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In this paper, the environmental control system of aircraft driven by a power turbine is further analyzed. Through the numerical
simulation of the change of the bleed state under different flight conditions and the change of the flow field under different nozzle
opening, the simulation results are verified by the experimental results, and the specific change rules of the power turbine output
torque, power, and bleed flow are obtained. It is analyzed quantitatively that adjusting the adjustable nozzle ring can keep the

output power stable, widen the flight envelope, and improve the stability of the environmental control system.

1. Introduction

The main purpose of the aircraft environmental control
system is to provide comfortable environmental conditions
for airborne personnel and electronic equipment. By con-
trolling the pressure, humidity, and temperature in the
cabin, the environmental control system makes the system
environment in the comfortable range of the human body
and ensures that the electronic equipment always works
within the allowable temperature range. According to the
research, the traditional environmental control system needs
alot of nonpropulsion energy from the engine, and the high-
temperature and high-pressure gas produced by the engine
compressor is used to drive the environmental control
system. At present, in order to use energy more efficiently
and economically, further system optimization of the en-
vironmental control system has become a research hotspot
[1, 2]. At present, there are many methods proposed by
researchers but mainly focus on the following two directions:

(1) Continue to drive the environmental control system
by bleed air from the engine compressor. Improve
the performance of components or use power tur-
bine to replace the traditional air entrainment
method, so as to reduce energy waste [3].

(2) By building multielectric or all-electric aircraft, use
as much electricity as possible to drive equipment on
the aircraft. According to the thermal load and
pressure requirements of the cabin, the environ-
mental control system adjusts the motor to control
the compressor pressure ratio to obtain the appro-
priate air supply temperature and pressure. The
environment control system with all-electric drive
works more stably and the comfort of passengers is
improved significantly. At the same time, the all-
electric environmental control system does not need
to draw air from the engine compressor, so it will not
affect the engine performance [4].

In the flight energy-saving design, the overall system
optimization is very important because the single subsystem
optimization cannot get the optimal solution, so in 2008, the
United States launched the integrated aircraft energy
technology project [5]. In the INVENT program, the concept
of F-35 adaptive power supply and thermal management
system (APTMS) was proposed. APTMS improves emis-
sions by using exhaust gas from power turbines and engine
compressors. The gas from these engine compressors is
directly discharged after expanding and working in the
power turbine. The environmental control system driven by
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the power turbine was first verified on the F-15 fighter [6, 7].
The original F-15 environmental control system was an
open-air circulation refrigeration system, driven by the bleed
air from the engine compressor. The main difference be-
tween the F-15 and F-35 environmental control systems is
the treatment of the gas leaving the power turbine [8]. The
gas discharged from the power turbine of F-15 needs to enter
the engine room for refrigeration; because of the require-
ments of the cabin pressure system, the expansion ratio of
the power turbine will be relatively small. The power turbine
of F-35 directly releases the gas into the external atmosphere
and obtains the maximum expansion ratio and power. When
the engine compressor bleed parameters are identical, the
power turbine of F-35 will output more work.

Adjustable nozzle ring turbines are currently mainly
used in variable geometry turbochargers for automobiles.
The variable geometry supercharger can continuously adjust
the effective flow cross-sectional area of the turbine inlet
according to the engine operating conditions, change the
turbine inlet airflow parameters, and then change the
supercharging pressure, so as to achieve a good match be-
tween the supercharger and the engine and also improve the
engine transient responsiveness, reducing transient emis-
sions. Compared with the operating characteristics of the
variable geometry turbocharger and the traditional super-
charger, the former is more efficient and economical in the
entire flow range. Improving the adaptability of the turbine
under variable operating conditions is a popular direction
for the development of turbine technology. However, at
present, there are few studies on power turbines using
variable nozzle replacement used in aircraft environmental
control systems [5]. This paper further studies the dynamic
performance of the power turbine in the aircraft environ-
mental control system after the variable nozzle ring is used
and the change rule of the variable nozzle ring when the
bleed air pressure and temperature change.

2. System Analysis

The environmental control system (Figure 1) in which the
power turbine is located is an improved three-wheel high-
pressure water removal system (Figure 2) [9]. The envi-
ronmental control system directly introduces the engine
bleed gas into the power turbine, which is directly dis-
charged into the ambient atmosphere after the gas expansion
work, and the power turbine directly outputs the shaft work
to the turbine compressor assembly [10]. Fresh gas is
pumped directly from the surrounding atmosphere by the
compressor and supplied to the cabin.

