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Abstract

The objective of this study is to validate the physically enhanced compressor map extrapolation
(PECME) method brought forward by Zachos. The essential steps for this method are introduced and
carried out in conjunction with the compressor zero speed curve to extrapolate the Allison 250 engine
compressor map to the sub idle region. The power extrapolation engine sub idle performance
simulation model and the evaporation controlled combustion efficiency model are used in the engine
sub idle performance simulation model. The complete compressor map is then used in the engine
performance simulation model and the engine starting performance is simulated and validated with the
test data. The deviations of the rotational speeds are analyzed, showing that the PECME method is
practical and valid. A case study is also carried out by simulating the Allison 250 engine operating
process from engine starting to 200Nm load. The simulation results are well matched with the test data
which proves that the whole methodology introduced in this paper is able to provide high fidelity
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simulation results in a wide range of engine operation.
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INTRODUCTION

Gas turbine engine starting performance simulation is an
inevitable section for engine performance analysis and
starting control schedule design. The component maps
based model is regarded as the most practical gas turbine
engine starting performance simulation model due to the
detailed information it provides. However, component maps
for sub idle region are usually unavailable. Therefore, several
map extrapolation methods were developed.

In 2000, Kurzke developed a tool named Smooth C for
compressor map extrapolation based on the estimated zero
speed line and some principles deducted from
incompressible similarity laws [1, 2]. A different method was
developed by Sexton in 2001, in which the exponents of
incompressible similarity laws were modified in order to take
the compressible effects into consideration [3]. In 2007,
Sexton’s method was simplified by Gaudet [4, 5], which was
then validated by Hoénle in 2013 [6]. In 2002, Jones
compared the existing map extrapolation methods and
suggested that the zero speed line be either calculated,
measured or estimated to transform extrapolation into
interpolation and to obtain more reliable results [7]. Following
Jones’ suggestion, in 2007, Howard determined the zero
speed curve using the generic coefficients obtained from 3D
CFD simulation [8]. The curve was used to generate the
compressor sub idle maps. In 2010, Zachos improved
Howard’s work by employing the locked rotor corrected
torque characteristics, thus converting the mathematical map
extrapolation method into a physically enhanced interpolation

method with the ability to obtain a more accurate sub idle
compressor map [9, 10]. Some remarkable engine
performance simulation results were provided by Zachos to
show the capability of the PECME method [9]. However, the
map extrapolation results along with the engine simulation
results are not validated due to the insufficient data available
for sub-idle operation.

In 2013, the Allison 250 engine compressor locked rotor
characteristics, in forms of pressure ratio and torque curves,
were measured by Honle [6], which makes it possible to
extrapolate the compressor map to sub idle region, by
employing the PECME method. Therefore, this method can
then be validated with test data.

In this paper, the sub idle compressor map of the Allison 250
engine was generated based on locked rotor characteristic
measurement data provided by Hoénle [6]. The completed
compressor map was then used to simulate the starting
performance of the Allison 250 engine. Simulation results were
then validated with engine starting test data. Some special
concerns regarding the validation method, such as the engine
sub idle performance modelling and test data correction
method are also discussed in this paper.

1. MAP EXTRAPOLATION

The PECME method was developed described in detail in
reference [9]. During this section, the essential steps of this
method are introduced.
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NOMENCLATURE

C Specific heat capacity [J/(kg-K)]

D Saut mean diameter [um]

d Diameter of the bead thermocouple [m]
F() Function

f Fuel air ratio [-]

h Heat transfer coefficient [W/(m2-K)]

I Mass momentum of inertia [kg'm2]

k Ratio of specific heat capacity [-]

kg Conductivity [W/(m-K)]
m Mass flow rate [kg/s]

N Rotational speed [min-1]
Nu Nusselt number [-]

P Power [W]

Pt Total pressure [Pa]

Pr Prandtl number [-]

Re Reynolds number [-]

S Surface area of heat transfer [m?]
t Time [s]

T Total temperature [K]

Tq Torque [Nm]

U Absolute velocity [m/s]

4 Volume [m3]

Greek symbols
A Evaporation constant [m2/s]
Efficiency [-]

il Pressure ratio [-]

p Density [kg/m3]

u Viscosity [kg/(ms)]

Subscripts

a Air

acc Acceleration

b Combustor

c Compressor

ce Evaporation controlled combustion efficiency
cor Corrected value

cr Reaction controlled combustion efficiency
g Gas

ref Reference value

std Standard value

starter Engine starter

t Turbine

tc Thermocouple

The first step of the map extrapolation method is to
rearrange the compressor map by introducing the corrected
torque to avoid the discontinuity of efficiency in sub idle
region. The most convenient way to derive corrected torque
is to use the flow coefficient, corrected rotating speed and
the efficiency, as these parameters are already well
described in the conventional compressor maps. Using the
Euler's equation in conjunction with the corrected
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Corrected mass flow (kg/s)

1.75

(a) Pressure ratio

parameters of a turbo machinery, the quasi-dimensional
torque group can be derived using Equation (1).

