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Abstract: This study evaluates the performance of the BMT
120 KS micro gas turbine engine. The analysis involves
matching the existing engine components as well as re-
designed elements using engine characteristic maps. An
experimental investigation was conducted to measure the
baseline performance parameters of the engine. Analytical
calculations were used to review the thermodynamic cycle of
the engine. A numerical component sensitivity analysis was
also used to evaluate the engine’s output. The performance
predictions of the engine and its modifications showed good
correlation with test results and available engine data.
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Component matching, Flownex

Nomenclature

APU  Auxiliary Power Unit

BMT  Baird Micro Turbine

CFD  Computational Fluid Dynamics

Fret Net thrust [N]

EGT  Exhaust Gas Temperature [K]

HV Heating Value of Fuel [MJ/kg]

MGT  Micro Gas Turbine

TSFC  Thrust Specific Fuel Consumption [g/Ns]
TIT Turbine Inlet Temperature [K]

R Gas Constant [J/kgK]

UAV  Unmanned aerial vehicle
Greek
B Diameter ratio [-]
A Variation/ difference [-]
1 Efficiency [%]
Y Heat ratio [-]
T Pressure ratio[-]
p Density [kg/m?]
Subscripts
a Air
c Compressor
cc Combustion chamber
d Discharge
f Fuel
m Mechanical
0 Total/stagnation
g Gas
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1 Introduction

The deployment of micro gas turbine (MGT) engines in
unmanned aerial vehicles (UAVSs), hybrid electric vehicles,
and small power plant applications is becoming popular due
to their high power to weight ratio [1-3]. They are also used
as auxiliary power units (APU) for modern aircraft [4,5].
Their multi-fuel capability and simplicity in design also
makes them well suited for these applications [6-10]. An
example of such an engine is the Baird Micro Turbine 120
Kerosene Start (BMT 120 KS) engine. These engines are
non-linear in their performance [11,12]. Therefore, the
engine overall performance output depends on the
performance of the individual engine elements. Considerable
research has been performed to improve the performance of
the components of the BMT engine. Van der Merwe [13]
redesigned and optimised the centrifugal compressor
impeller of the BMT engine. He sought to achieve a total-to-
total pressure ratio of 4.72 and an isentropic compressor
efficiency of 79.8% at a mass flow rate of 0.325 kg/s. The
new impeller performance was validated by comparing the
mean-line, experimental and computational fluid dynamics
(CFD) results for the compressor stage. He concluded that the
experimental and numerical results showed good agreement.
Krige [14] redesigned the BMT engine vaned diffuser. He
aimed to maximise the compressor stage pressure recovery in
order to increase the engine's total-to-static pressure ratio,
mass flow and thrust output. The experimental and numerical
investigation showed that the diffuser pressure recovery
increased from 0.48 to 0.73 whereas the static-to-static
pressure ratio across the diffuser increased from 1.39 to 1.44.

In 2014, De Villiers [15] employed a 1D (1-dimensional)
mean-line code and CFD software codes FINE™/Turbo and
FINE™/Design3D to design a centrifugal compressor stage
for the BMT engine. He estimated that the new compressor
stage would yield a total-to-static pressure ratio of 3.0, total-
to-total efficiency of 76.5% and a thrust output of 170 N at a
rotational speed of 119 000 rpm for the BMT engine. Basson
[16] examined new turbine stages for the BMT 120 KS micro
jet engine using ANSYS Fluent. He performed analytical and
numerical evaluations for the new designs. Basson [16]
calculated that the proposed designs predicted an efficiency
improvement of 5%. Smit [17] manufactured Basson's
turbines, and obtained experimental results for the newly
designed turbines. The experimental investigations showed
that the turbine stage inlet and outlet are dominated by highly
fluctuating temperature profiles. The author suggested that
extra instrumentation should be incorporated to measure the
turbine inlet and outlet temperatures.

Experimental measurements of the BMT engine
thermodynamic operating parameters have been conducted
by Becker [18]. The purpose of the study was to determine
the behaviour of the engine turbine stage inlet and exhaust
temperatures. Recently, Burger [20] designed and optimised
a crossover diffuser for the BMT engine. The diffuser
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combined with Van der Merwe's [13] impeller potentially
improved the compressor stage of the engine total-to-static
pressure ratio from 2.62 to 3.65. An extrapolated thrust output
of 200 N was predicted for the new diffuser at an engine
rotational speed of 120 000 rpm.

