
Paper ID: ETC2019-257 Proceedings of 13th European Conference on Turbomachinery Fluid dynamics & Thermodynamics
ETC13, April 8-12, 2019; Lausanne, Switzerland

Some Guidelines for the Experimental Characterization of
Turbocharger Compressors

T. Dielenschneider, J. Bühler, S. Leichtfuß, H.-P. Schiffer

Technische Universität Darmstadt
Institute of Gas Turbines and Aerospace Propulsion

Darmstadt, Germany

ABSTRACT
While performance and efficiency measurements of turbocharger compressors are com-
mon and standardized, a comprehensive published investigation of uncertainties and re-
peatability is quite rare. This might be on the one hand due to individual in-house experi-
mental developments and experiences but on the other hand caused by the great number
of influencing factors. Therefore, the aim of this paper is to provide a comprehensive
structured study of a variety of uncertainty sources gained at the turbocharger test fa-
cilities at Technische Universität Darmstadt. The test facilities have been set up with the
focus on turbocharger compressor investigations and a great variety of compressor config-
urations have been investigated during the last years. The investigations showed, that the
efficiency uncertainty is dominated by the uncertainty in the temperature measurement.
The efficiency uncertainty decreases with increasing wheel speed and total pressure ratio.
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INTRODUCTION
Various publications are available focusing on the influence of thermal boundary conditions

and heat transfer on turbochargers. Romagnoli et al. [2017] recently published a comprehen-
sive summary showing that in most cases the effect of heat transfer on compressor efficiency
is paramount at low rotational speeds. The effect of heat transfer on the uncertainty of com-
pressor efficiency is reported to be in the range of 3 to 4 percent points (Shaaban and Seume
[2006]). Most of the publications available focus on model development to predict the amount
of heat transfer and its influence on turbocharger performance. Baines et al. [2010], Nakhjiri
M. et al. [2012], Sirakov and Casey [2013] and Bohn et al. [2005] developed thermodynamic
models to analyse the influence of heat transfer and to evaluate the amount of heat flux from the
turbine through the bearing system to the compressor including heat losses to the environment.
Tomm et al. [2017] recently showed a detailed validation of that kind of models with extensive
experiments. While these investigations are very fundamental focusing on modelling aspects
of the usually unknown, uncontrolled heat transfer in turbochargers, Guillou [2013], Mai et al.
[2014] and Mohtar et al. [2012] are investigating the impact of measurement uncertainties on
the estimation of compressor maps. All of the three publications mentioned conclude that the
uncertainty in temperature measurements is highly affecting the efficiency estimation. Beside
this, they conclude that measurement uncertainties are high for low total pressure ratios and
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mass flow rates and low for high wheel speeds, total pressure ratios and mass flow rates.

The aim of this paper is to provide an overview of variable sources of uncertainty on tur-
bocharger experiments in laboratory environments. In addition to the evaluation of the influence
of sensor uncertainties and thermal boundary conditions the impact of inflow conditions (e.g.
inlet pressure) as well as measurement equipment and methods (e.g. mechanical assembly) are
analysed. Without any claim of completeness, this paper provides an applicatory overview of
uncertainty sources.

NOMENCLATURE
Latin
A Cross section

[
m2
]

c Absolute velocity [m/s]
cp Heat capacity

[
kgm2/Ks2

]
CTA Constant Temperature Anemometry
d Diameter [m]
ṁ Mass flow rate [kg/s]
MFR Mass flow rate [kg/s]
n Speed [RPM ]
PE Peak efficiency
p Pressure [Pa]
r Recovery factor
Rs Specific gas constant

[
kgm2/s2molK

]
T Temperature [◦C]
TC Thermocouple, Turbocharger
u Uncertainty
v Velocity (circumferential) [m/s]

Greek
η Efficiency [−]
µ Dynamic viscosity [kg/(ms)]
Π Pressure Ratio [−]
φ Humidity [%]

Subscripts
1 Compressor Inlet
2 Compressor Exit
3 Turbine Inlet
4 Turbine Exit
abs Absolute
amb Ambient
C Compressor
cor Corrected
CS Cross section
is Isentropic
ref Reference
rel Relative
s Static
stat Static
t Total
tt Total-total
turb Turbine