In the traditional environmental control system, after the
air is discharged from the engine, the absolute pressure
regulator is needed to control the pressure, and the tem-
perature of the future gas passing through the precooler is
controlled within a certain range [11]. This process wastes a
lot of energy. The environmental control system driven by
the power turbine exhausts air directly from the engine, thus
eliminating the need for precooler and absolute pressure
regulator, which not only realizes the full utilization of
energy but also reduces the weight of the system [12].
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The bleed pressure and temperature of the engine will
change with the flight state. When the bleed state changes,
the performance of the power turbine can be controlled by
adjusting the opening of the variable nozzle ring, so as to
ensure that the output power and torque of the power
turbine remain unchanged, so as to isolate the influence of
the change of engine operating state on the environmental
control system. More importantly, in low altitude or ground
operation, because of the low bleed pressure, the system can
be operated normally in a larger flight envelope by adjusting
the nozzle to obtain a larger starting torque.

This paper calculates the torque, mass flow, and power of
the power turbine in the flight curve based on the engine
operating parameters of a certain type of flight. When the
flight state changes, the torque, mass flow rate, and power
change and the adjustment of nozzle opening are calculated.
The flight profile used in the calculation is shown in Figure 3.

3. Calculation Model

The blades of the nozzle ring are usually modeled using
aerodynamic blades, linear blades, and wing blades. Among
them, the pneumatic blade has the largest flow range and the
highest aerodynamic efficiency, but the manufacturing
process is complex and the blade width is small, which is not
conducive to the installation of the rotating shaft [13]. In this
paper, NACA0065 symmetric airfoil blades are used in the
nozzle ring of the power turbine. The basic parameter model
of the power turbine is shown in Table 1, and the three-
dimensional model of the turbine and nozzle ring is shown
in Figures 4 and 5.

The power turbine uses gas expansion to output torque
and power, which drives the load on the shaft to work to-
gether. When the turbine is started from a standstill, the
torque generated by the gas impact and the friction torque of
the bearing must satisfy the following relationship [14]:

M, > M, (1)

where M, is the torque of the power turbine and M; is the
drag torque of the system to the turbine.
The rotation equation of the power turbine is
&0
— =My, (2)
dt

where I, is the total moment of inertia and XM, is the total
external torque received by the power turbine, including the
gas generating torque and the external load and friction
torque.

I

4. Simulation Parameters

4.1. Simulation Model and Meshing. This article uses ANSYS
ICEM software to model and mesh the power turbine in
three dimensions. As shown in Figure 6, the model is divided
into three parts: a volute, a diffuser, and a blade, and the
interface is used as an interface to connect the three models.

In FLUENT, the dynamic numerical simulation of the
power turbine is carried out using the sliding grid method.
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FIGURE 2: Three-wheel boost system.
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TaBLE 1: Basic parameters of the power turbine.

Parameter Value Parameter Value

Impeller blade number Z; 16 Nozzle inner diameter D;, 99

Nozzle ring outlet blade height 1 5.2 Nozzle throat width b 4.5

Impeller outlet hub diameter D,y 24 Impeller exit blade height 1, 14

FIGURE 5: Variable area nozzle.

In order to obtain better simulation results, the first-order
steady-state method is used for calculation, and then it is
converted to second-order dynamic calculation after
convergence.

The number of power turbine model grids is large, and
the convergence speed is slow when using parallel com-
puting in FLUENT. In order to efficiently obtain the per-
formance of the power turbine with different variable nozzle
ring openings, the geometric model of the power turbine
must be simplified. The common method is to ignore the
influence of the intake volute and use the turbine single-flow
model to mesh. In this paper, the optimization calculation
model uses the 1/4 periodic flow channel model of the power
turbine for calculation. 1/4 nozzle ring model and impeller
model are selected, and the number of grids is about 700,000
for calculation. The number of corresponding nozzle ring
blades in the 1/4 flow channel model is 4 and the number of
impeller blades is 4, as shown in Figure 7. Figure 8 is the
mesh file inside the runner after the nozzle ring grid and the
impeller grid are stitched together. When setting the
boundary conditions in FLUENT, the main difference be-
tween the 1/4-channel power turbine model and the com-
plete machine model is that the former requires a closed
geometric model by adding periodic boundaries in the flow
area at the left and right boundaries of the channel. The

FIGURE 6: Power turbine.

