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Abstract 
This paper presents the results of studies on the influence of unbalance of the rotor unit of a turbocharger on 
its operational parameters. Identification of the study object, a turbocharger of the NAPIER C-045 type, has 
been performed. The experiment was carried out at a test stand identifying turbocharger operational 
parameters belonging to the rotor unit unbalance group. Basing on the measured values and using 
a mathematical model, hypothetical values of operational parameters for different loads of Diesel engines 
were calculated. The obtained experimental results were compared to the calculated ones. On this basis, the 
studied turbochargers were classified into one out of three categories describing operational utility class of 
a given turbocharger. The order of sensitivity of turbocharger operational parameters to the unbalance of the 
rotor unit was established. 

 
 

Introduction 
A turbocharging system of a ship Diesel engine 

consists of a system of air charge exchange con-
nected in a gas dynamic way with a compressor, as 
well as of a system of exhaust gases supplying the 
turbine. The main operational process of the turbo-
charger is carried out throughout a rotor unit con-
sisting of rotors of a compressor and a turbine 
which are connected throughout a shaft and rotate 
with the same speed. In this way the energy re-
quired by the compressor is balanced by the energy 
transformed by the turbine. 

The effect of pollution of the inter-blade ducts 
of the compressor and the turbine and their erosive 
and corrosive wear-out in the operational process, 
is the pronouncing of the unbalance of the rotor 
unit. It is reflected in the changes of the dynamics 
of the turbocharging system operation, which is the 
result of the processes of energy conversion carried 
out throughout flow ducts of heat engines. The 
changes taking place in the relations between the 
thermal-flow and vibroacoustic diagnostic signal 

parameters and turbocharger operational parameters 
are the result of mutual interactions of both heat 
engines and these changes are reflected in the 
changes of turbocharger operational parameters 
[1, 3, 4]. Therefore, operational parameters of the 
turbocharger and those of the whole turbocharging 
system are dependent on the conditions of dyna-
mics of turbocharger sub-systems not always in 
a univocal way [1, 3, 4, 5]. 

This fact generated the need to evaluate the in-
fluence of turbocharger rotor unit unbalance on its 
operational parameters. This issue becomes im-
portant for the verification of repairs results and 
classification of rotor units with different degree 
and character of charger and turbine rotor inter- 
blade surface degradation. 

Relations between rotor unit unbalance and 
operational parameters 

Studying the influence of the turbocharger rotor 
unit unbalance on its operational parameters re-
quired identification of functional relations between 
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subunits of the Diesel engine turbocharging system. 
Figure 1 presents a decomposition of the studied 
system together with the turbocharger. 

The term “unbalance” refers to, in the case of 
a rotating element, the lack of “balance” in the dis-
tribution of its mass in respect to its geometrical 
axis of rotation. This state, during the operation of 
the object, generates radial forces dependent on the 
rotational speed of the rotating element [6]. 

Applying the relations from the [1, 2, 3, 5, 6] 
studies in respect to the turbocharger, it was found 
out that the following operational parameters may 
be the functions of the symptoms of technical con-
ditions: 
– temperature of exhaust at the inlet to the tune 

texhaust; 
– air pressure behind the charger pair; 
– rotational speed of the rotor unit n; 
– lubricating oil pressure poil; 
and symptoms connected with the accompanying 
processes such as: 
– lubricating oil losses; 
– vibroacoustic parameter signals; 
– potential occurrence of unstable operation of the 

charger and its parameters; 
as well as such parameters of testing studies like: 
– starting time of the rotor unit and 
– off-time; 
as parameters reflecting the condition of tribolo-
gical coupling: condition of bearings and the state 
of the surface of inter-blade ducts in turbochargers. 
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Fig. 1. A diagram of functional relations between a Diesel 
engine and its turbocharging system 

Basing on the previous experiences [2, 3, 4, 8] it 
has been assumed that conclusions on the state of a 
turbocharger can be drawn basing on the measured 
values of operational parameters, observed in the 
main operational and accompanying processes, 
provided that the relations between the features of 
the condition and diagnostic parameters are known. 
The character of these relations and information 
therein, determine the methods of further diagnostic 
proceedings [3]. 

