< (—kl 2

ky
2k . i 2 (]’kl)
Vi RuTh if p2>(k1+1) >

where wg,.— the gas flow velocity from the volume
with higher pressure “1” to the volume with lower pres-
sure “2”; k; is the adiabatic exponent, “*” indicates
total parameters.

To consider the gas flow inertia, the pulse conserva-
tion equation applied as:

dw Wi * [Wstaric| = w - | ’ (10)
dr 2Ldyn

where L, is the “dynamic” pipe length.
For one-dimensional OTS energy, pulse and mass
conservation differential equations are applied:

ap ap w — whw| |
T Tee T A
13p _

aw aw 1oy —_,, dinf,
87+W3x+p3x WP =g

w
%‘ +Wg_§ = ()‘fr| |2_3(TwallT));

(11)
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Figure 7. Intake receiver diagram, the checkered region relates to the “steady” part of the manifold, while the other filled regions
relate to the receiver parts, where gas dynamics effects are significant.
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Figure 8. The Walter 332 aircraft engine centrifugal compressor performance maps as used in Blitz-PRO environment (axis labels

are enlarged for visibility).

where A ;— coefficient of friction; a— heat transfer coeffi-
cient from gas to the pipe wall; T~ pipe wall tem-
perature; 7— gas temperature; S— entropy; «,,»— referred
to normal conditions; d— pipe diameter; k— adiabatic
exponent.

The solution for the combination of equations sets
for all interrelated OTS is numerical: the user can
choose between the simple Euler and second order
implicit Runge-Kutta method.'> A numerical solution,
obviously, requires the set of initial conditions and then
the iterative calculations to obey the target level of cal-
culations accuracy. The typical number of such iterative
approaches generally is between 20 and 300 iterations.

The supercharger instant parameters should be
determined for each computational step, among them
are: the compressor pressure increase ratio Il the
airflow G,;, and the adiabatic efficiency Mempraa- All
these parameters are calculated from the supercharger
performance maps (see Figure 8 for the example).

The compressor constant-speed line treatment is pre-
sented in Figure 6. Constant speed line consists of three
parts: stable part 4B, unstable part BC, and backflow
part CD. The stable part AB is generally available from
the manufacturer’s documentation and should be extra-
polated up to the chocking limit, while the unstable and
backflow parts are absent and could could be obtained
either from special experiments or using approximate
equations. The unstable part BC in case of experimental

data absence could be assumed with the equations®'¢:
BD D 3V, |
Hrmpr B Hcmpr * 22 G”’f - 203 G""f (12)

(0rc/2)" T
+ ﬁ (D% - d%.uv) ’ GrC;’f =0,

C
Hcmpr - (1
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where w7 compressor speed; T,— air temperature at
the compressor inlet; D,, d;,— compressor impeller
exducer and average inducer diameters; parameters V
and W, also presented in Figure 6, are calculated from
the measured Il.,,,,, Gu ..r of point B and estimated
value of 11, for point C.

While the compressor operates in stable mode, its
parameters are taken from the line 4B, following the
variation of intake receiver pressure and airflow. The
loop in Figure 6 shows the intake receiver transient
pressure change under deep-surge conditions when the
throttle is closed to such degree, that the extremum
point B is reached, so the compressor switches to its
positive slope part of the constant-speed line (BC) and
then transits to the backflow part CD. Compressor air-
flow reverse causes a fast drop of the receiver pressure
and the compressor returns to its negative slope part
AB of the characteristic, passing through the part AB.
But, as the pressure in the receiver exceeds the value for
point B, the next loop starts.

The key question for the deep and mild surge opera-
tion simulation is to define correctly the instantaneous
airflow of the compressor. The typical ICE charging
system diagram, presented in Figure 7, consists of the
receiver plenum, intake pipes or runners, charge air
cooler, and compressor. In the “steady” part of the
manifold the gas-dynamics effects could be neglected
and the parameters are calculated using standard 0D
equations set. For the intake runners and the compres-
sor outlet pipe the gas-dynamic effects should be
considered.