EXPERIMENTAL SETUP
After a major rebuild, the turbocharger laboratory at the INSTITUTE OF GAS TURBINES

AND AEROSPACE PROPULSION (GLR) at TECHNISCHE UNIVERSITÄT DARMSTADT was
commissioned in 2014. The research lab was established with the focus on detailed compres-
sor investigations. Some specific features have been established in comparison to conventional
available exhaust gas test stands for turbochargers. More than 130 compressor configurations
have been investigated during the last four years and therewith great experience have been gath-
ered on repeatability, accuracy and advanced unsteady measurement techniques, being reported
in this paper. While some details might be design and facility dependent, the bulk of experiences
should be transferable and useful for other setups. The turbine and compressor are aerodynam-
ically decoupled in the open loop test rig. A screw compressor, which delivers up to 0.3 kg s−1

mass flow rate at a maximum pressure of 4.5 bar is used to power the turbine. An electrical
heater provides a constant and controllable turbine inlet temperature. This heater allows to set
a turbine inlet temperature in accordance to the compressor outlet temperature, therefore mini-
mizing the heat transfer. On the other hand, the maximum turbine inlet temperature is limited
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to 300 ◦C. This power limitation currently allows to measure a complete compressor map with
a maximum compressor wheel diameter of 60 mm. There is no additional insulation on the
piping upstream and downstream of the compressor and the turbine as well as the turbocharger
itself. Figure 1 is showing the performance test facility with an exemplary setup.

Figure 1: Compressor performance test facility

A standard instrumentation in accordance
with Engine Power Test Code Committee
[1995] is used. This means that four static
pressure tappings and three thermocouples of
type K are located at five wheel diameters up-
stream and two wheel diameters downstream
of the compressor. The latter are used to mea-
sure total temperatures. The four static pres-
sure tappings with a hole diameter of 0.5 mm
are located equally spaced along the circum-
ference and are used to determine the static
pressure. The pressure tappings are con-
nected to a high accuracy relative pressure
sensor (PRESSURE SYSTEMS INC. MODEL

9116).
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Figure 2: Schematic overview of the turbo
charger test rig and measurement planes

The turbocharger wheel speed is mea-
sured with an inductive sensor at the tur-
bine wheel. This is only possible due to the
low turbine inlet temperature of the electrical
heater. Therefore, no invasive speed sensors
must be applied at the compressor shroud and
compressor wheels can be exchanged easily
and fast without adapting any sensor. This
guarantees a high degree of repeatability and
accuracy of compressor variation measure-
ments. An overview of the test setup and the
measurement planes is visualized in Figure 2.

The mass flow rate is determined far up-
stream of the compressor in a different cham-
ber and the flow is guided to the test section
through pipes. In this basement chamber the
total ambient temperature, relative humidity
and total pressure of sucked in air are mea-
sured and they are almost constant through-
out the whole year. Orifices with correspond-
ing pipe lengths and diameters are designed
in accordance to DIN EN ISO 5167-1:2004-
01 and DIN EN ISO 5167-3:2004-01. This
standard is also used for an uncertainty quan-
tification. The assessment showed that the un-
certainty in the measurement of the pressure
difference over the orifice is dominating the
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uncertainty in the mass flow rate estimation. For this reason, a high-precision sensor from
MENSOR CORP. that achieves a good uncertainty is used (Model CPT6100, absolute accuracy
3.4 Pa). Based on all measured values and DIN EN ISO 5167 specifications, the measurement
uncertainty of the mass flow rate is displayed in Figure 3a. For small flow rates the pressure
difference over the orifice decreases and therewith the relative measurement error increases.
To overcome this problem, a second smaller orifice, that is especially designed for small flow
ranges, is used.