FIGURE 7: Three-dimensional modeling.

Ficure 8: Grid model.

boundary attribute of the nozzle ring was changed to the
pressure inlet, and the definition of the remaining boundary
conditions was consistent with the fluent numerical simu-
lation of the whole machine.

4.2. Turbulence Model. The SA model is complete, and the
turbulence scale in the model is automatically defined, and
no specific flow is required to adjust the closure constant.
The effect is better in the prediction of far wake and mixed
laminar flow, boundary layer flow, backward step flow and
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airfoil flow with small separation. In general, the SA model is
more suitable for engineering applications, especially in the
airfoil and impeller applications. The SA model is used for
calculation in this paper:

07 ~
g =Cy [1 _f12]~W

+§ [V (v +9)V9) + Cpy (V)] (3)
=2

C v
_<Cw1fw —k%l t2><3> + ftlAUz'

The turbulent viscosity coeflicient g is calculated by the
following formula:

pr =pVf o, (4)
X3
fun=5"—"5 (5)
X3 + Cil
== (6)

v is the viscosity coeflicient of molecular motion and the
generated term is

< ava
S=Q0+—=-, (7)
K*d’
X
=1-—"—
va 1 +va1 (8)

2 2 2
dy o0z 0z Ox ox 0y

where Q) is the vorticity.
The function f,, is defined as

1+C5, 1"
fozal i) (10)
g° +Cis
g=r+Cu(r°-r), (11)
v
T':m. (12)

The function f,; is defined as

2
w
fu=Cng; eXP[_CtzA—(;z (d2 * g?dtz)]’ (13)

AU ) (14)

w,Ax;

9 = min(O.l

where d is the shortest distance of the solid wall.
The function f,, is defined as

2
fo=Cs exp(—CMX ) (15)
Constant values in model equations are

x=0.41,

Cy, = 0.1355,

16
Cp, = 0.622, (16)

(17)

4.3. Parameter Settings. Set the nozzle ring installation angle
to 12° and the number of nozzle ring blades to 16. The change
of the nozzle ring blade opening degree “+” means that the
nozzle ring is closed and the flow rate decreases; the nozzle
ring blade opening degree change “~” means that the nozzle
ring is open and the flow rate increases. There are 7 cal-
culation states of nozzle ring opening: +10°+ 6+ 8"+ 3°, 0°,
—3% -6, of which 0° is the design state, as shown in Figure 9.

The inlet pressure in FLUENT is set to 3 bar, 3.5 bar, 4
bar, 4.5 bar, and 5 bar and the outlet pressure is set to 1 bar.

The starting torque received by the impeller is calculated by
udf.

4.4. Grid Independence Verification. Table 2 can be drawn;
when the number of grids is 3 million, the calculated value of the
turbine efficiency is very different from the calculated value by
the number of grids 4 million and 5 million. After the number of
grids exceeds 4 million, the increase in the number of grids has
little effect on the power turbine efficiency. It is considered that
the 4 million grids have reached grid independence.

Using the same data, perform a numerical simulation on
the 1/4-channel power turbine model and compare the
calculation results with the numerical simulation results of
the whole machine as shown in Table 3. It can be seen that
the difference between the calculation results of the flow rate
and efficiency between the two is very small. In the nu-
merical simulation, the calculation result of the 1/4 flow
channel can be approximately used as the numerical sim-
ulation result of the power turbine.

4.5. Experimental Program. Figure 10 is a traditional 3-wheel
environmental control system, consisting of a turbo com-
pressor, an electric compressor, and a radiator. The pressure



FIGURE 9: Variable nozzle ring.

TasLE 2: Different grid number numerical simulation results.

. . . Adiabatic
Number of grids Mass flow (kg/s) Expansion ratio efficiency
3000000 0.2453 3.343 0.8292
4000000 0.2452 3.353 0.8129
5000000 0.2452 3.353 0.8120

TaBLE 3: Simulation results of the whole machine and 1/4 flow
channel.

