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Abstract

The paper presents a mathematical model and research
methodology, i.e., determination of working characteristics
of mechanically driven centrifugal compressors used in the
process of supercharging special purpose high power diesel
engines (780 HP) with intake air. A special research labor-
atory installation was created for research with the aim to
check and adapt compressors to the needs of the operating
cycle of new or generally overhauled special purpose diesel
engines. The paper provides a complete testing methodol-
ogy and presents a mathematical model that can be very
interesting and useful to other researchers in similar appli-
cations of this compressor type. After determining the com-
pressor operating characteristics on the research installa-
tion, the compressor is then installed on the engine and the
declared engine output parameters are monitored on a
special research installation for engines.

INTRODUCTION

Optimal coupling of devices for supercharging engine
cylinders in internal combustion engines with air (mechan-
ical compressors, turbochargers) and engines themselves
involves intertwining of two separate mechanical engineer-
ing branches: one related to the study of turbomachinery /1,
2/, and the other related to the study of internal combustion
engines /3, 4/. Only a detailed analysis of operational char-
acteristics of these two units, even in the early stage of
designing these assemblies, provides the opportunity to
achieve their optimal coupling, /5/.

The testing procedure of the mechanically driven cen-
trifugal compressor N-46-6, designed to supply high-power
diesel engines (780 HP) with air, is conducted to verify
compliance with specified requirements /6/, ensuring its
optimal integration with the engine. The mentioned docu-
ment prescribes operating regimes and references effective
characteristics that the tested compressor must meet after
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Kljucne reci

« dizel motor

« radne karakteristike
- ispitivanje

- probni sto

lzvod

U radu je predstavljen matematicki model i istrazivacka
metodologija, odnosno, odredivanje radnih karakteristika
mehanicki pogonjenih centrifugalnih kompresora dizel
motora velike snage (780 KS). Specijalna istrazivacka labo-
ratorijska instalacija je kreirana u svrhu istrazivanja. Cilj
istrazivanja je provera i prilagodavanje pomenutih kompre-
sora potrebama radnog ciklusa novih ili remontovanih
specijalnih dizel motora. Rad pruza potpunu metodologiju
testiranja kao i prikaz koriséenog matematickog modela,
Sto moze biti veoma interesantno i korisno drugim istrazi-
vacima zainteresovanim za slicna polja primene ovog tipa
kompresora. Nakon odredivanja radnih karakteristika kom-
presora na probnom stolu, kompresor se zatim montira na
motor i onda se obavlja pracenje deklarisanih izlaznih para-
metara motora na probnom stolu za ispitivanje motora.

installation on the engine, and also gives values for reference
parameters. For rotational speed 1300 rpm: Apre = 32.35 kPa,
ATret = 38 K, mrer = 0.7 Kg/s, Pret = 27.96 KW; for rotational
speed 1800 rpm: Apret = 69.63 kPa, ATt = 67 K, Mper = 1.1
kg/s, Pret = 80.93 kW; and for rotational speed 2000 rpm:
Apret = 88.24 kPa, ATt = 82 K, myer = 1.3 KQ/s, Pret = 117.72
kW. The reference effective characteristics of the compres-
sor, Apref [kPa] and ATy [K], are provided in a format not
commonly found in technical literature on turbomachinery
/1, 2/. The parameter of pressure rise Aprer [kPa] corresponds
to the quantity known as the total pressure ratio in the com-
pressor (ot = Patot/P1ror), While the temperature rise AT res
[K] represents a measure of the quality of compression
performed and corresponds to the isentropic efficiency #is.
Since the initial document /6/ does not contain a procedure
for calculating effective characteristics of the compressor
from measured quantities, nor a method for reducing them
to reference atmospheric conditions, it was necessary to
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supplement the measurement and data processing procedure.
It was also necessary to develop a reliable, original method
for assessing the quality of the compressor and to establish
an appropriate test bench to avoid complex testing of the
entire engine - mechanical compressor system.