In spite of improved component performance, the
effectiveness of the modified BMT engine has been limited
due to high fuel consumption, high exhaust temperature, and
the engine's inability to operate at high rotational speed. The
possible reason for these issues might be due to mismatching
of the engine components. In this paper, component
matching, which incorporates compressor and turbine
characteristic maps to assess engine performance, is used to
investigate the BMT engine's performance. In this regard,
analytical and numerical analyses are performed to review the
BMT thermodynamic cycle as a basis for improved
component matching. The paper focusses on the performance
investigation of the standard BMT engine and the
modifications (re-designed components) made by Basson
[16] and Burger [20].

2 The BMT 120 KS Engine

The BMT engine shown in Figure 1 is a single spool engine.
The engine consists of a centrifugal compressor stage (radial
impeller and wedge diffuser) a flow-through annular
combustor equipped with vaporizer tubes, an axial flow
turbine, and a fixed convergent nozzle. The centrifugal
compressor increases the pressure and temperature of the air
induced into it. The compressed air then mixes with fuel in
the combustion chamber where it is ignited to further raise
the working fluid temperature. The turbine expands the hot
gas from the combustion process. The convergent nozzle
accelerates the exhaust gases to increase the kinetic energy to
produce thrust for propulsion. Table 1 displays the BMT 120
KS engine specifications.

Compressor

Glow plug Combustor
g Nozzle

Tailcone

Engine shaft

Figure 1 BMT 120 KS engine [20]

Table 1 BMT 120 KS engine specification
Parameter Value Unit
Maximum thrust 125 N
Maximum engine RPM 125 000 RPM
Engine diameter 108 mm
Maximum engine EGT 898 K

3 Experimental Tests
An experimental test was performed for the BMT engine to
evaluate the engine baseline performance values such as the

thrust, fuel consumption, pressures, and mass flow rate and
turbine inlet and outlet temperatures. The performance
parameters were used to validate the engine simulation
model. The experimental test was conducted from the engine
idling speed of 35 000 rpm up to a maximum engine speed of
120 000 rpm. The test was repeated for two engine cycle runs
and the data recorded using the HBM Catman® software and
a personal computer. The results obtained for the two test
runs are averaged to determine the final values of the
measured engine parameters. The experimental test facility
setup is displayed in Figure 2.

Figure 2 Test facility

The BMT pressures, temperatures, thrust and fuel
consumption were measured using the following transducers
and thermocouples.

o K-type thermocouples were used to measure the engine
exhaust temperatures. The thermocouples have an
accuracy of £2.2 °C.

e A PBAP pressure sensor was used for determining the
pressures at the engine inlet. The pressure transducer has
an accuracy of £0.3%.

e The engine thrust was measured using a 500 N HBM®
RSCC load cell, which is accurate to £0.2% and was
calibrated using a spring loaded weight scale. The
accuracy of the scale is estimated to be within 2%.

e The engine fuel consumption was recorded using an
HBM® U2A 50 kg/s load cell with an accuracy of + 0.2%.
It was calibrated by suspending various predefined
weights from it and increasing the weights in 1 kg
intervals.

Based on the above information, combined with the average
values and standard deviation from experimental data at
120 000 rpm, the uncertainty of the thrust measurement is
estimated to be 2%, the air mass flow measurement to be
0.32% and the fuel consumption to be 0.25%.

3.1 Air mass flow rate measurement

The mass flow rate of air into the engine was determined by
measuring the difference between the local static and the
ambient pressure of the air at the engine bell-mouth shown in
Figure 3. The bell-mouth reduces mass flow rate
measurement errors and mitigates the effect of any external
flow factors that may occur upstream of the engine inlet. In
addition, it provides stable and laminar airflow distribution at
the engine inlet.
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Figure 3 Bell-mouth
The velocity of the flow into the engine is given as [22]:

2A
Con= |-F (1)

With the velocity of the flow known the mass flow rate of
air is determined using the given equation:

24p/pa (2)

Mg = PaCaAauct 1-p*

_d
B= "2/ d, ©)

The Mach number of the flow at the bell-mouth inlet was
found to be 0.12, 0.1, and 0.08 respectively for the various
speeds. Therefore, the discharge coefficient was calculated
using the equation for a bell-mouth or nozzle with
incompressible flow. The discharge coefficient, Reynolds
number, and diameter ratio are given as [22]:

Cq = 09975 —0.00653 |22 )
ed

The Reynolds number was estimated using the bell-mouth
inner diameter, the velocity of the air at the bell-mouth inlet
and the kinematic viscosity of the air.

