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Abstract

Gas turbine engines are cleaner, have multi-fuel capability, and a lower volume to power ratio than piston
engines. A main disadvantage of gas turbine engines in automotive use is their poor part-load efficiency. As
transport engines spend most of their operating life at part-load; a gas turbine engine that achieves a wide range
of high-efficiency should be used. This paper aims to develop a computer model to simulate the performance
of regenerative gas turbine engines for transport use. A computer program for the performance prediction was
designed based on the characteristics of each component in the engine and the compatibility between them.
The influence of a variable power turbine setting-angle on engine performance was investigated. Compressor
and turbines maps were used in a particular form; hence, each point on the map has a specific value of
rotational speed, pressure ratio, mass flow rate, and efficiency. Variation in effectiveness of the regenerator
was considered. Variable pressure drop and mass flow rate across the combustion chamber and the regenerator
were included.
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1. Introduction in transport. To improve fuel efficiency, at part-load,
aregenerative engine with variable power turbine ge-
ometry presents the simplest turbine cycle capable of
competing with piston engines [1]. This enables the
gas entering the turbine to do so at an elevated tem-
perature, therefore increasing efficiency and reduc-
ing fuel consumption.

The trend for increasingly stringent global regu-
lation of pollutant emissions and vehicle fuel effi-
ciency has spurred researchers to look for new al-
ternatives to replace or at least to play down the use
of conventional piston engines. One of these pro-
posed alternatives is the transport gas turbine engine.
Projects are now directed toward improving the ve- Cycle variables and components characteristics
hicle’s power, reducing exhaust emissions, and im- ~ are essential in engine performance models [2].

proving fuel economy by using gas turbine engines ~ Whalley and Ebrahimi [3] investigated a multivari-
able model of an automotive gas turbine. Juhasz [4]
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cations. Lazzaretto and Toffolo [5] represented a gas
turbine model, at design and off-design conditions,
through an appropriate scaling technique of a gener-
alized compressor and turbine maps taken from lit-
erature and validating them with test measurement
data.

Campanari [6] investigated the thermodynamic
potential of integrating solid oxide fuel cell tech-
nology and microturbine systems, in order to obtain
a high-efficiency, small capacity power plant. Cam-
panari described the procedure to model microtur-
bine engines with and without an integrated solid ox-
ide fuel cell.

Kim et al. [7] investigated comparatively off-
design steady-state performance and operating char-
acteristics of single and two-shaft gas turbines for
electric generation. They derived a set of equations
based on the validated component models. A si-
multaneous calculation schematic was employed that
was flexible in respect of various engine configura-
tions.

Kim and Hwang [8] analyzed the performance
characteristics of a recuperated gas turbine at part-
load conditions. They considered various part-load
operation strategies including simple (fuel only con-
trol), variable speed, and variable inlet guide vane
operations for single-shaft configuration as well as
simple and variable area nozzle (VAN) operations for
the two-shaft configuration. They concluded that the
variable speed operation of the single-shaft configu-
ration provides the most efficient part-load operation.

McLallin and Kofskey [9] experimentally de-
termined the cold-air performance of the baseline
power turbine designed for a 112-kilowatt automo-
tive gas-turbine engine. They presented the overall
performance in terms of mass flow, torque, speed,
and efficiency at variable setting angles of the power
turbine stator. They concluded that turbine efficiency
varied significantly with stator setting angle. Turbine
mass-flow and torque levels increased as the setting
angle increased.

Most of the previous models were for simple gas
turbine engines or lacked the ability to deal with
large variations in operating parameters. In this
study, the performance analysis was done based on
mass flow, rotational speed, and power compatibil-
ity between components over a wide range of oper-
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Figure 1: Schematic diagram of regenerated free PT gas turbine
engine

ating parameters. Compressor and turbine charac-
teristics were provided in a particular form; hence,
each point on the map has specific values of rota-
tional speed, pressure ratio, mass flow rate, and ef-
ficiency. Variable pressure drop in the combustion
chamber and regenerator was applied. Variations in
specific heats, regenerator effectiveness, and leakage
flow were considered.