For the needs of the study, the extent of un-
balance of the turbocharger rotor unit was consi-
dered according to the criterion based on the kind 
of forces resulting from the unbalance, represented 
by vectors as shown in figure 2 [6, 7]. 

 
Fig. 2. Diagrams of rotors with unbalance: a. static, b. moment, 
c. dynamic, respectively 

In practice there are three kinds of rotating ele-
ment unbalance: static, moment and dynamic [6]. 
Due to this division classification of phenomena 
occurring in turbochargers is easier and it enables 
the choice of a method which limits their negative 
effects during repairs. 

Influence of operational factors  
on the change of the dynamic state  
of the turbocharger rotor unit 

During turbocharger operation tar substances 
deposit on the surfaces of inter-blade ducts and first 
of all on turbine blades, which is the consequence 
of incomplete combustion of fuel in the engine. The 
rotor and the ducts of the charger get covered with 
sediments of sea salts and pollutants from the oil 
getting through the seal between the charger and 
bearings in spite of the supporting compressed air 
supplied to the sealing. With slide bearings, the 
intensity of oil seeping is higher than in the case of 
ball bearings. Intensity of the pollution process is 
also influenced by the construction of the inlet air 
system. With a direct intake of air from the engine 
room, oil vapours get into the charger. Their sedi-
ments take a cumulative part in corrosive and ero-
sive processes in the flow ducts of heat engines 
changing their thermal-flow characteristics. They 
cause the shift of the line of cooperation between 
the compressor and the turbine in the characteristics 
up to the pumping limit [4]. Increasing the un-
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balance, they bring about the increase of vibrations 
accelerating the wear of bearings. The biggest loss-
es in the charging system occur for polluted inlet air 
ducts and the compressor with caked rinsing win-
dows. 

The wear of bearings and shaft necks causes 
shaft vibrations. The wear of the elements of the 
thrust bearing and radial carrying bearings increas-
es the axial run-out of the rotor unit in the carrying- 
-thrust bearing (radial – axial) creating the danger 
of rotor blades getting hitched to the frame, where-
as maze sealing may show place wears and tribolo-
gical tear. 

Object of studies 
Turbochargers of the Napier – Met C-045/B 

type were chosen as the object of studies. This 
choice was due to their simple construction. These 
turbochargers were used for charging two- and 
four-stroke Diesel engines of the Sulzer 6AL20/24 
type, with the power of 160 KW and higher. A de-
composition of the turbocharger is shown in figure 
3 [2, 5, 9]. The rotor unit comprising of radial  
rotors of the compressor and the turbine connected 
with a shaft is mounted in a three-part frame. The 
turbocharger is connected with the Diesel engine in 
a gas dynamic way. Its lubricating system is an 
integral part of the lubricating cycle of the Diesel 
engine [9]. Maintenance control of the NAPIER 
turbocharger of the C-045 type comprises the con-
trol of basic operational parameters compared to 
their reference values [7, 8, 9]. Besides the negative 
pressure of air at the inlet to the compressor and the 
pressure of air pumped to the charging system, the 
following operational parameters of the turbo-
charger are confronted with their design values: 

– rotational speed of the rotor unit nmax:  
38 000 rpm; 

– pressure ratio  : 2.8 [–]; 
– maximum temperature of exhaust at the inlet to 

the turbine: 750°C; 
– oil pressure: 0.0141–0.0562 MPa; 
– air flow volume: 0.21 m3/s. 

Turbochargers of the Napier C-045 are no  
longer manufactured or mounted on new Diesel  
engines. However, a lot of them are still in use  
on ships and they require maintenance control. 
Therefore, there is a need for the presented studies 
evaluating the technical condition of machines after  
regeneration. 