Cind
Req = —n ®)

Va

where,

Ap is the pressure difference at the bell-mouth.

D 18 the air density.

A gyct 18 the bell-mouth area

d, and d, are the inner and outer diameters of the bell-mouth
(the outer diameter being of an infinite value).

v, is the kinematic viscosity of air.

4 Theoretical Analysis

An analytical calculation was used to determine engine
operational values such as the turbine inlet (TIT), exhaust
temperature (EGT) and engine thrust. Table 2 depicts the
engine parameters used for the calculations. Some of the
parameters were assumed whereas others were acquired from
the available BMT data measured by Krige [14], and
literature. The BMT components were treated as separate
control volumes. Using the standard open air Brayton cycle,
the thermodynamic values at the interface between the engine

components were evaluated. Figure 4 depicts the ideal T-s
diagram of the Brayton open air cycle for a gas turbine
engine. Station 0-3 shows the compressor stage of the engine
while station 3-4 shows the combustion stage. Expansion of
the working fluid occurs at station 4-5 in the turbine. Station
5-8 depicts the nozzle stage of the engine. The air is expelled
into the atmosphere from point 8-0.

Table 2  Engine parameters for cycle analysis
Parameter Value Unit
Ambient pressure 101.325 kPa
Ambient temperature 288 K
Pressure ratio 3.15
Mass flow rate 0.288 kg/s
Compressor efficiency 0.81
Rotational speed 120 000 rpm
Turbine efficiency 0.85
Combustion pressure loss | 10 %
Mechanical efficiency 0.98
Fuel consumption 0.0053 kals
Air specific heat 1005 J/kgK
Gas specific heat 1148 J/kgK
Air specific heat ratio 1.4
Gas specific heat ratio 1.333
Fuel heating value 43.1 MJ/kg
Gas constant 287 J/kgK

Co mlbustor

Compressor —__
T

Inlet™

Figure 4 T-s diagram for Brayton open air cycle

The engine was treated as a stationary test rig engine at
standard sea level. Therefore, the free stream air velocity and
Mach number are considered to be negligible (u, = 0 and
M, = 0). Also, assuming no losses at the engine inlet, the
compressor inlet stagnation pressure and temperature
conditions are considered equal to the ambient conditions. An
iterative computation was used to determine the engine
performance variables. The cycle calculation equations are
presented below.

4.1 Compressor stage parameters
The stagnation pressure and temperature at the compressor
inlet are used to determine an estimated value for the inlet
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velocity of air into the engine. Using an iterative method the
actual, static density, static temperature, static pressure as
well as the velocity is then calculated. The compressor inlet
velocity is given by:

€= e ©)

Po242

With a known compressor inlet velocity the static
temperature, pressure and density are calculated using:

Cy2

T, = Ty — (7
2pq
Ya
T ~Ya
P2 = Doz ({22)1 v (8)
p2= 1 )

The compressor discharge stagnation pressure and
temperature are computed using the equation.

Poz = DPo2T¢ (10)

Ya—1

Tos = To2 (pﬁ) e

Po2

(11)

where,

Ty, is the compressor inlet total temperature.

Do 1S the compressor inlet total pressure.

A, is the compressor inlet annulus area.