A flow straightener in combination with sieves is mounted upstream of the measurement
plane at the compressor inlet to achieve a good homogenisation and low turbulence levels. In
addition to the adjustment of flow direction and turbulence level, the total pressure in front of
the compressor can be controlled with a variable throttle valve. The test facility provides online
monitoring of compressor performance and all measured values. These are used to guarantee
steady state condition during the recording of operating points. To ensure repeatability, test
cell conditions are controlled and can be set between 17 ◦C and 23 ◦C. It turned out, that the
most difficult and therefore most uncertain value to measure is the onset of surge. Various surge
criteria are monitored during test rig operation. These are, among others, the time dependence
of the compressor inlet temperature, the compressor speed and the outlet pressure. But for most
centrifugal compressors, the acoustic behaviour that is analysed by the operator, is still a crucial
factor.

UNCERTAINTY ANALYSIS
Measurements are afflicted to uncertainties making an analysis essential. For this reason, an

uncertainty analysis has been performed according to Joint Committee for Guides in Metrology
JCGM 100:2008. The measurement has been corrected for all recognized significant systematic
effects. Therefore the uncertainty indication accounts for random errors and the uncertainty in
the correction of systematic errors. As in most measurement tasks, the result of a measurement
y is obtained from values of several quantities xN through a functional relationship f :

y = f(x1, x2, ..., xN). (1)

The standard uncertainty is then called combined standard uncertainty and is determined
from the estimated standard deviation associated with each input standard uncertainty. The
guideline differentiates between two different methods for the evaluation of standard uncertain-
ties, Type A and B. Uncertainties of Type A base on the experimental determination of the un-
certainty for each input quantity. In contrast to that, Type B determination evaluates the standard
uncertainties by scientific judgement based on information like manufacturer’s specifications or
data provided in calibration and other certificates. In the present investigation uncertainties of
Type B are used.

Provided that all input quantities are independent, the standard uncertainty is obtained by
appropriately combining the standard uncertainties of all input estimates. The combined stan-
dard uncertainty u(y) is then given by

u(y) =

√√√√ N∑
i=1

(
∂f

∂xi

)2

u2(xi). (2)

Since most sensor manufacturer’s only provide information about the maximum deviation
instead of the uncertainty of their sensor, the maximum deviation needs to be converted into
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a standard uncertainty in the first step. Assuming a quantity xi lies in the interval x̄i − ∆xi
to x̄i + ∆xi with normal distributed quantities and a confidence level of 95.45 %, the standard
uncertainty can be estimated with Equation 3. In this equation ∆xi is the maximum deviation
provided by the sensor manufacturer.

u(xi) =
∆xi

3
(3)

In the section dealing with the experimental setup, it is already mentioned that two different
sizes of orifices are used to determine the mass flow rate with the highest possible accuracy. The
reason why two different orifices are used can be clearly seen with Figure 3a. Both orifices ac-
complish a high accuracy for a specified range only. Thus it is switched between the two orifices
at the intersection (mass flow rate of 0.07 kg s−1). Due to this approach, the maximum devia-
tion ∆ṁ is always smaller than 0.7 %. The remaining uncertainty is dominated by uncertainties
caused through the fixed geometry of the orifice and uncertainties in the empirical correlations
used. Corresponding to DIN EN ISO 5167-1:2004-01 those uncertainties contribute to more
than 95 % of the resulting mass flow uncertainty. The uncertainty in the measurement of e.g.
pressure and temperatures correspond to 5 % of the mass flow uncertainty only.
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Norm. corr. MFR 
cor,C

/
cor,C,ref

u
re

l(
 P

re
s

s
u

re
 R

a
ti

o
 )

 [
%

]

0 0.2 0.4 0.6 0.8 1
0

0.01

0.02

0.03

0.04

Surge Choke

Low speed

High speed

u
re

l(
 E

ff
ic

ie
n

c
y

 )
 [

%
]

0.5

1

1.5

2

2.5

Low Speed (v
cor

 = 230 m/s)

High speed (v
cor

 = 520 m/s

(b) Combined uncertainties

Figure 3: Uncertainty in the estimation of mass flow rate, efficiency and pressure ratio

The estimation of the accuracy of the efficiency and pressure-ratio estimation will be as-
sessed below. The efficiency ηis,C and the total-pressure-ratio πtt,C are both obtained from the
values of several geometric and physical quantities represented through the functional represen-
tation in Equation 4.