Methodology of experimental studies 
Studies on the influence of unbalance of rotor 

units of turbochargers were carried out on a popula-
tion of turbochargers which underwent the process 
of revitalization of their technical condition, after 
regeneration removing unevenness of masses re-
sulting from getting dirty and sedimentations on the 
blades of rotor units as the result of long lasting 
operation. The remaining unbalance of rotor units is 
only the consequence of erosive- corrosive wear 
and mechanical faults of blades. Experiments were 
carried out at a test stand at the laboratory of The 
Mechanical and Electrical Department of the Naval 
Academy in Gdynia [7]. The objects of the study 
were turbochargers of the Napier C-045 type oper-
ating in the turbocharging system of four- stroke 
Diesel engines of Sulzer 6 AL 20/24 type [7]. The 
test stand recorded and stored the following param-
eters and values: 
– temperature of exhaust before and behind the 

turbine; 
– charging air pressure; 
– volume of air flow; 
– power of the Diesel engine; 
– accelerations of 1st, 13th and the 5th harmonic 

vibrations. 
Measurements of vibration accelerations were 

performed using a vibration meter and analyser 
SVAN 946 with an accelerometer, Model 318D. 
The results of measurements were stored using 
SVANPC 2.7.15 software [7]. 

For the sake of measurements, measures and  
criteria of turbocharger rotor unit unbalance pre-
sented in table 1 were taken, where the one whose 
measured values of the 1st harmonic vibration ac-
celerations did not exceed the value of 1g (Earth’s 
gravitation), was treated as very well-balanced and 
classified to the first category. To the second cate-
gory belong those turbochargers whose values of 
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Fig. 3. Configuration of subunits of the turbocharger of the 
Napier C-045 type 
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the 1st harmonic vibration accelerations were higher 
than 1g but lower than 2g and they were classified 
as well-balanced. Category 3 comprised unbalanced 
turbochargers whose values of the 1st harmonic 
vibration accelerations exceeded 2g. 
Table 1. Measures and criteria of classification of rotor unit 
unbalance 

Condition Category 
Turbocharger is very well-balanced. 1st harmonic 
vibration acceleration 1 does not exceed 1g.  1 

Turbocharger is well-balanced. 1st harmonic vibra-
tion acceleration 2 is lower than 2g. 2 

Turbocharger is unbalanced. 1st harmonic vibration 
acceleration is higher 3 than 2g. 3 

An algorithm for discussion 
of experimental results 

Measured values of turbocharger operational  
parameters were used for calculating hypothetical 
operational parameters of turbochargers, which 
would occur if they operated at chosen, most fre-
quently used Diesel engine loads. Calculations of 
particular values were performed according to rela-
tions (1)–(14), comprising the calculation algorithm 
[7]: 
– the required f air flow through the engine at 

nominal load of the Diesel engine basing on the 
state parameters of the charging air, p and T: 

 61030  
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where: 
v–zn – estimated filling coefficient; 
Vs – stroke volume of one cylinder; 
i – coefficient depending on the stroke num-

ber of the Diesel engine; 
Rp – universal gas constant of the air; 

– fuel mass flow: 
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where: 
qo – dose of fuel burnt in the cylinder in one 

cycle; 
– amount of air flowing through the engine ac-

counting for rinsing: 

 atp LmG   (3) 
where:  
 – air excess coefficient; 
Lt – theoretical requirement for air needed to 

burn 1 kg of fuel; 
a – rinsing coefficient (assumed to be equal to 

1.05); 

– air pressure at the charger inlet accounting for 
flow resistances: 
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Coefficient A determines pressure losses at the 
segment of the duct to the compressor for the 
roughly assumed amount of air flowing through 
the compressor at nominal conditions A = 
(0.003–0,005) MPa [7]; 

– values of gas dynamic functions  (1, ) and 
 (1, ); 

– temperature of air ram at the inlet to the ducts of 
the compressor rotor: 

   ,1

1
1

TT   (5) 

– pressure of air ram at the inlet to the inter-blade 
ducts of the compressor rotor: 