A simplified approach could be developed using the
pulse conservation equation for 1D unsteady ideal gas

flow:
wo X2 a D2 |
dew+ J—wdx= —J—dp, (14)
or p
wi X1 P1

assuming p = const and dw/dr the same across the
pipeline

22
w5 — Wi de . PP
B dr cmpr.dyn p 9

V. AR wy—wi
dw - 5

dr Lcmpr.dyn

(15)

Assuming w, = w; we get the equation of incom-
pressible flow: so the term 1/2( w, — w;) contains the
unsteady effects of gas flow. As it could be seen further,
the consideration of unsteady effects is vital for a rotat-
ing stall mode simulation. To consider these effects
under the simplified model frame, the function f,,,;; =
f(7) was suggested:

Nemprref = 12215 rpm

Penpr KP2
S o
; [/
’, [
y
(
\
\
\
\
\
"
4
r

Figure 9. Simulated (dashed lines) and experimental (solid
lines) diagrams of the compression system under “mild” surge
conditions.

d(Ap) dw _

,% +Lf£ll15f(7)
“dr Tdr Lewram

Lcmpr.dyn

ﬁmst(T) = - bat{i ( 16)

where Ap = p, — py; b,y is the adjustment factor, which
is proposed as:

27fu

bagi = 0.01 (17)

Analysis of b,y equation shows that the greatest
contribution of f,,,(7) should be expected for the com-
pression system with high fy and small B— which is
common to the rotating stall operation mode.

Mathematical model verification

To verify the developed mathematical model the com-
parison between experimental and simulated results
was made. The compressor test-bench simulation mode
was added in Blitz-PRO. Figure 8 shows the extrapo-
lated and interpolated experimental Walter 332 com-
pressor  performance maps, generated using
experimental data, presented in Figures 3 and 5.

The physical meaning of the compressor adiabatic
efficiency in the negative flow range is considering it as
running in the “turbine” mode, producing positive
power. These maps were used for simulations.

The “mild” surge simulations and experimental
results comparison could be seen in Figures 9 and
11a. From Table 3 it could be noticed that the error
of predicted oscillation frequency is below 10% and
for the maximum and minimum pressure levels — less
than 1%. It is important, that simulations predicted
correctly step decrement of f,, as the compressor
speed rises.

As for the “deep” surge — the same information is
presented in Figures 10 and 11(b). Simulations accuracy
is worse, comparing to the “mild” surge conditions: the
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116 4 Hempr.ref = 12015 rpm

Figure 10. Simulated (dashed lines) and experimental (solid
lines) diagrams of the compression system under “deep” surge
conditions.

error for oscillation frequency is about 7%-20% and
the pressures level prediction error is less than 1.5%. At
the same time the much stepper decrement of the £,
with the compressor speed rise (compared to the “mild”
surge case) is obtained in simulations, which correlates
well with the experimental results.

As for the rotating stall mode of compressor opera-
tion, the importance of the function f,,, = f(7), calcu-
lated in accordance with equation (16), considering
unsteady effects if illustrated in Figure 12. Application
of f,..s(7) helps to obtain stable operation of the com-
pression system under rotating stall conditions, which
is additionally illustrated for the Cummins ST50 turbo-
charger testbench simulation according to Fink et al.

It is necessary to underline, that all simulation results
for the “mild” and “deep” surge operation mode as well
as for the rotating stall mode are made with the same
model setup — there is no need to tune f,,,,(7) for differ-
ent modes of system operation.

Simulation of ICE supercharging system
unstable operation

As a result of the experimental and theoretical research,
the developed method of centrifugal compressor

Table 3. Simulation and experimental results comparison.

—=O=12081 tpm
—=15073 rpm
—/— 18487 rpm

Mewpr1 35 MWepr 1.35

simulated surge loops

-0.1 0 0.1 0.2 03 -0.1 0 0.1 0.2 0.3

Girrewr K/ Glirrear K8/S
(a) (b)
Figure I 1. Simulated and experimental surge loops: (a) “mild”

surge and (b) “deep” surge.

unstable operation prediction was applied to the Blitz-
PRO service. The ICE operating cycle synthesis in
terms of supercharging system matching generally
passes three steps:

1. Estimation of the compressor G, and II,, for a
number of engine operating points using the
approximate values of the compressor and turbine
efficiencies (considered constant throughout the
operating cycle), describing compressor as equiva-
lent diffuser and turbine as equivalent nozzle. At
this step, the supercharger performance maps are
switched off.

