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This study aims to analyze engine performance and component characteristics of a micro
gas turbine based on detailed measurement of various parameters. A test facility to measure
performance of a micro gas turbine was set up and performance parameters such as turbine exit
temperature, exhaust gas temperature, engine inlet temperature, compressor discharge pressure
and temperature, and fuel and air flow rates were measured. The net gas turbine performance
(power and efficiency based on the gas turbine shaft end) was isolated and analyzed. With
the aid of measurement based simulation, component characteristic parameters such as turbine
inlet temperature, compressor efficiency, turbine efficiency and recuperator effectiveness were
estimated. Behaviors of the estimated characteristic parameters with operating condition change
were examined and sensitivities of estimated parameters to the measured parameters were
analyzed.
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Nomenclature RMS : Root mean square deviation
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EGT : Exhaust gas temperature [K] TET : Turbine exit temperature [K]
h  Specific enthalpy [kJ/kg] TIT : Turbine inlet temperature [K]
LHV : Lower heating value [kJ/kg] W  : Power [kW]

MGT : Micro gas turbine S * Deviation

j : Mass flow rate [kg/s] 7 . Efficiency, effectiveness
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N : Shaft speed [rpm] 7t . Thermal efficiency at shaft end
P

. Pressure [kPa]

PR ! Pressure ratio Subscripts
0-8 : Location

* Corresponding Author, a L Air
E-mail : kts@inha.ac.kr [ . Compressor
TEL : +82-32-860-7307; FAX : +82-32-868-1716 £ * Fuel
Department of Mechanical Engineering, Inha Universi- .
ty, 253 Yonghyun-Dong, Nam-Gu, Incheon 402-751, gen - Generator
Korea. (Manuscript Received May 16, 2006; Revised in . Inlet

November 4, 2006) m . Measurement




142 Jong Joon Lee, Jae Eun Yoon, Tong Seop Kim and Jeong L. Sohn

max . Maximum
out : Outlet

rec . Recuperator
ref . Reference

] . Isentropic
sh . Shaft

sim  Simulation
t . Turbine

1. Introduction

Recent attention for the distributed power gen-
eration systems has promoted development effort
for various small power sources including con-
ventional heat engines and renewable power gen-
erators. Among others, the micro gas turbine (MGT)
is considered to be one of the prospective candi-
dates considering technical maturity and environ-
ment friendliness. Micro gas turbines are defined
as small gas turbines, usually less than 200 kW
(Rogders et al., 2001) . The maximum temperature
(turbine inlet temperature, TIT) of micro gas
turbines is limited to far less than those of large
gas turbines because using hot section cooling is
not feasible. In addition, their pressure ratios are
also sufficiently low. Thus, adopting a recupera-
tor is inevitable to overcome efficiency limitation.
Currently available MGTs are designed with TIT
of 800 to 900°C and pressure ratio of 3 to 5, and
their efficiencies are 25 to 30 percent. Endeavors
are still being made to develop more efficient and
power upgraded versions. Thermal efficiency of
40 percent is the current goal of micro gas turbine
developers (US Department of Energy, 2000).
There exist many important factors in the devel-
opment of micro gas turbines, such as designing
both efficient and cost-effective compressor and
turbine, low emission combustor and robust en-
gine control system, and so on. Technical issues
are well summarized in the literature (Simon and
Jiang, 2003). In particular, designing a compact
and efficient recuperator is deemed to be the most
critical considering its critical role in engine per-
formance (McDonald, 2000 ; McDonald and Rodgers,
2005). Near 40% efficiency, based on currently
available micro gas turbines, is also possible by a
combined cycle (Lee and Kim, 2006). The re-

cuperated cycle gas turbine exhibits unique part
load performance characteristics in comparison
with the simple cycle gas turbine due to the exis-
tence of the recuperation process. It needs a unique
operating strategy such as variable speed control
to have good partial load performance (Kim and
Hwang, 2006) .