. . Adiabatic
Model Mass flow (kg/s) Expansion ratio efficiency
All 0.2452 3.353 0.8129
1/4 flow channel 0.2472 3.301 0.8226

FiGure 10: Power turbine.

sensor and temperature sensor measure the temperature and
pressure of the inlet and outlet of the turbine and compressor
and calculate the efficiency of its various components. As
shown in Figures 10-13, the high-temperature and high-
pressure gas obtained by simulating the engine bleed air is
simulated by an electric compressor, and the inlet and outlet
temperatures and pressures of the power turbine are mea-
sured using pressure sensors and thermocouples, respectively,
to calculate the efficiency of the power turbine. The experi-
mental value is compared with the simulation value to verify
the rationality of the simulation result [15, 16]. The accuracy
of the absolute pressure sensor is 2%, the accuracy of the
thermocouple is +0.5°C, the turbine inlet pressure is usually
above 200 kPa, the temperature is 30°C-200°C, the outlet is
directly connected to the atmosphere, the pressure is about
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100 kPa, and the temperature drop is usually 40°C above. The
accuracy of the experimental instrument is sufficient to meet
the experimental requirements.

5. Results and Discussion

5.1. Experimental Results. It can be seen from Table 4 that
the simulation value is slightly higher than the experimental
value by about 5%, which may be because the simulation
model does not consider the efficiency reduction caused by
the heat conduction of the air introduction pipe and the shell
itself. The simulation value and the experimental value are
basically consistent, so the aerodynamic force should be
basically consistent with the actual situation.

5.2. Simulation Results

5.2.1. Flow Field Analysis. Figures 14-17 are the static pres-
sure distribution of the gas at the nozzle ring blade height of
50% when the nozzle ring blade openings are +3°, 0°, -3, and
-6, respectively. It can be seen from the figure that, in the case
of the four middle openings, the low-pressure area obviously
appears at the position of the maximum curvature of the
suction surface of the blade, and the position of the maximum
load of the blade does not change. During the change of the
nozzle ring opening from -6’ to +3°, the pressure value in the
center of the low-pressure area is continuously decreasing,
which also causes the nozzle ring blade outlet pressure value to
continuously decrease, which is consistent with the calculated
nozzle ring outlet static pressure data match.

The total pressure cloud at the nozzle ring blade height of
50% is shown in Figures 18-21. It can be seen from the figure
that the total pressure loss at the nozzle ring outlet is sig-
nificantly larger at +3°, including 0°, —3°, and —6°. In this case,
the total pressure loss is not obvious, and the change of the
airflow angle of the nozzle ring blade outlet causes the loss of
turbine efliciency.

The Mach number at the nozzle ring blade height of 50%
is shown in Figures 22-25. The nozzle ring flow channel is a
convergent flow channel. At +3°, 0°, and -3°, the suction
surface curvature is at the maximum position at the nozzle
ring blade height of 50% (low-pressure area). There is a local
supersonic area, which is not present at —6". The presence of a
local supersonic zone will affect the uniformity of the flow in
the flow field and have a certain effect on turbine efficiency.

When the nozzle ring blade opening is +3°, 0°, —3°, and -6’,
the impeller blade efficiency distribution is 0.897, 0.900, 0.894,
and 0.878, which is consistent with the change trend of turbine
efficiency. The static pressure cloud diagram of the long blade
of the impeller is shown in Figures 26-29. It can be seen from
the figure that there is a significant reverse pressure gradient
area at the outlet of the impeller flow channel. As the nozzle
ring blades rotate from positive opening to negative opening,
the reverse pressure gradient at the outlet of the impeller flow
path becomes weaker, and the pressure distribution is more
uniform. In the process of changing the opening of the nozzle
ring, the decrease in the efficiency of the impeller is much
greater than that of the nozzle ring. The main reason is that the
opening angle of the nozzle ring blades causes the inlet angle of
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TaBLE 4: The adiabatic efficiency of the turbine in different states.

. . . . Adiabatic efficiency
Inlet static pressure (kPa)  Inlet static temperature (K)  Expansion ratio Error ()

Experimental value  Simulation value

300 357 4.69 0.72 0.75 4.2
300 312 5.52 0.75 0.79 53
410 315 5.27 0.73 0.75 2.7
520 315 6.36 0.81 0.84 3.7

Pressure
250000
240000
230000
220000
210000
200000
190000
180000
170000
160000
150000
140000
130000
120000
110000
100000
90000

FiGgure 11: Electric compressor.