   ,1
*
11 pp   (6) 

– charging pressure accounting for flow resistanc-
es at the duct segment from the compressor to 
the engine: 
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Coefficient B determines pressure losses at the 
segment from the compressor to the inlet valve 
for the roughly assumed amount of air flowing 
through the compressor at nominal conditions, 
where B = (0.001–0.004) MPa [7]. 
Subsequently, new values are calculated for the 
air flows in the engine Gp–n in the compressor 
Gs–n and for the air excess coefficient λn: 
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in the subsequent steps of iterative calculations 
new values of Gp = Gp–n were used; 

– excess air coefficient: 
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and in the subsequent calculation steps new val-
ues of  = n were used; 

– exhaust pressure at turbine outlet: 
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Corrective coefficient C accounts for flow re-
sistances of exhaust gases in the outlet system 
behind the turbine for the roughly assumed air 
flows in the compressor at nominal conditions 
C = (0.003–0.005) MPa [7], for the gas dynamic 
functions  (t, sp) and  (t, sp); 

– static temperature of exhaust: 

  spttt TT  ,*  (12) 

– static pressure of exhaust: 

  spttt pp  ,  (13) 

and rotational speed of a turbocharger rotor unit n. 
In the methodology of calculating conditions of 
cooperation of the engine with the turbocharging 
unit it was assumed that the values of Tt, πt, πs, ηs, ηt 
and λ cannot exceed the acceptable limits. If the 
calculated values of these parameters are within the 
acceptable range, then the new corrected value of 
rotational speed of the turbocharger rotor unit was 
calculated from the relation between the power of 
the turbine and the compressor. 
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Results of the research and their analysis 
The research was carried out on twenty turbo-

chargers of the Napier C-045 type – nineteen of 
them brand – new – and on one comparative turbo-
charger being a part of the test stand. A set of refe-
rence turbocharger parameters was used for verifi-
cation of correctness of the research on other 
objects of study. It was also a point of reference for 
creating criteria of turbocharger division into cate-
gories. The basic criterion of evaluation of the  
turbocharger technical condition became the accele-
ration of vibrations of the first harmonics indicating 
the balance of the rotor unit. Table 2 presents the 
calculated values of experimental results for turbo-
chargers where the acceleration of vibrations of the 
first harmonics did not exceed 1g – these turbo-
chargers were classified to the first category. 

Using the presented (1)–(14) algorithm hypo-
thetical values of operational parameters for turbo-
chargers at different loads of Diesel engine were 

Table 2. Averaged measured values of operational parameters of turbochargers of the first category 

Engine load % 44 47 50 53 57 60 63 67 72 79 

Rotational speed 
[Hz] 413 429 451 465 481 497 514 531 547 575 
[rpm] 24774 25740 27036 27918 28884 29832 30864 31848 32827 34470 

Temperature of combustion before the turbine [°C] 468 477 489 499 510 522 530 535 537  
Temperature of combustion behind the turbine [°C] 334 344 351 353 361 368 369 369 363 369 
Charge air pressure [MPa] 0.059 0.064 0.070 0.076 0.084 0.090 0.096 0.105 0.113 0.127 
Charge air volume flow  [m3/h] 1452 1513 1588 1654 1746 1811 1885 1979 2062 2224 
Engine power [kW] 247 264 279 295 318 335 355 377 405 446 

Table 3. Averaged measured values of operational parameters of turbochargers of the second category 

Engine load % 45 48 52 55 58 63 64 68 75 75 

Rotational speed 
[Hz] 419 437 457 470 489 508 516 531 549 568 
[rpm] 25110 26240 27430 28220 29360 30500 30936 31860 32928 34080 

Temperature of combustion before the turbine [°C] 466 473 483 495 505 516 514 518 526 537 
Temperature of combustion behind the turbine [°C] 358 364 363 367 368 369 366 360 364 378 
Charge air pressure [MPa] 0.059 0.063 0.070 0.079 0.085 0.092 0.100 0.108 0.114 0.121 
Charge air volume flow  [m3/h] 1475 1527 1611 1684 1766 1842 1922 2004 2127 2191 
Engine power [kW] 253 264 280 304 325 345 366 390 425 429 