Performance diagnostics of micro gas turbines
has not been as popular as that of conventional
gas turbines. However, as the working hours ac-
cumulate, performance of the micro gas turbine
also degrades. Therefore, prediction and preven-
tion of the performance degradation of micro gas
turbines through appropriate diagnosis will be as
important as in conventional gas turbines. The
unique features of the micro gas turbine, such as
using the recuperator and adopting the digital
power control covering a wide operating range in
terms of shaft speed, make the performance diag-
nostics challenging. Recently, a few studies have
been reported on the subject of performance test
and basic diagnostics. Small jet engines are mostly
used in fundamental studies (Yin and Huang,
2003 ; Davison and Birk, 2004). Reports on per-
formance test of an industrial micro gas turbine
for commercial development (Shibata et al., 2003)
and prediction of the operating behavior of a com-
mercial micro gas turbine (Chiang et al., 2004)
are also available.

For a successful engine diagnosis, information
of exact reference data (characteristic parameters)
of all major components must be present at first.
This study aimed to obtain component charac-
teristic parameters of a micro gas turbine using
detailed measurement. A test facility for a com-
mercial micro gas turbine generator has been set
up, with various measurements embedded. First,
performance of the entire engine was evaluated
for a wide operation range. Then, an analysis
method, based on optimal matching between mea-
sured performance data and simulation results, was
used to estimate component characteristic para-
meters such as compressor and turbine efficien-
cies, recuperator effectiveness as well as the un-
measured turbine inlet temperature. Sensitivities
of estimated parameters to the measured para-
meters were also analyzed.
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2. Experiment and Analysis

2.1 Micro gas turbine

The micro gas turbine used in this work is a 30
kW class engine, which consists of a single stage
centrifugal compressor, a single stage radial tur-
bine, an annular combustor and a primary surface
recuperator wrapped around the core engine. The
compressor and the turbine are arranged on a
single shaft, of which the full speed is 96,000 rpm.
This engine adopts air bearings. It also adopts a
high speed generator of permanent magnet type,
which generates high frequency electricity. The
generator is located at the cold end of the shaft
(i.e. in front of the compressor) and cooled by the
air flowing into the compressor. The generator
acts as a starting motor as well. The high speed
generator gets rid of the conventional gear box
and makes the system compact. To convert the
high frequency electricity into the low frequency
electricity, a digital power controller (DPC) is
equipped. Another important feature regarding
the off-design operation of the engine is that the
shaft speed changes during power variation. At
any speed, only a single operation condition (i.e.,
single power) exists, which satisfies a specific tur-
bine exit temperature. Therefore, full power is
available at the maximum speed (96,000 rpm) . Of
course, the exact operating condition and the cor-
responding power vary with ambient condition.
This option has been proved to provide far im-
proved part load efficiency of the recuperated cycle
gas turbines in comparison with the fuel only con-
trol because the resulting high turbine exit tem-
perature enables more effective utilization of the
heat recovery at the recuperator (Kim and Hwang,
2006). The variable frequency due to the shaft
speed change is converted into the constant low
frequency (60 Hz) by the digital power control-
ler.

A fuel compressor, equipped in the generator
system, boosts the low pressure natural gas (4,000
mmH,0) up to the injection pressure. The em-
bedded control system of the generator set provi-
des several measured parameters such as shaft
speed and temperatures at turbine exhaust and

compressor inlet. These temperatures are not easy
to measure additionally since the measuring points
are located inside the engine casing. Therefore,
these temperature data provided by the embedded
control system have been directly used in this study.
The embedded control system also measures elec-
tric power at the generator end.

2.2 Experimental facility

Figure 1 is the photograph of the test facility,
which shows the micro gas turbine generator sys-
tem (the MGT and the generator in the upper
part and the auxiliaries and the controllers in the
lower part) and measuring equipments. The fuel
line is located to the left of the figure. The system
layout with important locations where thermo-
dynamic parameters should be determined is shown
in Fig. 2. Various temperatures and pressures as

Fig. 1 Micro gas turbine test facility
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Fig. 2 Schematic of the micro gas turbine with
measuring locations
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well as flow rates are measured. As stated in the
previous section, compressor inlet temperature
(T3) and turbine exit temperature (7%) are mea-
sured by embedded thermocouples.