2. Regenerative Gas Turbine (RGT)

Fig. 1 represents a schematic diagram of a regen-
erative free PT gas turbine engine. The major com-
ponents are: compressor, regenerator, combustion
chamber (CC), gas generator turbine (GGT), and free
power turbine (PT). The compressor is a single stage,
centrifugal type, with a pressure ratio of 4.2 at design
point. The regenerator, which is a rotary moving el-
ement heat exchanger, is made up of highly porous
discs of either a stainless steel or a ceramic construc-
tion. The gas turbines used are two single-stage axial
turbines [10—12]. The GGT produces power to drive
the compressor and the engine accessories, while the
PT, located downstream of the GGT, is mounted on
an independent shaft, and connected to the load.

3. Design Point Performance

Performance prediction requires finding the cor-
responding operating points on the characteristics
map of each component when the engine is running
at a steady-speed, or in equilibrium. When these
equilibrium-running points are obtained they may be
plotted on the compressor map and joined up to form
an equilibrium-running line.
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Table 1: Compressor DP performance data

Inlet temperature 7y, K 288
Inlet pressure Py, kPa 101
Inlet mass flow rate riic = 1y = iy, 1.07
kg/sec

Pressure ratio PR¢ 4.20
Isentropic efficiency n¢, % 82.0
Power input PW¢, kW 193

Table 2: CC DP performance data

CC efficiency, % 90.0

Relative pressure drop APy cc/ P(2)3, % 2.50

Design point performance data for the compres-
sor, CC, GGT, regenerator, and PT, are presented in
Tables 1-5.

4. Off-Design Performance

4.1. Implementation of components

To predict the off-design performance of gas tur-
bine engine, the components’ characteristics are
needed. The compressor map [6] was reproduced us-
ing Smooth C software as shown in Fig. 2. Fig. 2a
shows the efficiency contours and Fig. 2b shows the
B-lines. For each speed line with a fixed S-line one
can obtain consistent value of PR¢, ric VTo1/Por,
and nc. The compressor map was tabulated in ar-
ray form, as shown by Fig. 3, and entered into the
computer model.

GGT and PT maps [9, 13] were reproduced us-
ing Smooth T software. Fig. 4 represents GGT map,
Fig. 5, 6, 7 and 8 represent PT map at 26°, 30°, 35°
(DP), and 45° SA. Fig. 9 shows turbine maps in ar-

Table 3: GGT DP performance data

Inlet temperature 74, K 1260
Inlet pressure Py, kPa 398

Pressure ratio PRggr 1.90
Mass flow rate riiggr = tig = His, 1.00
kg/sec

Isentropic efficiency nggr, % 86.0
Power output PWger, kW 195

Table 4: PT DP performance data

Inlet temperature 75, K 1100
Inlet pressure Pys, kPa 209

Pressure ratio PRpr 1.66
Mass flow rate ripr = s = g, 1.00
kg/sec
Isentropic efficiency npr, % 74.2
Power output PWpr, kW 113
Setting-angle, ° 35.0
Table 5: Regenerator DP data
Air- Gas-
side side
Inlet temperature 76, K 466 1010
Inlet pressure Pyq, kPa 426 127
Relative pressure drop 4.00 13.5
AP/Pinleta %
Leakage mass flow rate - +7.50
percentage (seal and 7.50
carryover), %
Effectiveness &,., pp, % 90.0

ray form; these arrays were entered into the computer
model.

In the combustion chamber a constant value of ef-
ficiency was used (i.e. 99%) and a variable value of
pressure drop was modeled by Equation (1).

m3 VT3 2
APy cc _ (APO,CC) ( yo ) 0
Py Pos Jpp (maP_ VTm)

03

DP

The term ’performance of the regenerators’ in-
cludes three main items namely, effectiveness of heat
transfer, pressure drop, and leakage performance or
the mass loss percentage. Approximate off-design
regenerator effectiveness can be modeled as [14, 15]:

e,egzl—( o x(l—a,eg,Dp)) @

1, pp
Off-design air-side local pressure drop in regener-
ator can be approximated as [15]:

APreg.a _ (APreg,a)
Py Pox Jpp

2
(@) () @),
Poa 79 Po2JpP\T35” | pp
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Figure 2: Compressor map with isentropic efficiency contours
(a), compressor map with B-lines (b)