ηis,C = πtt,C = f(Acs,1, Acs,2, r, R, cp, T1, T2, ps1, ps2, ṁC) (4)

Quantities such as the cross sections Acs,1 and Acs,2 can be expected to be without uncer-
tainty. The recovery factor r itself shows an uncertainty because of its determination but is
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supposed to be without uncertainty for the further proceedings. The universal gas constant R
and the heat capacity cp are determined with ambient air values. The uncertainty of these pa-
rameters is also assumed to be negligible. These assumptions result in the following functional
representation for the efficiency ηis,C and the total-pressure-ratio πtt,C (Equation 5).

ηis,C = πtt,C = f(T1, T2, ps1, ps2, ṁC) (5)

Considering the functional representation shown by Equation 2, this results in Equation 6
for the uncertainty of the efficiency ηis,C . The same representation is applicable for the total-
pressure ratio πtt,C .

uηis,C =

√(
∂ηis,C
∂T1

uT1

)2

+

(
∂ηis,C
∂T2

uT2

)2

+

(
∂ηis,C
∂ps1

ups1

)2

+

(
∂ηis,C
∂ps2

ups2

)2

+

(
∂ηis,C
∂ṁC

uṁC

)2

(6)
The maximum deviations for all measurands included in Equation 6 are based on informa-

tion provided by manufacturer’s specifications and can be taken from Table 1. The standard
uncertainties in this table are estimated according to Equation 3. The values for both thermo-
couples consider calibration and recovery already.

Table 1: Measurand Accuracy

Measurand Std. Uncertainty Max. Dev.
ṁC 0.23 %RD 0.7 %RD
ps1 11.5 Pa 34.5 Pa
ps2 40.2 Pa 120.5 Pa
T1 0.34 K 1.0 K
T2 0.34 K 1.0 K

Finally, the uncertainty analysis can be performed with the information mentioned. The
results of this analysis are plotted in Figure 3b for two different speed lines. The estimation of
the uncertainty in the pressure ratio is always below 0.04 % and the estimation of the uncertainty
in the efficiency is below 2.2 % for low compressor speeds and below 0.5 % for high compressor
speeds. The composition of the overall uncertainty of the efficiency is significantly dominated
by the temperature measurement. This implicates that the uncertainty of the temperature sensors
must be improved to improve the combined uncertainty of the measurement.

OPERATING POINT STABILITY
Another uncertainty which is very difficult to quantify is the imperfect thermal equilibrium

after setting a certain operating point. Even though this effect is reduced in the described fa-
cility, because the turbine inlet temperature is moderate, the waiting time is a crucial factor for
accurate efficiency measurements. This problem is increased for low wheel speed operation be-
cause mass flow rates are very low in this region of the performance map and it can take some
time until the compressor housing reaches a constant temperature distribution. The method of
rig operation determines if this effect leads to an underestimation of the efficiency. In the de-
scribed facility the compressor is dethrottled step by step and speed lines are measured from
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low to high mass flow operation. The temperature of the compressed air therewith decreases
from one operating point to another, for the investigated impellers, and the cooling process of
the compressor housing determines the waiting time. In Figure 4a the time history of the mea-
sured efficiency is visualized for one particular operating point. This time dependent increase
of the measured efficiency is a result of the cooling process when the compressor is dethrottled.
During standard rig operation it would be waited until the standard deviation of the tempera-
ture signal is low enough. This corresponds to temperature fluctuations below 0.1 K in a time
window of 2 min. The measurement would not be executed before this criterion is met. Never-
theless, Figure 4a illustrates that thermal equilibrium is not reached perfectly. In this case this
leads to an efficiency uncertainty of about 0.23 percent points. A second uncertainty that be-
longs to the same category is depicted in Figure 4b. When operating a compressor at low mass
flow rates, near or at surge, the fluctuations in pressure ratio, mass flow rate and efficiency are
high, thus resulting in a high uncertainty. In comparison to that, the fluctuations are small when
the compressor is operated at peak efficiency. This behaviour can be observed for low wheel
speeds as well as for high wheel speeds. At high wheel speeds the fluctuations increase again
when the compressor is dethrottled further towards the choke limit. The uncertainty in pressure
ratio is below 0.21 %, below 0.56 % for the mass flow rate and 0.28 % for the efficiency.
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Figure 4: Effect of time to achieve equilibrium and the operating point on measurand fluctua-
tions