To analyze more detailed component perform-
ance, temperatures are additionally measured at
engine inlet (point 1, before the generator), com-
pressor exit (point 3) and engine exhaust (point
7). Three circumferentially located T-type ther-
mocouples are used to measure the inlet tempera-
ture (7}). Measuring 71 and 7 gives the air tem-
perature rise through the generator. Six K-type
thermocouples are located in the exhaust duct
to measure 77. A pressure probe is equipped at
the air bleed line from the compressor to measure
the total pressure (P3) of the compressor exit air.
A K-type thermocouple is inserted through the
bleed line and locates at the compressor diffuser
exit to measure the compressor exit temperature.
Air pressure is also measured at the generator
inlet (P,). A nozzle type air flow meter is equip-
ped in front of the engine. The fuel flow rate is
measured by a thermal mass flow meter. Table 1
summarizes the measuring quantities. Parameters
at the turbine inlet (point 4) and recuperator air
exit (point 5) are not measured but can be esti-
mated by an analysis explained in the next sec-
tion. In particular, estimation of these unmea-
sured parameters is one of the major purposes of

Table 1 List of measured parameters

. . Measured
Station location
parameters
0 Fuel line Fuel flow rate
Air flow rate
1 Inlet Temperature
Pressure
2 Compressor inlet Temperature
. Temperature
3 Compressor exit P
Pressure
4 Recuperator exit -
5 Turbine inlet -
6 Turbine exit Temperature
. Temperature
7 Engine Exhaust P
Pressure
8 Generator end Power

this study. At a designated power, measurements
were carried out after the whole system reaches a
sufficient steady state. Tests were performed with
increment or decrement of roughly 2 kW. The
measured data were saved to a PC through a data
acquisition system.

2.3 Analysis

Ambient air enters the generator and provides
its cooling. Then, the air flows into the compres-
sor. With the measured air flow rate and tem-
peratures at inlet and outlet of the generator (73,
T>), the shaft power is calculated using the fol-
lowing energy balance at the generator.

W sn— W gen=111a" (ha— h1) (1)
This represents the loss at the generator. The gen-

erator efficiency is defined as follows :

W sn
en— 17 2
VE W gen (2)

Then, the energy balance for the core engine,

based on the shaft power, is as follows:
sha+ vy LHVy=W o+ itz hz (3)

From the measurements of fuel flow rate and po-
wer, thermal efficiency based on the shaft power
is calculated as follows :

Nth :-L (4)

meL HV

Various measurements are used for the analysis
of the component characteristic parameters. In
general, the measured parameters are referred to
‘performance parameters’ in gas turbine diagnos-
tics. On the other hand, parameters that produce
those performance parameters, such as component
efficiencies, are called ‘characteristic parameters’
because they represent performance characteris-
tics of the components. Gas turbine diagnosis
begins with evaluation of the characteristic para-
meters based on the measured performance para-
meters. This study also adopts a similar analysis
scheme to evaluate component characteristic para-
meters.

The characteristic parameters that should be
predicted are compressor efficiency, turbine effi-
ciency and recuperator effectiveness. Usual defini-
tions of the characteristic parameters are adopt-
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ed as follows :

Compressor isentropic efficiency :

N ®
Turbine isentropic efficiency :

= (©
Recuperator temperature effectiveness :

Troo= i ™)

Turbine inlet temperature (73) should also be pre-
dicted together with the three component charac-
teristic parameters. Thus, we have four parameters
to determine. Simulation based analysis is used to
obtain all of the unknown parameters. The usual
performance simulation requires those four para-
meters as inputs and gives us the performance
parameters as outputs. Therefore, conceptually, a
reverse simulation allows us to estimate the four
parameters. A similar concept has been applied to
estimate major gas turbine design parameters (tur-
bine inlet temperature, cooling flow rate as well
as component efficiencies) of various heavy duty
gas turbines (Kim and Ro, 1995). This scheme is
also similar to the one adopted as a tool for basic
performance diagnosis (Bettochi and Spina, 1999).
A proven performance prediction program (Kim
and Ro, 1995) is adopted as the simulation tool.

Air flow rate, compressor inlet temperature and
all measured pressures (compressor inlet, com-
pressor discharge, and exhaust) are used as given
(fixed) values in the simulation. Then, the four
parameters (7)0, 7¢, rec and Ts) are obtained as a
result of iterative simulation to minimize the de-
viations between simulated and measured values
of the performance parameters. First, the compres-
sor efficiency (7.) is obtained by Eq. (5) using
the measured temperatures and pressures at inlet
and outlet of the compressor. Evaluation process
of the remaining three parameters (7:, 77 and
T5) begins with assumption of the turbine inlet
temperature. Turbine efficiency is obtained using
assumed turbine inlet temperature (75) and mea-
sured turbine exit temperature (7). Using the mea-

sured turbine exit temperature (7s) and the re-
cuperator gas side exit temperature (77, i.e. the ex-
haust temperature) as well as the energy balance
at the recuperator, the recuperator air side exit
temperature ( 73) can be calculated. Then, Eq. (7)
produces the recuperator effectiveness. Consequent-
ly, an arbitrary turbine inlet temperature results
in a set of the three characteristic parameters. The
simulation also gives shaft power and fuel supply
rate. Then, calculated power and fuel flow are
compared with those of measured values to pro-
vide the following deviations.