The operational characteristics of the compressor needed
to be verified at operating points corresponding to engine
speed regimes of n= 1300; 1800; and 2000 rpm, at full
power, /6/. According to the developed method described
here, the quality assessment procedure involves forming
compressor characteristics at constant rotation velocity corre-
sponding to the mentioned shaft rotation speeds of the prime
mover. Characteristics are determined using four operating
points. Boundary points at maximum flow rates correspond
to a fully open throttle valve, while boundary points in the
zone of maximum pressures are achieved by closing the
valve and locating it near the ‘surge limit’. The other two
points are within the compressor's operating range. Based on
the relative position of reference points compared to the re-
corded characteristics and the condition of technical correct-
ness, an assessment is provided as to whether the compres-
sor meets the requirements for installation on the engine.

In the development of the testing method described here,
being entirely original, similar research on centrifugal com-
pressors applied in various technical fields was analysed to
confirm the proposed mathematical model, select appropriate
measurement equipment, and configure the test bench. The
wide range of centrifugal compressors with micro and macro
differences can be somewhat mysterious for the typical user
during their selection. In /10/, dimensional and dimen-
sionless similarity parameters are defined which can be used
successfully for more precise compressor selection, provid-
ing a reliable assessment when choosing an appropriate
compressor. In /11/, it is shown that in the development of
turbo-compressors aimed at increasing flow capacity above
the usual level, a reliable high-flow compressor that retains
high performance could be developed by a suitable combi-
nation of CFD and FEM analysis, and optimisation
approaches. Recognizing the fact that flow, efficiency, and
pressure rise within the compressor are the three most
important parameters used in defining compressor perform-
ance and selection, /12/ provides a comparative analysis of
the advantages of centrifugal compressors over other types
of compressors. Overpressure is an unstable operating mode
in the compression system that occurs at mass flows below
the so-called ‘overpressure line’. Instability is characterised
by large fluctuations in the compressor flow boundary cycle
and pressure rise, which reduce compressor performance.
High thermal and mechanical loads can also compromise
safe operation of the compression system. The analysis
described in /13/ confirms the significance of the so-called
‘stability parameter’ that motivated the development of two
approaches to identify this parameter in the tested compres-
sion systems. The designed active overpressure control
system, consisting of pressure sensors, a vent valve control
on the compressor discharge pipe, and a linear quadratic
Gaussian controller, provided noticeable stabilization at 95 %
of compressor mass flow at low speeds. A case study /14/
describes factors contributing to increased vibration problems
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after three centrifugal compressors at a pipeline station were
retrofitted with larger impellers. Disturbances between the
natural frequencies of the pipeline in compressor mode and
the casing, and potential excitation sources such as variable
flow and blade-pass-induced pulsations, were taken into
account. Authors of /15/ emphasize that while the goal of
ensuring correct discharge pressure at the right flow rate can
be achieved using different control methods, some are much
more efficient than others, and the impact of the proposed
control method on compressor efficiency should be carefully
assessed. /16/ discusses the effects of inlet recirculation on
compressor characteristics using a 1-D model. The analysis
shows that an increase in inlet recirculation associated with
reduced flow can cause the compressor characteristics to
have a positive gradient, but this destabilizes compressor
operation. As a constructive modification, the installation of
ribs at the inlet is proposed, initiating the growth of pre-
swirl as the main factor enabling inlet recirculation.

EXPERIMENT

Test bench

A schematic representation of the test bench with indi-
cated measurement points is provided in Fig. 1, /17/. The
individual labels in he Fig. 1 indicate the following: 0 - meas-
urement cross-section 0; 1 - measurement cross-section 1; 2
- measurement cross-section 2; 3 - direct current electric
motor with independent excitation; power Pgm = 85-170 KW
in the shaft speed range nem = 1500-3000 rpm; 4 - torsio-
meter with tachometer; 5 — multiplier; 6 - centrifugal com-
pressor N-46-6; 7 - compression pressure regulation valve,
slide type, nominal diameter DN = 100 mm and nominal
pressure PN = 16 bar; 8 - air flow measurement inlet; 9 - oil
reservoir; 10 - gear pump marked MZN 2, driven by a three-
phase asynchronous electric motor with rated shaft speed
n = 1445 rpm and power Pem = 3 KW; 11 - overflow valve
for oil pressure regulation.