7. IS the compressor stage total-to-total pressure ratio
y, 1s air the specific heat ratio.

4.2 Combustion chamber parameters

The maximum engine temperature is determine at the
combustor outlet or turbine inlet. Using the heating value of
the engine fuel, combustor efficiency, the fuel-air ratio, and
the compressor outlet temperature the highest cycle
temperature is determined using energy conservation. The
turbine inlet temperature is given as [24]:

nCCfHV

Tos = Tos + c
pg

(12)

With a known combustor pressure loss and using T, the
total pressure after combustion is computed as:
Pos = Poa(1 —Ap) (13)
where,

N, is the combustion efficiency

f is the fuel-air ratio

HV is the fuel heating value

Cpg i the gas specific heat

Ap is the combustion pressure drop

4.3 Turbine stage and nozzle parameters
The turbine discharge stagnation temperature and pressure
are estimated using the relation [25]:

_ Cpg (Toz—Toz2)
Cpgnnﬂ1+f)

Tos = Tos (14)

Y9
@)Yg—l
Tos

Pos = p04( (15)

Isentropic conditions are assumed at the inlet and exit of
the engine converging propelling nozzle. Also, it was
assumed that the engine exhaust is subsonic, therefore the
engine exhaust gases expand to atmospheric pressure. The
exhaust velocity and static temperature are given by:

Yg—1
Ty = Tos (22) 7 (16)
U = Y, 2Cpg(TOS - TS) (17)

where,
1, is the mechanical efficiency.
Y4 Is the gas specific heat ratio.

4.4 Engine performance parameters
The engine thrust and the specific fuel consumed are
determined from the equations [26]:

Fret = ma(ue - uO) (18)

TSFC = 24 (19)
Fnet

where,

mhy is the fuel consumption.
U, is the free stream velocity of air.

5 Numerical Analysis
The engine performance modelling and simulation were
performed with Flownex SE. Flownex SE is used for
thermodynamic and computational fluid dynamic analysis of
turbomachinery and other industrial problems [27]. The
program is well suited for simulating both industrial and
aircraft gas turbine engines. It can accommaodate gas turbine
engines such as single and twin spool turbofan and turbojet
engines as well as turboshaft engines. Flownex SE can be
used for the design and off-design performance analysis of
gas turbines. The program has built in gas turbine
characteristic maps and it is easy to import specific engine
components map for simulation. The program also has a
design functionality and turbo power matching tool that
enables easy assessment of engine operation at off-design
points

Figure 5 illustrates the BMT engine arrangement in the
Flownex simulation environment. The engine network model
comprises of an inlet properties gauge, centrifugal
compressor, a fuel source, combustion chamber, axial flow
turbine, propelling thrust nozzle and outlet gauge connected
with boundary nodes. The boundary nodes ensure smooth
communication between the network components. The
adiabatic flame combustion model is used in the Flownex
simulation to compute the engine cycle peak temperature.
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Figure 5 BMT Flownex engine layout

5.1 Engine simulation

The engine simulation phase constitutes the baseline engine
modelling and simulation, as well as the simulation of
standard engine turbine and compressor stages with the
modified compressor and turbine stages designed by Burger
and Basson. The initial engine simulation was performed for
the baseline engine followed by the simulation for the re-
designed components. The engine compressor and turbine
characteristic maps published by Krige [14] and Basson [16]
for the standard BMT engine were introduced into Flownex
SE for the baseline simulation. Figure 6 and 7 show the
compressor performance maps for the standard BMT engine
developed by Krige. Figure 8 and 9 present the turbine
performance maps generated by Basson for the standard
BMT engine. The corrected mass flow referred to in these
figures is of the form:

vTo2

Po2

(19)

Mceorrected = Mq

Similarly, the modified engine performance modelling
and simulation was performed using the compressor
characteristic maps published by Burger and the re-designed
turbine maps of Basson.

Figure 10 illustrates the compressor stage designed by Burger
with the crossover diffuser.

Figure 11 and 12 show the characteristic curves
developed by Burger for a re-designed BMT compressor
stage. Basson redesigned two additional turbines to replace
the existing turbine stage of the BMT engine. Figure 13 and
14 display the turbine stage performance maps developed by
Basson. The maps were generated at a rotational speed of
120 000 rpm. The turbines were designed with stage load
coefficients of 95% and 105%. The turbines are labelled as
turbine 1 and 2 respectively in accordance with the load
coefficients. The turbines were simulated with the various
compressor stages of the BMT engine in Flownex. The
engine inlet conditions for the respective engine simulations
were set to the individual ambient conditions measured by the
authors.