THE INFLUENCE OF SWIRL ON MEASUREMENT UNCERTAINTY
The total temperature is determined upstream and downstream of the compressor. Three

thermocouples of type K with a shaft diameter of 1.5 mm are inserted into the flow path equally
spaced along the circumference. The depth of the transducer is three-quarters of the pipe diam-
eter for all thermocouples to reduce the influence of heat conduction along the thermocouple
shaft. The just mentioned sitation can be seen with Figure 5, which shows a schematic of the
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temperature measurement plane. In case of non-disturbed flow (e.g. upstream of the compres-
sor) this method is undoubtedly adequate to ascertain the total temperature. The recovery effect
and boundary layer of the pipe flow can be accounted for with a correction.

At the compressor exit the high swirling flow caused by the volute can induce an additional
uncertainty. This uncertainty depends on the operating point and is especially relevant near
choke operation at which the swirling rate is high. The centre of the swirl is moving along the
pipe on a helix like path (see Figure 5) and the thermocouples might not be able to record an
adequate averaged total temperature. This fact can result in an uncertainty that not only influ-
ences the absolute uncertainty of the efficiency measurement but also affects the comparison of
different compressor configurations. This is caused by the fact that the pitch of the helical path
is dependent on the particular compressor configuration as well as the current operating point.
The swirl centre itself is affected by the just mentioned behaviour.

Figure 5: Accuracy of temperature mea-
surement

The uncertainty which can be traced back to
the swirling outflow was investigated by utilising
a traversing unit. A total pressure probe and a kiel-
head probe to measure the total temperature was
used to determine the complete two-dimensional
flow field at the compressor exit. The probes were
moved across the pipe cross section circumferen-
tially and radially and detailed flow fields were
measured for multiple operating points. These re-
sults were then used to calculate mean values for
total pressure and temperature which were com-
pared to conventionally determined values after-
wards. Figure 5 is showing a temperature field
for a compressor at low wheel speed and oper-
ation near choke. It can be seen that the flow
field is shaped uniformly in circumferential direc-
tion. Through this, there is no significant differ-
ence between the thermocouple readings due to
axis symmetry, but the thermocouple average may
very well differ from the area average. For the
investigated compressor configurations, the differ-
ence between the thermocouple and area average and thus the influence on the efficiency es-
timation showed to be negligible. Additionally, it can be seen that the transducer depth has a
high impact on the thermocouple average. However, when measuring with the same transducer
depths for all measurements, good repeatability can be achieved.

INFLUENCE OF MECHANICAL ASSEMBLY
The turbine inlet section of turbochargers is fixed to the infrastructure of the test facility by

default. The compressor inlet and exit is connected to measurement pipes with flexible tubes
and clamps. This connection allows easy assembly of turbochargers without any additional
adaptations. On the other hand, the measurement pipe and the turbocharger might not be per-
fectly aligned and a possible step in the piping can influence measurement results. The effect
of those assembly uncertainties are evaluated with several tests.
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A maximum step, i.e. misalignment of about 4 mm was established alternately at the com-
pressor inlet and exit. In both cases no influence on pressure ratio was detectable. In addition,
the variation at the compressor inlet had no influence on efficiency, which might be due to the
acceleration of the flow towards the impeller. The inner diameter of the measurement pipe and
at the inducer section of the impeller is constricting.

4 mmFlow

Compressor Exit Measurement Pipe

Figure 6: Mechanical assembly

Therefore, a flow separation caused by a
step in the piping does not have a detectable
influence in this case. The maximum mis-
alignment at the compressor exit (4 mm ≡
0.1 · dC,exit) causes a discrepancy of about 3
percent points in efficiency. This strong effect
is especially visible at high wheel speeds and
near choke operation, when swirl and flow ve-
locity is high at the exit of the volute. Al-
though these sensitivity results might be spe-
cific and design dependent, they underline the
importance of an uncertainty analysis of as-
sembly inaccuracies.