2. Matching the supercharger performance maps
using the parameters, calculated in the previous
step. At this step, the rough estimation of compres-
sor and turbine maps matching is to be made, so
it’s very important to conduct fast and stable cal-
culations of the engine operating cycle even if the
compressor operating point appears in the region
of unstable operation.

3. Accurate matching of the supercharger perfor-
mance maps, including estimation of possible com-
pression system unstable operation. At this stage,
the type and general parameters of the possible
compressor rotating stall, “mild” or “deep” surge
operation should be determined.

Parameter Experiment Simulation Experiment Simulation Experiment Simulation
Long pipe, “mild” surge configuration

Compressor speed, Ncmpr.rep FPM 12,215 15,510 18,213

Oscillation frequency, focs, Hz 10.34 9.609 10.25 9.346 10.12 9.124

Maximum charging pressure, kPa 115.89 115.63 124.43 124.37 132.17 132.78

Minimum charging pressure, kPa 109.59 108.76 115.49 114.96 120.7 121.01
Short pipe, “deep” surge configuration

Compressor speed, Nemprrefs FPM 12,015 15,365 18,808

Oscillation frequency, focs, Hz 14.72 17.885 14.12 15.802 13.4 14371

Maximum charging pressure, kPa 114.8 1134 123.1 121.85 133.9 1322

Minimum charging pressure, kPa 110.26 109.5 116.1 116.0 124.0 123.9
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Figure 12. Small-volume configuration of the charge system (rotating stall mode, auxiliary throttle closed): with (a) and without

funst = f(T) (b) in equation (16).

To provide the ability to alter the speed and compu-
tational stability of calculations, the multiplier WGy,q.
is proposed for the compressor map treatment setup. It
could be set in two ways: (1) 0 < WGy < 1 to scale
the unstable branch of the compressor characteristic;
(2) WGyyrge = 0 to turn calculations into “stable” mode.
The following equation is used for scaling the unstable
branch of the constant-speed line as it is shown in
Figure 13, line 2:

H,cmpr - Hfmpr o “JGS”rge (Hiﬂpr B HC’”]”) (18)

where Hfmpr the pressure increase ratio at the surge
limit (point B).

Obviously, with the help of WGy, it is possible to
change the surge loops and to set up compressor per-
formance maps closer to experimental data.

For fast and stable calculations the user can also choose
WG = 0, which switches the unstable part of the com-
pressor performance map to the hyperbolic curve as it is
shown in Figure 13, line 3, according to the equation:

ncmpr
=
(8]

0.5 -

1

25
G, .5 kg/s

Figure 13. Constant-speed line of the compressor for
different values of WGyrge: (1) WGsurge = 1, (2) WGiurge = 0.4, and
(3) “‘Gsurge =0.
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Figure 14. Simulated instantaneous compressor operating loop and averaged operating point with multiplier G, =0 applied
(instability switched-off): (a) large receiver, B=1.14 and (b) small receiver, B=0.293.
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Figure 15. Simulated compressor operation with the instability consideration switched-on (multiplier WGy = | applied). The
engine speed and load are similar to Figure 14: (a) large receiver, B=1.14 and (b) small receiver, B=0.293.
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2‘ (Hcmpr - Hfinp,,) + 1’

(19)

Grcf -

As an example, the simulations of the four cylinder
automotive 1.91 displacement volume diesel engine with
the bore/ stroke equal to 7.95/9.55cm are presented.
The operating point of the maximum torque (57 kW at
1900 rpm) was examined. Turbocharger performance
maps, used for the calculations, are based on the
Garrett 1749V turbocharger manufacturer’s data. Two
different air receivers were tested: large receiver with
volume ¥V, = 3.451 and the small one with V= 0.71.
The compression system instability factor, calculated
with the equation (2), for the large and small receiver is
B = 1.14 and B = 0.293 respectively.