Tq(‘())‘ = % 7’:'(1 Cm(‘()l" (HL(A_l)/k - 1) / (Nl‘l)r 77(' ) (1 )

The Allison 250 engine compressor map in terms of corrected
mass flow, corrected torque and pressure ratio as functions of
beta values and corrected rotating speed is shown in Figure 1.
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Figure 1. Compressor map rearrangement with corrected torque and pressure ratio

The second step is to generate the compressor zero speed
line by conducting a locked rotor study. In Zachos’ study, the
single stage zero speed line was generated followed by the
stage stacking method to get the zero speed line of the
whole compressor. In this paper, the Allison 250 engine
compressor zero speed line was deduced from the locked

rotor characteristic measurement data provided by Honle [6].

With the zero speed line available, the beta lines are
expanded by matching each point on the lowest above idle
curve to the zero speed curve. And the final step of this
method is to interpolate the speed lines between the zero
speed curve and the lowest above idle curve. As is mentioned
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by Zachos, the equations used for beta lines extrapolation
and speed lines interpolation can be either linear or
polynomial. In this study, a linear algorithm was used for
both.
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(a) Pressure ratio

The complete extrapolated compressor map is shown in
Figure 2.
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Figure 2. Compressor map extrapolation result

2, VALIDATION

The validation of the PECME method can be carried out by
comparison between Allison engine starting performance
simulation results and test data. During this section, some
details regarding the validation method, such as the engine
starting simulation model and the test data correction
method, are initially discussed. Then the Allison engine
starting performance simulation results using the
extrapolated map are presented and validated with the test
data.

2.1 Engine sub idle performance simulation

The so-called component map based engine performance
simulation model in conjunction with the complete
extrapolated compressor map is employed in this study to
simulate the starting performance of the Allison engine.
However some adjustments are required before this model
can be used in sub idle region properly. Two main
adjustments of the model, i.e. the power extrapolation model
and the evaporation controlled combustion efficiency model,
are discussed in this section.

2.1.1 Power extrapolation method

The component maps based engine simulation model should
be used in the whole engine starting sequence for a
complete validation of the extrapolated map. However, in
starting simulation, it is found that the component maps
based model encounters extremely poor convergence at the
very beginning of the engine starting process, i.e. power
turbine rotational speed close to zero. Thus, the so-called
power extrapolation method was used at the very beginning
of the engine starting process, to avoid model iteration

divergence.

The power extrapolation method was developed by Walsh and
Fletcher [11] and was utilized by Gaudet [4] to build up the
dynamic model of gas turbine engine starting sequence. This
method is based on the assumption that the power of turbine
machinery is proportional to the cube of its rotational speed.

P _ Pref
3 3

N Nre,/'
Thus, the compressor power and the turbine power can be
extrapolated along the speed line using Equation 2. With the
starter power known, the acceleration power can be calculated
by employing Equation 3. Furthermore, the spool
acceleration/deceleration rate can also be deduced from the

acceleration/deceleration power and the rotor's moment of
inertia using Equation 4.

(2)

Bzcc Rtarter +Pt _Pc (3)
2
P, = -z .[.N.d_N (4)
- \30 dt

2.1.2 Sub idle combustion efficiency

Engine combustion efficiency is mainly influenced by three
factors: evaporation rates, mixing rates and reaction rates.
However, the dominative factor varies according to the
combustor working conditions. Although the combustion
efficiency is rarely determined by three factors at the same
time, it is inevitable that two or more factors participate in
determining the overall efficiency where the combustor works
in transition from one region to another [12].