INFLUENCE OF BOUNDARY CONDITIONS
Beside impeller, diffusor and volute design, boundary conditions determine the performance

of the complete compressor. While some of them are controlled (i.e. speed) others are the
consequence of integration (i.e. compressor inlet pressure) or might be unknown and influenced
by the measurement setup. Without any claim to completeness, three variations on thermal
boundary conditions and two on inflow conditions are presented in this paper.

Oil Supply Temperature
Oil is needed for the full-floating bearings which is supplied with a pressure of 4.5 bar to

the bearing unit. Standard oil temperature for compressor performance testing is 90 ◦C leading
to heat conduction and causing an efficiency uncertainty. The influence of this heat source is
visualized in Figure 7a. Three different operating points are established (i.e. near choke, peak
efficiency and near surge) with varying boundary conditions. At low speed the relative heat
input and corresponding efficiency uncertainty is largest. The difference in efficiency between
standard test condition of 90 ◦C and 50 ◦C oil temperature is approximately 3 percent points
over the whole speed line (i.e. near choke, peak efficiency and near surge operation). The
oil temperature is controlled and therefore the relative uncertainty from one case to another is
limited as long as the heat flow rate is similar.

Turbine Inlet Temperature
Not only the oil is a source of heat and therewith manipulating the measured efficiency, but

also the turbine inlet temperature is affecting the outcome of a measurement series. Shaaban
[2004] investigated the influence of the turbine inlet temperature on the compressor efficiency
for temperatures ranging from 700 ◦C to 32 ◦C. A decrease in temperature of 668 ◦C resulted
in an improvement in efficiency between 5 and 12 percent points depending on the compressor
speed. At TU DARMSTADT the maximum turbine inlet temperature is 300 ◦C and the electrical
flow heater makes it possible to control the turbine inlet temperature continuously in a range
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between 300 ◦C and 20 ◦C. At low speed operation (i.e. vcor = 230 m s−1) a variation in the tur-
bine inlet temperature from 300 ◦C to 20 ◦C is causing an efficiency variation of approximately
3 percent points. This effect is also visualized in Figure 7a. Even if the turbine and oil inlet
temperature can be controlled, it should be kept in mind that the influence on efficiency of these
temperatures at low speed operation is tremendous and therefore should be considered when
comparing different measurements. This fact becomes even more important when comparing
experimentally gained data with numerical investigations where adiabatic boundary conditions
are assumed.
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Figure 7: Influence of oil and ambient lab temperature

Ambient Lab Temperature
While oil and turbine inlet temperature are heat sources at low speed operation, the test

facility is receiving emitted heat and influencing the accuracy of estimating the efficiency. To
evaluate this influence three operating points at low and high speed operation are recorded
with 17 ◦C and 29 ◦C lab air temperature respectively (see Figure 7b). As in case of oil and
turbine inlet temperature, the effect on efficiency at high speed operation is limited and can be
neglected. This can be explained by a relative consideration of heat flow rates. While at high
speed operation mass flow rates and energy input from the compressor to the flow is high, the
relative uncertainty due to heat conduction is low. At low speed on the other hand, the efficiency
is beneficially affected by low lab air temperatures leading to an increase of up to 1.5 percent
points.

Compressor Inlet Pressure
A variation of the compressor inlet pressure has two distinct effects on compressor perfor-

mance and both are shown with Figure 8. When reducing the inlet pressure for a fixed operating
point (i.e. axial and circumferential Mach number constant) the Reynolds number is reduced.
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This can be seen with the following functional relationship:

Re =
ps,1 · c1 · d1
Rs · T1 · µ

. (7)