3 “g—‘ ."\\\ Pu
—| | D |
— 4 &

pul @‘@'l"i =

§ / 10
t u@' 0 /

L

Figure 1. Schematic representation of the test bench, /17/.
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The lubrication device is also shown in Fig. 1, which
maintains required lubrication pressure values (8 + 2 bar) and
oil temperature (inlet min 55 °C and outlet max 115 °C)
during testing. Oil pressure is measured at the inlet to the
multiplier, and the temperature is measured at both the inlet
and outlet of the multiplier, as well as in the oil reservoir.
Inside the reservoir is a heat exchanger used to heat or cool
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the oil as needed. A physical representation of the test bench
is provided in Fig. 2.

Methods

Figure 2. Physical representation of the test bench.

Measured variables, measurement methods and equipment
used are given in Table 1.

Table 1. Measured parameters.

Measured parameter Symbol Measurement method
barometric pressure prar (Mbar)  |portable device
Shf"lft speed of the nem (rpm)  |tachometer - T30FN
prime mover
pressure at the inlet differential pressure
for measuring air Apo transmitter / U’ pipe with
g (mbar/mmH20) pIp
flow water
ai pressure before . pressure transmitter HBM
the F::om ressor (mbar/rgm H20) with measuring tapes /
P 2|1’ pipe with water
air pressure pressure transmitter HBM
downstream of the P2 with measuring tapes /
(mbar/mm Hg) |, .
compressor U’ pipe with mercury
temperature before
the inlet for to (°C) thermocouple type J
measuring air flow
air temperature o thermocouple type K,
before the t1 (°C) .
diameter 3 mm, protected
compressor
air temperature after t2 (°C) thermocouple type K,
the compressor 2 diameter 3 mm, protected
engaged torque of M (Nm)  |torsiometer T30FN
the prime mover
oil temperature in the iR (°C) thermocouple type K,
reservoir UR diameter 3 mm, protected
9" pressure at the manometer with Bourdon
inlet to the compres- pu (bar)
L tube
sor multiplier
oil temperature at the
inlet to the tu1 (°C) thermocouple type K,
compressor o diameter 3 mm, protected
multiplier
oil temperature at the
outlet of the compres- tuz (°C) thermocouple type K,
S diameter 3 mm, protected
sor multiplier

Electrical signals from the sensors are introduced into the

CompactDaqg National Instruments® acquisition device, con-
nected to a PC computer. VVoltage signals from thermocou-
ples are directly input into the acquisition system, while
signals from pressure transducers are brought into this device
through the measuring bridge. Signals from the tachometer
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and torsiometer are also routed into the acquisition system
through the measuring bridge.

Procedure for determining the total state variables at refer-
ence sections

Since velocities exceeding 100 m/s occur at the reference
sections in the installation, it is necessary to include the
factor representing kinetic energy when processing data and
forming the energy equation. In the calculation of turbo-
machinery parameters, kinetic energy is included through
total state variables. In the data processing procedure, a
computational method for determining total (denoted by
tot) and static (denoted by s) variables from measured pres-
sure and temperature values is applied. The desired variables
are obtained by solving the system of basic equations (1),
(2), (3), and (4). Equations (1) and (3) are derived from the
laws of conservation of energy and deal with the change in
air stream enthalpy in the flow process over the temperature
probe. Equations (2) and (4) are the state equation and conti-
nuity equation for the given measurement section.

o2
Tt =Ts +K 2. 1
Cp
ps =pRT, @)
2
C
Prot = s+, )
m=cAp . 4)

Standard temperature probes of ‘K’ type are applied in
the installation with a 3 mm external diameter of the protec-
tive tube. According to data from /7, 8/, such probes in addi-
tion to static temperature, register approximately 50 % of
dynamic temperature, thus the adopted value for the coeffi-
cientin Eq.(1) is K=0.5.

Procedure for reducing effective characteristics to reference
state

The reduction of compressor effective characteristics to
reference state is carried out according to original technical
conditions of the licensing provider /6/. The reference state
represents ambient parameters: To = 288.152 K and po =
101.325 kPa.