Table 4. Averaged measured values of operational parameters of turbochargers of the third category 

Engine load % 44 48 51 55 57 61 64 66 74 73 

Rotational speed 
[Hz] 416 430 450 464 478 500 512 528 552 556 
[rpm] 24860 25770 27000 27825 28680 30000 30720 31620 33120 33360 

Temperature of combustion before the turbine [°C] 480 483 495 510 519 534 539 548 549 
Temperature of combustion behind the turbine [°C] 358 355 360 370 376 386 389 391 384 376 
Charge air pressure [MPa] 0.059 0.065 0.072 0.078 0.083 0.091 0.096 0.105 0.115 0.114 
Charge air volume flow  [m3/h] 1443 1524 1604 1673 1722 1814 1874 1957 2080 2160 
Engine power [kW] 248 270 291 309 324 344 361 382 419 426 
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calculated. In this way comparativeness of results 
was obtained. Table 5 presents the calculated 
hypothetical values of turbocharger parameters for
different loads of Diesel engines. 

Fig. 4. Temperatures of exhaust before the turbine in relation to 
the rotational speed of the turbocharger rotor

Fig. 5. Temperatures of exhaust behind the turbine in relation 
to the rotational speed of the turbocharger rotor

Fig. 6. Turbocharging pressure in relation to the rotational 
speed of the turbocharger rotor 

Table 5. The calculated hypothetical values of turbocharger parameters at different loads of a Diesel engine

Engine load 

Rotational speed 

Temperature of combustion before the turbine
Temperature of combustion behind the turbine
Charge air pressure 
Charge air volume flow  
Engine power 
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calculated. In this way comparativeness of results 
Table 5 presents the calculated  

thetical values of turbocharger parameters for  

 

Temperatures of exhaust before the turbine in relation to 
turbocharger rotor 

 

Temperatures of exhaust behind the turbine in relation 
turbocharger rotor 

 

in relation to the rotational 

Fig. 7. Volume of air flow in relation to the rota
the turbocharger rotor 

The results of calculations for operational 
parameters contained in tables 2, 3 and 4 for parti
cular categories are presented graphically as a fun
tion of rotational speed of the rotor unit for exhaust 
temperature before the turbine (Fig. 4), exhaust 
temperature behind the turbine (Fig. 5), turbochar
ing pressure (Fig. 6) and volume of air flow (Fig.7).

Conclusions 
On the basis of the prepared graphs, amplitudes 

of vibrations of the first harmonics in the range of 
rotations of ordinary turbocharger usage (from 
24 000 to 35 000 rpm), turbochargers were qual
fied: to the first category – 
chargers, to the second category five and to the 
third – four of the studied turbochargers. In the first 
category of turbochargers at the same range of rot
tional speeds as in other categories
gine reached the highest load of 79% at the lowest 
temperature of exhaust behind the turbine, the 
highest pressure and the biggest
sure. In the second category, engine load reached 
the value of 75%, whereas in the third category 
73%. 

The obtained relations showed that the un
balance of the turbocharger rotor unit did not have 
a significant influence on the turbocharging pre
sure and the volume of turbocharging air flow. 
However, in the graphs of temperature before 
and behind the turbine, one can notice significant 
differences between these categories
between the calculated values. In the case of te
peratures before the turbine, the
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turbochargers reaches the temperatures between 
those from the second and third category. Tempera-
ture of exhaust behind the turbine increases with 
the unbalance of the turbocharger rotor. The lowest 
exhaust temperatures are obtained by the first cate-
gory of turbochargers, medium ones by the second 
and the highest by the third.  

Out of all the analyzed operational parameters, 
the one most sensitive to the unbalance of the rotor 
unit was the exhaust temperature behind the tur-
bine. 
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