6 _ Wsh,sim_ Wsh,m
power — 0
Wsh,max (8)
8f = mf,sim - mf,m
uel — .
¢ M f,max

A set of turbine inlet temperature and resulting
three characteristic parameters that minimizes the
following average deviation are considered to be
the solution.

2 2
RMS= / 8Powe72+ 8fuel <9>

Miscellaneous pressure losses that cannot be mea-
sured are assumed considering design practices.
Values assumed for the reference (close to design)
pressure losses at the generator, recuperator air
side, combustor, recuperator gas side are 0.5%,
1.0%, 4.0% and 2.0% of each inlet pressure re-
spectively. These reference values are applied to
the full power, which is close to the design point,
and their variations are taken into account using
a theoretical pressure loss relation (Saravanamuttoo
et al., 2001).

3. Results and Discussion

3.1 Engine performance

This paper shows results of two test cases per-
formed at near standard ambient temperature (288K).
The performance tests were carried out for the en-
tire power range. Fig. 3 shows the ambient tem-
perature (77) and the generator exit (compressor
inlet) temperature (7). The ambient tempera-
ture, i.e. the generator inlet temperature, is kept
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Fig. 3 Air temperatures at generator inlet and outlet,
and generator efficiency

nearly constant at around 290 K. Since the ambient
temperatures of the two cases are almost same,
performance results are nearly equivalent. Tem-
perature rise at the generator is measured to be 3
to 5 K. Generator power at the full load is about
32.5 kW. Generator loss at that point is estimated
to be about 1 kW. Thus, the full shaft power is
estimated to be about 33.5 kW. Also shown is the
generator efficiency, estimated by Eq.(2). Even
though some oscillation of the data are observed,
the tendency of efficiency variation conforms to
general trend well enough. The generator effi-
ciency at the full power is about 97 percent, while
its value at the lowest power is about 90 percent.

Figure 4 shows the variations in the shaft speed
and the compressor pressure ratio. As explained
in the previous section, this engine adopts the
variable speed operation. Thus, the shaft speed
decreases with power. The full speed is 96,000
rpm and the lowest speed (idle speed) is 45,000
rpm. Compressor pressure ratio is slightly higher
than 3.5 at the full power and about 1.4 at the
lowest power. Its variation with power is nearly
linear. Fig. 5 shows the variations in the air and
fuel mass flow rates. With power reduction, the
air flow rate decreases due to the speed reduction.
Its value at the full power is measured to be about
0.284 kg/s. At the lowest power, the air flow rate
is about 30% of the maximum value at the full
power. The fuel flow rate deceases almost linearly
with power.
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Fig. 5 Variations in air and fuel flow rates with
shaft power

Variations in measured temperatures at the tur-
bine exit (7s) and engine exhaust (77, i.e., recu-
perator gas side exit) are shown in Fig. 6. Also
shown is the compressor exit temperature (73).
The turbine exit temperature and the engine ex-
haust temperature at full power is 866 K and 547
K respectively. The turbine exit temperature in-
creases almost linearly with power reduction until
about 40% of the full power. It is unexpectedly
high in some of the low power regime. This phe-
nomenon has been observed repeatedly for all
tests and supposed to be a result of intrinsic en-
gine control at low load. The exhaust gas tempera-
ture decreases with power reduction. Fig. 7 shows
the variation in the thermal efficiency based on
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Fig. 7 Variation in thermal efficiency of the micro
gas turbine with shaft power

the shaft power. The efficiency at the full power is
evaluated to be slightly higher than 30%. Even
though there is a little scattering in the data, the
variation of the efficiency conforms to the general
tendency.