In addition, off-design gas-side pressure drop in
the regenerator can be approximated as [15]:

202
m6><T06

APre, APre‘,
88:( 8.8 (4)

Pos Pos )DP (mé X TO6)DP

Leakage performance, or the mass loss percent-
age, includes the carry-over loss associated with
the void volume of the matrix. Carryover leak-
age presents quite a small fraction of the compres-
sor flow, usually less than 1% of the compressor
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Figure 3: Compressor map representation in array form
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Figure 5: PT map at 26° setting-angle

flow [15]. Another type of mass loss in the regen-
erator is seal leakage; this type of leakage is much
greater than the carry-over leakage and represents the
dominant mass loss in the regenerator. Seal leakage
can be as much as 10% of the mass flow rate leaving
the compressor. In a well-designed regenerator, seal
leakage can be reduced to a value of approximately
5%. Both seal and carry-over leakages were consid-
ered as a fixed percentage of 7.5% of the compressor
discharge mass flow rate at the DP (71, pp) and all
off-design conditions [14, 15].

The average value of specific heat at constant pres-
sure during compression or expansion was approxi-
mated using equation (5) [16].

CP,AB =950 + OZITOA (5)

The value of specific heat ratios for air and gas was
considered constant, i.e. y, = 1.4y, = 1.33.

The elements that contribute to the total power re-
quirement of an automotive are aerodynamic drag,
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Figure 7: PT map at 35° setting-angle (DP)

rolling resistance, hill climb, and acceleration. The
total power required to maintain vehicle velocity and
acceleration could be calculated as:

PWroap = Froap X Vvencite (6)

Where (Vyeneie) is vehicle velocity, and (Frpap) is
the total propulsive force to maintain vehicle velocity
and acceleration. (F1p4p) can be calculated as;

Froap = FDrag + Frou + Fetimp + Faccel (7

Where (Fp,q) is drag force, (Fg,y) rolling resis-
tance force, (Fcgimp) hill climbing force, and (Faccer)
is acceleration force. A relation between the total
propulsive power required by the load and the power
turbine speed can be obtained by expanding equa-
tion (7) and substituting in equation (6) as:
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Figure 8: PT map at 45° setting-angle
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Figure 9: Turbine map representation in arrays form

PWioap = (FDrag + Frou + Fciimp + FAccel) X Wencite
2
air 2n N,
= {[pz (VWind + {%%RadWheel}) CdAFront,Vehcile]
+ [Cront Mvenicie 8] + [SIN(ANGCtimb) Myenicie ]

2r N;
+ [myenicie Accell) X { 2 %t Radyee)

8)
When the vehicle specifications, environmental
and operational conditions are known, the load char-
acteristic in terms of the net power actually required
by the load versus the PT speed can be plotted.
Fig. 10 represents a load characteristics curve for
a typical family saloon car, using cube law (propeller
law).

4.2. Matching of Components

The *Match Point’ is defined as the steady-state
operating point for a gas turbine engine when the
compressor and turbine are balanced in rotor speed,
power, and mass flow rate [11, 17]. Off-design oper-
ation can be estimated according to the fulfillment of
rotational speed, mass flow rate, and power compat-
ibility between components.
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In a gas turbine engine with a free PT, the com-
pressor is directly coupled to the GGT; this requires
three constraints:

1) The rotational speed of compressor equals the ro-
tational speed of GGT,

Ne¢ _ Neer « Tos
VTor VT To

2) The mass flow rate entering the GGT equals the
mass flow rate at the compressor delivery minus the
mass flow rate losses in the regenerator plus the mass

flow rate of fuel,
g VToa _ iy VTop % 1 X 1
PO4 - POl PRC (I_APrcg,a)
Py

)

(10)

D Tog o 1y
X(I_APCC) X To1 1y
P
03

3) GGT must deliver the power required to drive the
compressor.

c-1

Y
e Toi ¥c —
mCpiat s (PRc -1)=

A 1 YGGT
NmechaCpasToanGer [1 - (_PRGGT

cm} (11

The PT matched to the GGT by the compatibility
of the mass flow rate passes them, i.e. the mass flow
rate passes the PT, equals the mass flow rate, passes
the GGT, and it depends on the swallowing capacity
of the PT.

s \Tos _ m4\/T_04XpRGGTX Tos
Pos Poy Tos

The PT, which is coupled to the load, should match
the power required by the load characteristics

(12)
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Figure 12: Engine equilibrium-running lines at various PTSA

PWpr = PWioap - (13)

It is important to consider the characteristics of
the load to determine whether the compressor oper-
ating point represents a valid solution; in the case
of automotive applications, the power needed by the
load varies with the cube of the rotational speed of
the power turbine. When the transmission efficiency,
gear ratio and other factors were known, the load
characteristic can be represented in terms of PT out-
put power and speed as shown in Fig. 10.