The calculations results with the compressor instabil-
ity range switched-off (by applying wGy,q. = 0) are
shown in Figure 14. The averaged operating points for
both small and large air receivers are very similar, while
the receiver instantaneous pressure and mass flow var-
iations are, naturally, much greater for the small vol-
ume receiver. It is important to notice, that averaged

operation point lies very close to the compressor
constant-speed line peak, which may cause some sort of
compressor unstable operation.

To check this possibility the compressor unstable
operating range was switched-on by application
WGyuge = 1. As it could be seen from Figure 15, the
large volume compression system runs into the surge
mode, while the small volume system remains stable.
Detailed comparison of the processes in the compres-
sion system is given in Figure 16: the large volume
receiver suffers a typical deep surge at the oscillation
frequency f,,. =~ 15.8 Hz.

Operating point 57kW at 1900 rpm of 1.9 1 automo-
tive diesel engine on the centrifugal compressor perfor-
mance map with wGy,e. = 1 (instability switched-on):
(a) large receiver, B=1.14 and (b) small receiver,
B =0.293.

Conclusions

Supercharging device operation with compressor
instability is highly undesirable and should be avoided
at any cost in the whole range of internal combustion
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Figure 16. Intake receiver pressure and turbocharger air mass
flow diagrams: (a) large receiver, B=1.14 and (b) small receiver,
B=0.293.

engine speed and load. At the same time, significant
difference between types of centrifugal compressor
instabilities should be mentioned. Under the rotating
stall conditions, the noticeable oscillation of intake
receiver pressure and compressor mass flow are rather
absent. The mild surge operation of the compression
system could be characterized by compressor outlet
pressure pulsations without airflow reversing and with
oscillation frequency close to Helmholtz resonance.
The deep surge operation is followed by airflow rever-
sing together with loud pumping at the frequency two
to three times smaller than the Helmholtz resonance. In
terms of compressor and engine damage the most dan-
gerous is deep surge mode, while the less detrimental is
the rotating stall mode, which is still undesirable due to
compressor overheating and blades overloading.

The experimental study on the Walter 332 engine
mechanical centrifugal compressor test-bench con-
firmed that the mode of compressor instability is deter-
mined both by the characteristic of the compressor and
by parameters of the air receiver and connecting pipes.
All three modes of compressor unstable operation were
measured and recorded, providing important data for
mathematical model development and calibration.

In terms of ICE operating cycle simulation, it is
highly important to be able to predict the compressor
instability for the given stable or transient mode of
engine operation and given configuration of air recei-
ver. It is also necessary to see distinctions between the
impacts of different modes of compressor unstable
operation on the engine parameters.

The extrapolated performance maps of centrifugal
compressor extended to the regions of compressor
rotating stall and backflow operation according to
Moore-Greitzer method were adopted to solve the
problem of the compressor instability prediction. The

pulse conservation equation for the airflow in the com-
pressor outlet pipe was modified to consider the gas
compressibility effects by adopting the special stabiliz-
ing function. This function has a negligible effect on
calculations when the system operates under mild or
deep surge conditions and helps to get a proper com-
pressor operation under the rotating stall mode.

The mathematical model for centrifugal compressor
unstable operation was integrated into the Blitz-PRO
on-line ICE operating cycle computation service and
was verified by comparison of calculation results with
the experimental data for both Walter 332 engine com-
pressor and Cummins ST50 turbocharger.® For the
mild surge, the accuracy of calculations is about 1% in
terms of charge pressure level pulsations prediction and
about 10% in terms of oscillation frequency, while for
the deep surge corresponding values are about 1.5%
and 7%—-20%. It is important that the model is also
able to predict correct compressor behavior under
rotating stall conditions.

Application of this model for ICE steady operation
simulation proves the ability of compressor instability
calculation for different types of compression system
configuration. To provide the ability of model adjust-
ments the tuning multipliers were also provided for the
user, which help to turn the model into the stable mode
or adjust the level of compressor instability.
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pendix

Notations

focs
Su
Gair

ICE

Nempr

OTS

Nempr.ad

V)

T
H('mpr
\I,cmpr

oscillation frequency

Helmbholtz resonator frequency
compressor airflow

internal combustion engine
compressor speed

open thermodynamic system
compressor adiabatic efficiency
compressor flow coefficient

time

compressor pressure increase ratio
compressor pressure rise coefficient
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