3.2 Component characteristics

Figure 8 shows the estimated compressor effi-
ciency. At the full load, which seems to be very
close to the design point, the compressor effi-
ciency is about 75%. The compressor efficiency
increases slightly with power reduction from the
full load, reaches a maximum and then drops. Fig.
9 illustrates variation of the least square devia-
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Fig. 8 Variations in compressor efficiency with shaft
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Fig. 9 Example of the variation in the least square
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case 1

tion of Eq. (9) with turbine inlet temperature in
case of the full power condition of case 1 and
shows the existence of the optimal solution. Also
shown are the variations of the estimated recu-
perator effectiveness and turbine efficiency at each
assumed turbine inlet temperature. There exists a
clear solution that minimizes the least square de-
viation. The recuperator effectiveness is insensi-
tive to the turbine inlet temperature, while the
turbine efficiency varies. The estimated solution
set at the optimized point is turbine inlet temper-
ature of 1115 K, turbine efficiency of 0.875 and
recuperator effectiveness of 0.85. These values seem
quite reasonable considering reported design prac-
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tice and technology of micro gas turbines.

From the analysis mentioned above, whole sets
of optimal solutions for all operating points are
obtained. Fig. 10 presents the least square devia-
tions at the optimal solution for various operating
points tested. The deviation between estimation
and measurement generally increases as power re-
duces. However, the largest deviation is less than
4 percent and two thirds of the total data are less
than 2 percent.

Figure 11 shows the variation in the estimated
turbine inlet temperature. TIT decreases mode-
rately with power reduction. The abrupt increase
of the measured turbine exhaust temperature shown
in Fig. 6 is explained by the rise in the TIT. The
decrease of TIT from the full power to the lowest
power is estimated to be about 100C. Fig. 12
presents variations in the estimated turbine effi-
ciency. The turbine efficiency does not vary much
with operating condition change.

Figure 13 shows the variation in the estimated
recuperator effectiveness. The effectiveness appears
to increase with power reduction. This is very re-
asonable because the decrease of mass flow rate
results in increase of the effectiveness of a heat
exchanger. The rate of effectiveness enhancement
with mass flow reduction depends on the local
shape and flow condition of the heat exchanger.
The relation between mass flow rate and the ef-
fectiveness can be reviewed from a literature (Kim
and Hwang, 2006). The variation in Fig. 13 is
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Fig. 11 Estimated turbine inlet temperature
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rather moderate considering the usual theoretical
laminar flow design of compact counter flow re-
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cuperators of primary surface type. However, the
trend of the Fig. 13 confirms that the present
method of predicting component characteristic
parameters is sufficiently sound.

Figure 14 illustrates the compressor running
line. The abscissa is the reduced mass flow. The
reference compressor inlet temperature and pres-
sure is the standard ambient condition (288 K
and 101.3 kPa). Fig. 15 shows the turbine running
line. The reference turbine inlet values are those
at the full power conditions. Most of the operat-
ing conditions appear to be sufficiently away from
the choking condition. The trend of the running
line looks quite similar to the theoretical behavior
described by the Stodola equation (Dixon, 1978).
Thus, as a comparison, the running line predicted
by the following Stodola equation is also drawn

in the figure. Subscripts ‘in” and ‘out’ denote tur-
bine inlet (point 5) and outlet (point 6), respec-
tively.

Miny Tin/ P 1— (Pout/ Pn)®
<Mmm/Pm) ref m

The estimated turbine operating characteristics

(10)

and the curve predicted by the theoretical equa-
tion are quite similar in their shapes. Therefore,
a simple equation to simulate the operating line
of the current micro gas turbine is possible after
a slight modification of the Stodola equation.
This is very useful information in simulating the
engine performance for various purposes in the
future study.