A combustion efficiency model which is practical under a wide
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range of working conditions was developed by Lefebvre [12].
In this model, the efficiencies controlled respectively by
reaction, evaporation and mixing were calculated separately.
The final combustion efficiency was obtained by multiplying
the three efficiencies. Due to the fact that the mixing rates
tend to be only limiting at conditions where the level of
combustion efficiency is close to 100 percent, it is often
preferable to express combustion efficiency as the product of
the reaction efficiency and the evaporation efficiency [12].
The reaction controlled efficiency and the evaporation
controlled efficiency are defined in Equation 5 and Equation
6 respectively.

n =1—exp —0.002P1,> -V, -'exp(ﬂ) /400)}
I Sy,
[ —36¥10°P1, -V, - A

M.=1—exp > . (6)
i TI') -D -fl‘) ‘n”la

The Sauter mean diameter (D in Equation 6) of the Allison
250 engine was given by Sutton in reference [13]. The fuel
evaporation coefficient (A in Equation 6) is interpolated from
the data provided by Lefebvre [12].

2.2 Test data correction
An Allison 250-C20B engine was installed on the engine test
bed at the Institute for Flight Propulsion, in Technical
University of Munich, see Figure 3. The test bed setup is
introduced in detail in [14]. The measured parameters
include the temperature and pressure at the ambient
condition, the compressor outlet, the gas generator outlet
and engine exhaust nozzle. Also the fuel mass flow rate,
combustor outlet total pressure, rotational speeds and the
torque on power turbine are measured

1

Figure 3. Allison 250 engine test bed in LFA, TUM.
Since the engine performance depends partially on the
ambient conditions which usually differ according to the
weather, the altitude and other conditions, it is necessary to
correct the test data to standard conditions before they can
be used to validate the simulation results. The correction
equations can be found in [15] and [16].

Furthermore, the measured temperature is always time-
delayed compared with the real data due to the thermo
inertia effect of the thermocouple, which must be considered
to ensure the comparability between simulation results and
test data. A method to correct the temperature test data by
calculating the thermo inertia effect was introduced by Liu
[17]. In this method, the thermocouple is treated as a lump of
material heated at uniform temperature, based on the

assumption that the diameter of the bead thermocouples is
very small and the thermo conductivity of the thermocouple
material is very high. Therefore, the lump heat capacity
method was used to describe the heat balance of the
thermocouple conjunction (Equation 7).

dT,
(T.-T.)=pV.C.=

The calculation of thermocouple heat transfer coefficient EC is

hS

tctc

(7)

essential to obtain the corrected temperature from Equation 7.
An empirical equation was provided in reference [18] to
calculate the heat transfer coefficient:

Nu, =h,d/ kg =F(Re,Pr) 8)
Inwhich Re, = p U.d/u, and Pr=C,u, /kg .

Additionally, Equation 7 can be not only used to correct the
test data but also used to calculate the simulation results. In
this study, Equation 7 was used in each time step during
simulation to calculate the measured temperature which is
actually the temperature of the thermocouple conjunction. A
comparison between simulation results with and without
considering the thermo inertia is shown in Figure 4. It is
obvious that the simulation results considering the thermo
inertia match the measured data much better.
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2550} Simulation without thermo inertiaj
e Simulation with thermo inertia
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-]
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=
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Time (s)
Figure 4. Influence of thermocouple inertia on measured data.

2.3 Validation

The Allison 250 turboshaft engine starting performance was
simulated employing the extrapolated compressor map and
the simulation model introduced above. The rotational speed
simulation results of both gas generator and power turbine are
shown in Figure 5 in comparison with test data. The deviations
of gas generator rotational speed and power turbine rotational
speed in some critical points are calculated and listed in Table
1 and Table 2 respectively.

As can be seen in Table 1, the maximum deviation of the gas
generator rotational speed is around 23% at 30% the design
speed. While the maximum deviation of the power turbine
rotational speed, as is provided in Table 2, is around 22.7% at
15% the design speed. The maximum deviations are both
detected during the period with the most dramatic
acceleration, i.e. from 40s to 50s. Most of the relative
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deviations of both the gas generator and the power turbine
rotational speeds increase with the decreasing rotational
speed. However, no such trend is found among the absolute
deviations. The larger deviation at lower rotational speed is
mainly caused by smaller denominators in relative deviation
calculation.

speed. For lower speed, the power extrapolation method is
employed. Although the power extrapolation method was used
at the beginning of the starting process, the operating line
covers most of the sub idle speed lines. So the sub idle map
validation is sufficient and valid.