Predicting the performance of a gas turbine engine
is a highly iterative procedure. Iteration continues
until the balance in speed, power, and mass flow rate
between components is satisfied. Once the iteration
is completed, the cycle parameters can be derived;
Fig. 11 represents the flowchart of the iteration pro-
cedure.

5. Results and discussion

A computer model was developed to simulate the
performance of a regenerative automotive gas tur-
bine engine. The model satisfies the compatibility
of mass flow rate, rotational speed, and power out-
put between the engine components. The effect of
VPTSA on engine performance was investigated.

Fig. 12 represents the engine equilibrium-running
lines at different PTSA plotted on the compressor
map. When PTSA is increased, the running line
moves away from the compressor surge line, and
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when PTSA is reduced the running line moves to-
ward the compressor surge line, the last trend in-
creases GGT inlet temperature, as shown in Fig. 13.

In Fig. 13 at 26° and 30°, the maximum allowable
GGT inlet temperature is attained at PT speeds equal
to 70% and 88% of the DP speed; this mean that the
engine cannot be brought to its full power at those
values of PTSA.

Fig. 14 shows thermal efficiency as nth%
at different values of PTSA. Higher values of ther-
mal efficiency are achieved at lower PTSA. Further-
more, the drop in thermal efficiency is less significant
at lower PTSA; this implies that a further reduction
in the engine output power requires a reduction in
PTSA in order to keep engine thermal efficiency as
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Figure 15: Engine running lines with F/VPTSA
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Figure 16: Engine thermal efficiency versus engine output
power with F/'VPTSA

high as possible.

The engine equilibrium-running line with VPTSA
can be plotted on a compressor map by connect-
ing the equilibrium-points that represent maximum
thermal efficiency. Fig. 15 shows the equilibrium-
running line of the engine with FPTSA and with
VPTSA; the later tracks closer to the compres-
sor surge line. This running line represents the
best/lowest bsfc for the engine over its operating
range.

Fig. 16 shows the thermal efficiency of the engine
versus power output. The thermal efficiency of the
engine is always higher, especially at part-load when
VPTSA is used. Table 6 represents the gain in ther-
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mal efficiency when using VPTSA; i.e. at a power
output of 38.5%, reducing PTSA from 35° to 26°
causes a 14% increase in GGT inlet temperature,
hence the thermal efficiency of the engine increases
by 1.2%.

When using VPTSA the values of GGT inlet tem-
perature are always above 97% of its DP value even
at extreme part-load operation, see Fig. 17. Fig. 18
represents the output power of the engine versus
GGT speed with F/VPTSA. The same output power
engine is attained at a lower value of GGT speed
when VPTSA is used.

6. Conclusions

Gas turbine engine performance modeling re-
quires knowledge of the characteristics of compo-
nents in a particular arrangement. Engine perfor-

tion in PTSA. That is at reduced values of PTSA, the
GGT inlet temperature exceeds its maximum allow-
able value. As a result, this means that the engine
cannot be brought to its full power at that PTSA.

VPTSA is essential in improving part-load thermal
efficiency in automotive applications. With VPTSA,
the gain in thermal efficiency can reach 4.6% over
that for FPTSA at extreme part-load operation of
12.7% of the design point power output.
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power turbine

power turbine setting-angle
setting-angle

variable setting-angle

State Conditions

air

atmospheric

compressor

combustion chamber
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DP design point

Exhaust exhaust duct

f fuel

GGT gas generator turbine
leak leakage

LOAD load

min minimum

PT power turbine
ref reference value
reg regenerator

s isentropic

0 Stagnation

- Average

* Rate

° Degree

— 269 —