The corrected parameters which according to /6/ repre-
sent the primary criterion for evaluating the operational
quality of the tested compressor, expressed in Sl units, are:
- corrected pressure rise:

Apko [Pal= Patot — Pitot - ®)
- corrected temperature rise:

ATior [KI=Totot —Titot » (6)
- corrected mass flow:

o [Q}:km , ™
S
where correction factor k is calculated according to:
Tyt 1000
k[_]: ltot Po . (8)
To Prtot

Engaged power R [kW]=M ng‘g” . 9)
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Calculation procedure for operating characteristics of the
centrifugal compressor

Constants used in the calculation:
do [m] = 0.10512 - diameter of air flow measurement inlet
g [m/s?] = 9.81 - gravitational acceleration
R [J/kgK] = 287.02 - gas constant for air
x = 1.4 - adiabatic exponent for air
Cp [J/kgK] = 1004.57 - specific heat of air at constant pres-
sure
prg [kg/m?] = 13545.82 - density of mercury
przo [kg/m®] = 1000 - density of water
a=0.9920 [-] - flow coefficient of the pipe for flow meas-
urement
Ao [m?] = de?z /4 - flow section of pipe for flow measure-
ment (measuring section 0)
K [-] = 0.5 - sensitivity coefficient of the transmitter to dy-
namic temperature
d; [m] = 0.147 - internal diameter of inlet to the compressor
A1 [m?] = di?z/4 - area of measuring section 1
a [m] = 0.147 mm - major axis of the elliptical cross- section
at the outlet of the compressor
b [m] = 0.128 mm - minor axis of the elliptical cross-section
at the outlet of the compressor
Az [m?] = ab7i4 - area of measuring section 2
Tor [K] = 288.152 - temperature at reference atmospheric
conditions
por [kPa] = 101.325 - pressure at reference atmospheric con-
ditions
oor [kg/m®] = 1.22514 - air density at reference atmospheric
conditions

Mass flow rate of air through the compressor ro [kg/s]
is calculated according to the following equation:

Mo {%} =kazs Ay [mZJ\/ZpOR {%}'Apo[mmmo]' g Lmz} [(10)

where: pov [kg/m?®] density of air in front of the flow meas-
urement inlet:

Kg | Ppar[mbar]-100
POV 3 T RE73.15+4[°C])

¢ [-] expansion coefficient of air in the inlet according to
the empirical equation:

11)

m
Apo[mmHzo]-ng}

Ppar [Mbar]-100
Fluid parameters at measurement section 1 before the
compressor are determined according following:
p: [Pa] - measured pressure before the compressor, if ‘U’
pipes with water are used:

£=1-0.55 (12)

Pmmy01 1,0 [k%} 9 {rﬂ
m S ’ (13)

P =
PPal 1000

if HBM pressure transmitter with measuring tapes is used:
p[Pa]= p;[mbar]-100 (14)
P1as [Pa] - absolute static pressure before the compressor:

Pras[Pa]= pi[Pa]+ ppar [mbar]-100 (15)
T1 [K] - read temperature before the compressor:
INTEGRITET | VEK KONSTRUKCIJA 134
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T[K]=t,[°C]+273.15 (16)
T1s [K] - static temperature before the compressor:
— 2 —
= E1+\’E1 4D1E1 . (17)

2Dy
Equation (17) requires an explanation, considering Eq.(1)
a relation can be established:
of
Titot —Tis =K Crak
Cp
Based on the general equations of state (pV = mRT) and
continuity (V= cA), the air flow velocity can be obtained
from the expression:

(17a)

c=MRT (17b)
pA
and its square, for cross section 1, is:
L2 2T 2
2 _ MioR™Ms

(17¢)
PRA
Now, a quadratic equation can be set up:
KmZoR? _,
ﬁTls +T1$ _Tl =0, (17d)
2C, Pias Al

whose real solution is Eq.(17), where:
D; - coefficient of quadratic equation with quadratic term:

__KiigoR® (18)
2c, p12a3A12
E; - coefficient of quadratic equation with linear term:
E =1, (19)
F1 - free term of the quadratic equation:
F=-T (20)

Other quantities are obtained from parameters whose cal-
culation and measurement units are explained.
c¢1 [m/s] - air velocity in front of the compressor:

— kaRTls ’ (21)
plas Al
p1 [kg/m?] - air density in front of the compressor:
_ Pras | (22)
RTys
Pt [Pa] - total air pressure in front of the compressor:
2
Pitot = P1as +% ' (23)
Tt [K] - total air temperature in front of the compressor:
Titot =Tgs +K 4. (24)