35

—@ 50000 rpm
¥—¥ 90000 rpm
3011 0—0 100000 rpm
&—A 110000 rpm
*—& 120000 rpm

A
o

Pressure ratio

~
o=

15F

”}.O 25 3.0 35 40 4.5 50 5.5 6.0

Corrected mass flow rate

Figure 6 Pressure ratio vs mass flow rate for standard BMT
compressor [14].
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Figure 7 Efficiency vs mass flow rate for standard BMT
compressor [14]).
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Figure 8 Graph of pressure ratio and mass flow rate for
standard BMT turbine [16].
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Figure 9 Graph of efficiency and mass flow rate for standard

BMT turbine [16].

Figure 10 Re-designed compressor stage with crossover
diffuser [20].
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Figure 11 Plot of pressure ratio against mass flow rate for re-

designed compressor stage [20].
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Figure 13 Pressure ratio vs mass flow rate for re-designed
turbine stage [16].
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Figure 14 Efficiency vs mass flow rate for re-designed turbine
stage [16].
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6 Results and discussion

In order to compare the various experiments that were

performed, the following keys are proposed:

e Configuration 1 — the standard BMT engine

e Configuration 2 — the standard BMT compressor with
Basson’s turbine 1

e Configuration 3 — the standard BMT compressor with
Basson’s turbine 2

e Configuration 4 — Burger’s compressor stage with the
standard BMT turbine

e Configuration 5 - Burger’s compressor stage with
Basson’s turbine 1

e Configuration 6 - Burger’s compressor stage with
Basson’s turbine 2

Table 3 summarizes the experimental and the analytical
results of the standard BMT engine (configuration 1) at a
maximum speed of 120 000 rpm. With reference to the table,
the analytical baseline engine performance values were
underestimated compared to the experimental test results.
Percentage differences of between 1.0% and 17.0% were
obtained when comparing the experiment and the theoretical
results.

Table 3  Analytical and experimental results, configuration 1
Parameter Experiment | Theoretical
Thrust [N] 137 139
Exhaust gas temperature | 986 927
[K]

Specific fuel consumption | 45.9 38.3
[g/kNs]
The configuration 1 experimental and Flownex

simulation results are presented in

Figure 15 to 18.

Figure 15 shows the engine thrust plot as a function of
the rotational speed. A percentage difference in the range of
0.5-6% was obtained when comparing the simulated and
experimental thrust values.
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Figure 15 Configuration 1 experimental and Flownex

simulation thrust plot.

Figure 16 compares the simulation and experimental mass
flow rates. The difference in the experimental mass flow rates
at a speed of 80 000 and 100 000 rpm is minimal compared
to that of the speed of 120 000 rpm. A percentage deviation
of between 0.04% and 1.9% was observed when comparing
the simulation and experimental mass flow rates. Figure 17
compares the configuration 1 experimental and simulated
EGTs. The simulation results were under estimated at higher
speeds compared to the experimental values. The
experimental EGTs are 1.4-6% higher than the simulation
EGTs. This is attributed to the uneven radial and
circumferential distribution of the exhaust gases at the engine
exhaust. This effect has been confirmed by other researchers
using the same engine [17,18].
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0.26
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Figure 16 Configuration 1 mass flow rate comparison.
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Figure 17 Configuration 1 experiments and Flownex

simulation EGTSs plot.

Figures 18 and 19 show a comparison of the simulated
and the experimental thrust values for the configuration 2 and
3 engines. The experimental test data was measured by Smit
[17].

Figure 18 shows a comparison of the configuration 2
engine’s simulated and experimental thrust values. A
percentage difference of between 1.2% and 11% was
obtained when the simulation and experimental test thrusts
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are compared. Table 4 collates configuration 2’s
experimental test data and numerical EGTs. The simulations
predicted lower EGTs with temperature deviations between
112 K and 153 K observed compared to the experimental
EGTs. As mentioned in previous paragraphs, the higher
deviation in the EGTs could be caused by an uneven
circumferential temperature profile at the turbine exhaust.

®—® Simulation
120

O—0O Experiment [Smit]

100+

80

Thrust [N]

60

401

80 90 100 110 120
Rotational Speed [kRPM]

Figure 18 Configuration 2 thrust comparison

Table 4  Configuration 2 EGT values

compared to the configuration 5 and 6 simulations. The
configuration 4 and 5 simulation thrust values showed
differences between 0.1% and 5% when compared.
Configuration 6’s thrust values differed by 3 to 5% when
compared to the configuration 4 thrust values.