A change in Reynolds number results in an altering efficiency, while the total pressure ratio
is unaffected (at least in the herein evaluated cases). The effect is not to be underestimated,
leading to high uncertainties near peak efficiency operation (approx. 2 percent points) and very
high uncertainties near choke (approx. 3.5 percent points). The measured efficiency close to
surge is almost unaffected by the Reynolds number. A similar effect is visible for low and high
speed operation. While the variation of Reynolds number from low to high speed and from
low to high mass flow rates is a consequence of turbocharger operation considered during the
design, the variation of inlet pressure can be induced by external sources (i.e. air filter of a car,
restrictions in the piping) changing during a life cycle or from one application to another. The
second effect is a shift of surge line due to inlet throttling. This effect can be explained with
an analytic consideration of the system using an extension of the well known model provided
by Greitzer [1976]. It can be shown that a restricting of flow in front of the compressor has a
stabilizing effect leading to a shift in surge mass flow rate (see Figure 8a). A similar effect can
be induced by a reduction of volume at the compressor exit. The surge limit thus depends on
the compressor system in question. Therefore, two measurements are comparable as long as the
compressor system is equal.
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Figure 8: Effect of compressor inlet pressure on operating range and efficiency

Level of Turbulence
A sieve cascade is designed according to DIN ISO 4783-2:1996-10 to reduce the turbulence

level in front of the inlet measurement plane. The prescribed constant temperature hot wire
anemometer is used to determine the turbulence level at the measurement plane in front of the
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impeller. A very high turbulence level of 10 % was detected without any sieve. This can be
explained by the long, bended piping system guiding the air from the mass flow measurement
orifice to the compressor inlet. In addition, a flow straightener was used in front of the measure-
ment plane homogenizing the flow but increasing the turbulence level. To reduce this very high
turbulence level, two configurations are tested. A 4 sieve setup is able to reduce the turbulence
to 3 % and the application of 6 sieves results in a turbulence level of 1.5 % maximum. In this
context the influence of turbulence level was investigated for the 3 % and 1.5 % turbulence level
case. While no change in total pressure ratio was visible, a lower efficiency was detected for
the higher turbulence level for all wheel speeds. The maximum deviation in efficiency of 0.62
percent points was determined for the lowest speed and operation near choke.

CONCLUSIONS
Based on experimental sensitivity investigations an applicatory overview of measurement

uncertainties is given in this paper. Table 2 provides a comprehensive summary of results.
These results assume normal distributed values with a confidence interval of 95.45 %. Beside
the well known and often reported heat transfer in turbochargers, the accuracy of compressor
maps is highly affected by inlet boundary conditions and measurement methods. The investiga-
tions showed that great attention should be payed on the mechanical assembly of the compressor
system and the oil supply temperature. The oil temperature should be measured and the mea-
surement position should be close to the turbocharger inlet to avoid heat loss. Additionally,
the compressor system in question should always be equal because differences in the piping
and throttle arrangement result in different surge limits. In most test facilities, these parameters
as well as thermal conditions can be controlled and therefore have a minor effect on relative
comparisons. On the other hand, it is important to notice that efficiency measurements are
corrupted by many different uncertainty sources. The resultant level of absolute efficiency ac-
curacy therefore is not below 3 %. Even though, relative comparisons of different configurations
can be performed with much higher fidelity. Another important outcome of this paper is, that
some sources of uncertainty can not be improved or influenced by more accurate measurement
equipment.

Table 2: Overview of experimental sensitivity investigations and maximum deviations

Controllable by Test Bench
Measurement chain ∆ṁ < 0.7 %, ∆ηis,C < 2 − 5%, ∆Πtt,C < 0.8 %
Imperfect thermal equilibrium ∆ηis,C < 0.23 %
Misaligned assembly (worst case) ∆ηis,C < 3 %
Oil temperature (50 ◦C - 90 ◦C) ∆ηis,C < 3 − 4%
Ambient lab temperature (17 ◦C - 29 ◦C) ∆ηis,C < 1.5 %
Turbine inlet temperature (20 ◦C - 300 ◦C) ∆ηis,C < 3 %
Compressor inlet turbulence level (1.5 % - 3 %) ∆ηis,C < 0.62 %

Uncontrollable, Turbocharger dependent
Uncertainty due to swirl (near choke) ∆ηis,C ≈ 0.0 %
Fluctuations (near surge) ∆ṁ < 1.12 %, ∆ηis,C < 0.56 %, ∆Πtt,C < 1.12 %
Compressor inlet pressure surge mass flow - undef., ∆ηis,C < 3.5 %

Achieved repeatability at TU DARMSTADT
∆ṁ < 0.9 %, ∆ηis,C < 3 %, ∆Πtt,C < 0.65 %
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