2cp

Fluid parameters at measurement section 2 behind the
compressor are determined according to the following:
p2 [Pa] - measured pressure after the compressor, if mercury

‘U’ pipes are used:
kg m
pP2[mmyg 1o {}g[}
2 Hg " FHg m3 g2

Pa]=
p2[Pa] 1000

and if the HBM pressure transmitter with measuring tapes
is used:

(25)

p,[Pa]= p,[mbar]-100. (26)
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p2as [Pa] - absolute static pressure after the compressor:
P2as[Pa]l= po[Pa]+ pyar [Mbar]-100 27
T, [K] - read temperature in measuring section 2 after the
compressor:
T,[K]=t,[°C]+273.15, (28)
Tos [K] - static temperature in measuring section 2 after the

compressor:
—E, ++E5 —4D,E,
Tys = . (29)
2D,

Equation (29) is derived according to the same procedure
as Eq.(17), explained earlier, and the specified parameters
are calculated from the following equations:

D; - coefficient of the quadratic equation with the quadratic
term:

2 p2
D, :% , (30)
2C, Poas A
E, - coefficient of quadratic equation with the linear term:
E, =1, (1)
F, - free term of the quadratic equation:
F2 :_TZ . (32)

Remaining quantities are obtained from parameters whose
calculation and measurement units are already explained:
c2 [m/s] - air velocity in measuring section 2 after the com-
pressor, i.e., its square:

L2 5202
MioR™ s
p5sAZ
2 [kg/m?] - air density in measuring section 2 after the com-

pressor:

5= (33)

— P2as (34)
P2 _RTzs
pawot [Pa] - total pressure in measuring section 2 after the
compressor:

2

il (35)
2

Taot [K] - total air temperature in measuring section 2 after

the compressor:

Potot = P2as +

2
c
Totor =Tos +K -2 (36)
20p
Effective characteristics of the compressor

Apko [Pa] - air pressure rise in the compressor:

APk o = Patot — Patot * (37
ATt [K] - air temperature rise in the compressor:
ATiot =Totot —Ttot * (38)
Pxo [kW] - engaged power of the drive motor:
WISVEA
Pen=M , (39)
KO 30
degree of air pressure rise in the compressor:
_ Patot 40
7o =2t (40)
Pitot
Yis [kJ/kg] - unit isentropic work of air flow:
& Pl
. K=
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Yk [kJ/kg] - actual work of the air flow (circuit):

Yk =Cp (Tatot —Titot) » (42)
7is [-] - isentropic compressor level of efficiency:
s (43)
Tlis = Y, '
Pis [KW] - isentropic compressor power:
Rs =YisMko » (44)
nu [-] - total level of efficiency:
S (45)
Fo
7m [-] - mechanical efficiency:
Ty =10 (46)
This

RESULTS AND DISCUSSION

Key diagrams obtained from the presented calculations

are provided below, as follows:

- pressure rise diagram (Apko [Pa]) in Fig. 3,

- temperature rise diagram (ATw: [K]) in Fig. 4,
- engaged power diagram (Pko [KW]) in Fig. 5.

The reference values to be satisfied according to /6/ are
marked in Figs. 3, 4, and 5 as follows: a square ( ) for 1300
rpm, a circle (o) for 1800 rpm, and a rotated square (¢) for
2000 rpm.

100 -

| AA n mm‘
A =800
A n=1000
A n=1200
80 + | =&—=n=1300
A n=1400
A n=1600
70 +—{ —®=n=1800
A n=1900
—— = 2000
60 4+ 0O nref=1300
O mref«1800
| © nref=2000]

90 +—

S0 +

Bpy,(kPa)

40 +

30 +

20 ¢

0 +
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
m o (kg/s)
Figure 3. Pressure rise diagram.