Figure 22 shows the engine's EGT graphed against the
rotational speed. As shown in the figure, configuration 5 and
6’s simulations predicted lower EGT values compared to the
configuration 4 EGT values.

1201 | @#—& Flownex Simulation
O—0O Experiment [Smit]

100

80

Thrust [N]

60

40t

80 90 100 110 120
Rotational Speed [kRPM]

Figure 19 Configuration 3 thrust comparison

140

Speed Experiment | Simulation | Difference
[kRPM] | [K] [K] [%0]
120 957 817 14.6
100 872 719 17.5
80 859 747 13.0

120F

100}

@@ Simulation

0O—O Experiment [Burger]

Figure 19 shows the correlation between configuration
3’s thrust values. The simulation predicted thrust values of
between 4.3% and 9.2% higher than the experiment. Table 5
also displays the correlation of the EGT values for the
experiment and the simulation. The simulated EGTs were
under predicted compared to the experimental EGTs. A
temperature deviation of 110-220 K was obtained. The large
difference can once again be attributed to the presence of cold
and hot areas in the engine exhaust. Figure 20 depicts the
comparison of simulation and experimental results for the
configuration 4 engine. Comparing the simulated thrust to the
experimental thrust a percentage deviation in the range of 8-
12% is shown.

Table 5 Configuration 3 EGT values
Speed Experiment | Simulation | Difference
[KRPM] [K] [K] [%0]
120 1001 781 21.9
100 869 751 13.6
80 832 722 13.2

Figure 21 and 22 compare the performance of the
configuration 4, 5 and 6 engines. Figure 21 gives a plot of the
engine thrust against rotational speed. The simulation that
made use of configuration 4 predicted a higher thrust value

Thrust [N]

60

401

60 70 80 90 100 110
Rotational Speed [kRPM]

Figure 20 Configuration 4 thrust comparison

The engine performance simulation using Burger's
compressor stage and the various turbines revealed that at
higher speeds, the engine requires high fuel consumption to
produce sufficient turbine power to drive the compressor.
Increasing the fuel consumption to produce sufficient turbine
power results in high turbine inlet and exhaust temperatures.
Burger also encountered these difficulties during the
experimental testing of the engine at the same rotational
speeds. This limited the operation of the engine at higher
speeds during the experiment, regardless of turbine
configuration.
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Figure 21 Plot of simulated thrusts (configurations 4 to 6)
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Figure 22 Plot of simulated EGTs ((configurations 4 to 6)

7 Conclusion

A detailed performance evaluation of a small gas turbine
engine was assessed in this study. Analytical calculations and
experimental investigations were performed to examine the
thermodynamic baseline performance parameters of the
engine. The experimental analysis disclosed that the engine
exhaust depicts a fluctuating circumferential temperature
profile.

Using Flownex SE a component matching and sensitivity
analysis were undertaken to predict the performance of the
engine at different operating conditions. The numerical
results established from Flownex correlates well with the
experimental results for the baseline engine. The Flownex
simulations showed that an engine incorporating the re-
designed compressor stage, combined with different turbine
configurations, may have thrust values in the order of 200 N,
compared to the original thrust value of 137 N. However, the
analysis also showed that the engine suffers from high
exhaust gas temperatures at high rotational speeds when
using these compressor and turbine configurations. This is
due to insufficient turbine work available to drive the
compressor of the engine. Increasing the fuel flow rate in
order to increase the turbine power resulted in excessive
turbine inlet and exhaust temperatures.

It was found that Flownex can be used to investigate the
effects of the modified compressor and the turbine stages on
the performance of the engine. The results from the above
investigations will be used to further study the successful
integration of the modified components into the existing
engine. This will involve further aerodynamic investigation
into the turbine stage design and its performance analysis.

The experimental testing observed fuel leakage in the
engine combustion chamber and flames at the periphery of
the engine exhaust. Additionally, the turbine inlet and outlet
temperature measurements showed different temperature
readings which might due to the presence of cold or hot spots.

The presence of hot or cold spots in the combustor inlet
and exhaust gases could be due to the un-equal mixing of air
and fuel in the combustor.

Finally, the exhaust gas temperature value is a key control
parameter used to evaluate engine operation. Therefore, the
exhaust temperature measurements should be examined
further using thermocouples with different sheaths and
radiation shields.
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