3.3 Sensitivity of estimated characteristic
parameters

Since the estimation of characteristic parame-
ters is based on the measured parameters, the mea-
surement accuracy, especially those of the pri-
mary parameters such as temperatures and pres-
sure, is essential. They were checked at a static
condition without running the engine by compar-
ing with other reference temperature and pressure
readings. Since the steady state conditions were
measured and furthermore, serious transient effect
was not observed during each measurement, the
pressure measurements are believed to be suffi-
ciently accurate. However, even at steady state,
the measured temperature may possess a certain
inaccuracy due to inappropriate measuring loca-
tion. This may be especially important in com-
pressor discharge temperature and the exhaust gas
temperature. In measuring the compressor discharge
temperature, the exact location seems to be the
most important factor for an accurate measure-
ment because several trials have showed that a
slight change of the measuring location provided
sensible difference in the measured temperature.
At the engine exhaust, flow non-uniformity may
be a source of the temperature measurement un-
certainty. Therefore, influence of the accuracies of
the two temperature measurements on the estimat-
ed component characteristics parameters would
provide useful information for further study. The
turbine exit temperature seems to be more reli-
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able than the previous two temperatures because
it was measured by the sensor which had been em-
bedded by the engine manufacturer for the pur-
pose of engine control. But, for the completeness
of the error analysis, the turbine exit temperature
was also included in the sensitivity analysis.
For the full power condition, the iterative anal-
ysis to obtain the component characteristic para-
meters were performed again with arbitrarily var-
ied values of the three measured temperatures :
turbine exit temperature (TET, 7Tg), the exhaust
gas temperature (EGT, 77) and the compressor
discharge temperature (CDT, 73). Only single
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effects of each measurement is examined (all the
other temperatures except the designated temper-
ature were kept at the measured values). Varia-
tions within 10 K (both positive and negative
changes) were examined. Sensitivities of the com-
pressor efficiency, the turbine inlet temperature,
the turbine efficiency and the recuperator effecti-
veness to the measured temperatures are shown in
Figs. 16 to 19, respectively. Each figure presents
influences of three temperatures on each estimated
parameter. Fig. 16 confirms that the compressor
efficiency is obtained only by measured CDT with-
out the iterative estimation (refer to 2.3). Thus,
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it is not affected by the other two temperatures
(TET and EGT). Only 10 K higher measurement
of CDT would cause 8 percent point decrease of
the predicted compressor efficiency. Then, assum-
ing this new value of CDT, we get 67% compres-
sor efficiency. This seems to be very low consid-
ering current state-of-the art centrifugal compres-
sor design practice. Therefore, the original CDT,
leading to compressor efficient of 75%, or a rather
lower CDT, providing a better efficiency, would
be more feasible. The CDT measurement also
affects all of the other estimated quantities much.
If CDT is higher (thus, compressor efficiency is
lower), the other components are predicted to
operate with better performance (higher TIT, 7.,
7Jrec) in order to satisfy the given engine perform-
ance by compensating for the lower compressor
performance. 10 K higher CDT provides about
4.5 percent point increase of the estimated turbine
efficiency. Then, the new estimated turbine effi-
ciency would be 92%, which does not seem very
appropriate as a radial turbine efficiency. Thus,
we can again confirm that CDTs that are higher
than currently measured value is not very reliable.
A higher TET predicts a higher TIT, but does not
affect much the other two parameters (7, 7rec). A
higher EGT predicts a lower recuperator effecti-
veness. Its correlation with other two parameters
(TIT, 7.) is very weak. In conclusion, the com-
pressor discharge temperature affects the estimat-
ed quantities most widely, and thus its accurate
measurement is very important.

4. Conclusions

This study has analyzed engine performance
and component characteristics of a micro gas
turbine. Results are summarized as follows.

(1) With the measurement of the generator
loss, the net power from the micro gas turbine
shaft was isolated, which allowed accurate anal-
ysis of the core engine. The estimated generator
efficiency conforms to the general tendency.

(2) An analysis method, which is based on
optimal matching of simulated data to measure
performance data and predicts turbine inlet tem-

perature and component characteristic parameters
such as compressor efficiency, turbine efficiency,
recuperator effectiveness, was developed. Those
parameters for the entire operation range were
successfully obtained.

(3) The estimated turbine inlet temperature
and three characteristic parameters are quite rea-
sonable. The predicted behaviors of the charac-
teristic parameters with operating condition change
were also reasonable, which validates the method
to obtain those parameter adopted in this study.
In particular, increase of the recuperator effecti-
veness with reducing mass flow was predicted and
the turbine running line was close to that pre-
dicted by a theoretical equation. This analysis
scheme can further be extended to performance
diagnosis of the micro gas turbine.

(4) Sensitivities of estimated parameters to the
accuracies of the measured temperatures were an-
alyzed. The compressor discharge temperature af-
fects the estimated quantities most widely, and
thus its accurate measurement is very important.
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