3.5
100
i 3.0
= 80 ———t==
S P 2.5
=g 60 = %
2 - =°2.0
= 40
5 i 1.5
":'3‘ 20 Gas generator-Test ]
2 - Gas generator-Test 1.0
= 0 = - - --Power turbine-Simu. |
I - - - - Power turbine-Simu. 05 L . L . 1 1 1
-20 . . 1 1 0.0 02 04 06 0.8 1.0
25 >0 7> 100 125 Corrected mass flow rate (kg/s)
Time (s)
Figure 6. Gas generator operating line
Figure 5. Rotational speed
Table 1. Deviations of gas generator rotational speed 3. C,ASE _STUDY , , ,
Deviation In tr_us sectlc_)n, the Allison 250 engine operating process frpm
Time . ) - engine starting to 200Nm load is simulated and the simulation
[s] Test | Simulation | \ ' . | Relative | roqiits are presented as a case study. The simulation results
[%] are again compared with test data to show the capability of the
27 1.73 1.46 0.27 15.65 whole methodology introduced above. The operating process
30 13.57 | 14.04 0.47 3.47 is described in Table 3.
35 23.90 | 21.45 2.44 10.22 Table 3. Engine test operating process
40 32.12 | 24.75 7.37 22.95 Phase | Time [s] Operations
50 52.07 | 54.52 2.46 4.72 1 0-419 Standby
54 58.25 | 63.02 4.77 8.18 2 420-1089 Startup and steady running
70 58.84 | 61.05 2.21 3.75 at idle rating
100 58.64 | 60.53 1.89 3.22 3 1090-1134 | Power turbine torque step
125 59.07 | 59.71 0.65 1.10 change to 50Nm and back
4 1135-1316 | steady running at idle rating
Table 2. Deviations of power turbine rotational speed 5 1317-1618 | Power turbine accelerating
Time ' _ Deviation : to 100% design speed and
[s] Test Simulation Absolute Relative steady running
(%] 6 1619-2472 | Accelerating to flight mode
40 1.67 1.96 0.29 14.88 and steady running
45 538 |6.49 111 17.07 7 2473-2646 | Power turbine torque
50 14.84 19.20 4.36 22.72 increases to 200Nm and
54 28.23 | 32.81 4,58 13.95 steady running
70 61.13 | 60.67 0.46 0.76
100 74.76 | 77.47 2.71 3.50 As is shown in Figure 7, the rotational speeds simulation
125 77.35 | 80.14 2.79 3.49 results match the test data well. The deviations at steady state

The simulated gas generator operating line during the engine
starting process is shown in Figure 6. The lowest gas
generator operating speed is around 10% of the design

are smaller than 5 percent, while the deviation of transient
state is relatively larger. For instance, the deviation of phase 3
reaches 17 percent. This is due to the insufficient modelling of
some transient effects such as the delay of the actuator in
response to the commands of the engine controller. Figure 8
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shows the total pressure at the power turbine in- and outlet.  smaller than 5 percent, making for a good match.
The deviations for both steady state and transient state are
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s | g
= 80— ey ST T YT = [ 7
7] I .
: 1 Vi — -
= 60
| H N
.E 40 — Gas generator speed-Test B
}'3’ - J Power turbine speed-Test
s 00— - Gas generator speed-Simulation ~ ——
0 [ Y Power turbine speed-Simulation
L i L i A i N
400 800 1200 1600 2000 2400 2800
Time (s)
Figure 7. Rotational speed
200 :
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8 140
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< 120 = e e
—
100 P e e
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Figure 8. Total pressure at power turbine inlet and outlet

The temperature simulation results are all corrected using  Figure 10. The largest deviations of the temperature at these
the method introduced in section 2.2 to match the test data.  two stations are within 5 percent and 6 percent respectively,
The total temperature at the compressor outlet and the gas illuminating that the data correction method is practical and
generator outlet are shown respectively in Figure 9 and valid.
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Figure 10. Gas generator exhaust temperature

4. CONCLUDING REMARKS

The Allison 250 engine compressor map was extrapolated
employing the physically enhanced map extrapolation
method. Then the complete compressor map was used in
the engine starting performance simulation model to obtain
the engine starting performance. The simulation results were
validated with engine starting test data. The absolute
deviations of the rotational speeds of both the gas generator
and the power turbine are smaller than 7.5% and 5% of the
design speeds respectively.

A case study of the Allison engine operating process from
engine startup to 200Nm load is also provided and compared
with the test data. The deviations of the total temperature at
compressor outlet and the total pressure at power turbine in-
and outlet are smaller than 5%. The deviation of the gas

generator exahaust temperature is within 6%.

The validation and case study illuminate that the methodology
introduced in this paper is practical and can provide resonable
simulation results in a wide range of engine operation. The
sub idle combustion model and test data correction method
introduced in this paper can also be a guide for further gas
turbine engine performance simulation.
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