Other important parameters of the compressor operation
are presented in:
- Fig. 6, diagram of pressure ratio (o), and
- Fig. 7, diagram of efficiency ratio (isentropic s, me-
chanical 7m, and total 7).
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Figure 4. Temperature rise diagram.
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Figure 5. Engaged power diagram.
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DISCUSSION

The compressor quality assessment is based on the
following criteria:
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- achieved pressure rise for the reference mass airflow, with
a tolerance for deviation from the reference value of less
than 3 %,

- achieved temperature rise for the reference mass airflow,
with a tolerance for deviation from the reference value
greater than 3 %,

- engaged power for the compressor drive for the reference
mass airflow, with a tolerance for deviation from the ref-
erence value greater than 3 %,

- any damages to the compressor impeller, drive gear, exter-
nal parts of the spiral, and housing, as well as any traces
of potential oil leaks, which are not allowed,

- potential localised overheating in the areas of the multi-
plier bearings, or increased temperatures and flows of
lubricating oil for the sliding bearings of the multiplier,
which are not allowed, and

- potential increased noise levels during compressor opera-
tion, which are not allowed.

If the aforementioned criteria for effective characteristics
and overall technical correctness are met, the compressor
can be installed on the engine.

CONCLUSION

The paper describes a procedure for functional testing and
determining the operating characteristics of mechanically
driven centrifugal compressors intended for high-power
engines on a specially designed test bench for this purpose.
The developed mathematical model, based on fundamental
knowledge in the fields of fluid mechanics, thermodynamics,
and turbomachinery, with only nine input parameters,
enables a quality analysis of the operating characteristics of
these units, which along with an additional four parameters,
provides a complete picture of the suitability for compres-
sor installation on the engine and its technical correctness.

In support of the validation of the applied method, it is
noteworthy that during several years of compressor testing
according to the presented procedure, there have been no
complaints lodged, nor has a motor with an installed com-
pressor rated as satisfactory failed to meet the set require-
ments for nominal torque, power, or efficiency due to poor
operational (functional) characteristics of the compressor.
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Nomenclature

a major axis of elliptical cross-section at the outlet of the
compressor

Ao flow section of the pipe for measuring flow (measuring
section 0)

A1 area of measuring section 1

Az area of measuring section 2

b minor axis of elliptical cross-section at the outlet of the
compressor

c air flow rate

Cp specific heat of air at constant pressure

C1 air velocity in front of the compressor

C2 air velocity after the compressor

D1 coefficient of the quadratic equation with quadratic term

D2 coefficient of the quadratic equation with quadratic term

E1 coefficient of the quadratic equation with linear term

E2 coefficient of the quadratic equation with linear term

F1 free term of the quadratic equation

F2 free term of the quadratic equation

do diameter of the pipe for measuring air flow

du internal diameter of the inlet to the compressor

g gravitational acceleration

k correction factor according to DIN 70020

K sensitivity coefficient of the transmitter to dynamic tem-
perature

7iko corrected mass flow rate

Mref reference air flow

M engaged torque moment of the drive motor
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NEmM
Poar
Pu
Por
P1
Pias
Pitot
P2
P2as
P2tot
Pxo
Pref

to
tu1
tu2
tuR
t1

t2
Tor
T1
Tls
Titot
T2
Tos
Tatot
Yis

number of revolutions per minute of drive motor shaft
barometric pressure

oil pressure at the inlet to the compressor multiplier
pressure at reference atmospheric conditions

air pressure before the compressor

absolute static pressure before the compressor

total air pressure before the compressor

air pressure after the compressor

absolute static pressure after the compressor

total air pressure after the compressor

engaged power

reference engaged power

gas constant for air

temperature before the pipe for measuring air flow

oil temperature in the tank

oil temperature at the inlet to the compressor multiplier
oil temperature at the outlet of the compressor multiplier
air temperature before the compressor

air temperature after the compressor

temperature at reference atmospheric conditions
temperature before the compressor

static temperature before the compressor

total temperature before the compressor

temperature after the compressor

static temperature after the compressor

total temperature after the compressor

unit isentropic work of air flow
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Yk

actual work of the air flow (circuit)

Greek symbols

[0

&

s
Im
Tu

K
Apo
Apko
APref
ATret
ATtot
PHg
PH20
OR
LoV
oL

flow coefficient of the air flow measurement inlet
air expansion coefficient in the flow measurement inlet
isentropic efficiency of the compressor

mechanical efficiency

overall efficiency

adiabatic exponent for air

pressure at the air flow measurement inlet

pressure rise of air in the compressor

reference pressure rise

reference temperature rise

temperature rise of air in the compressor

density of mercury

density of water

density of air at reference atmospheric conditions
density of air in front of the flow measurement inlet
density of air in front of the compressor
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