FIGURE 14: Opening +3°.

Pressure
250000
240000
230000
220000
210000
200000
190000
180000
170000
160000
150000
140000
130000
120000
110000
100000
90000

F1Gure 15: Opening 0°.

Pressure
250000
240000
230000
220000
210000
200000
190000
180000
170000
160000
150000
140000
130000
120000
110000

FIGURE 13: Thermocouple. FIGURE 16: Opening —3°.



Pressure
250000
240000
230000
220000
210000
200000
190000
180000
170000
160000
150000

140000

FIGURE 17: Opening —6°.

Total pressure

260000
250000
240000
230000
220000
210000
200000
190000
180000
170000
160000
150000
140000
130000
120000
110000
100000
90000

FIGURE 18: Opening +3°.

Total pressure
270000
260000
250000
240000
230000
220000
210000
200000
190000
180000
170000
160000
150000
140000
130000
120000
110000
100000
90000

FIGURE 19: Opening 0°.

the airflow into the impeller to change significantly and be-
cause the nozzle ring blades can rotate, the gap between the
nozzle ring and the impeller blades is slightly larger than that of
the fixed nozzle ring turbine. The occurrence of divergence is
also one of the important reasons for the decrease in the ef-
ficiency of the impeller.
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Total pressure

250000
240000
230000
220000
210000
200000
190000
180000
170000
160000
150000
140000
130000
120000
110000

FIGURE 20: Opening —3".

Total pressure

250000
40000
230000
220000
210000
200000
190000
180000
170000
160000
150000
140000

FIGURE 21: Opening —6".

Mash number
1.3
1.2

FIGURE 22: Opening +3°.

5.2.2. Torque. As shown in Figures 30 and 31, when the
inlet pressure of the power turbine is low, a larger starting
torque can be obtained by opening the opening of the
nozzle ring, thereby realizing the purpose of expanding
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Mach number

FIGURE 23: Opening 0°.

Mach number

FIGURE 24: Opening —3°.

Mach number

FIGURE 25: Opening —6°.

the operating envelope of the system. Increasing the
opening of the nozzle ring expands the system flow rate at
the same inlet pressure, thereby obtaining more output
torque. When the inlet pressure of the power turbine is
too high, the opening of the nozzle ring can be reduced,
and the system flow can be reduced, so that the torque

Pressure

170000
160000
150000
140000
130000
120000
110000
100000
90000
80000
70000
60000
50000
40000
30000

FIGURE 26: Opening +3°.

Pressure
180000
170000
160000
1150000
L1 140000

130000

FIGURE 27: Opening 0°.

Pressure

180000
170000
160000
150000
140000
130000
120000
110000
100000
90000
80000
70000
60000
50000
40000
30000

FiGURE 28: Opening —3".

output by the power turbine is unchanged, and the
smooth operation of the environmental control system is
ensured.
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FIGURE 29: Opening —6".
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FIGURE 33: Relationship between opening and flow.
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FIGURE 34: Relationship between opening and power.
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FIGURE 35: Relationship between opening and torque.
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FIGURE 36: Relationship between opening and flow.

5.2.3. Constant Load and Inlet Pressure Change. As shown in
Figures 32-34, when the flight status of the aircraft changes,
the bleed air pressure of the engine will change accordingly. If
the opening of the nozzle ring is kept unchanged, the power
and torque output by the power turbine will also change
accordingly. In order to maintain the stable operation of the
environmental control system, the output power and torque
of the power turbine can be adjusted by increasing or de-
creasing the opening of the variable nozzle ring.

5.2.4. Constant Load Change and the Inlet Temperature
Changes. As shown in Figures 35-37, when the inlet tem-
perature of the power turbine changes, adjusting the opening
of the variable nozzle can reduce the output power to match
the load, thereby reducing the impact of the change in the
engine bleed state on the environmental control system.

11
55 4
50
é 45 A
5 |
g
L 40
35 4
30
T T T T T
-6 -4 -2 0 2 4
Nozzle ring opening (°)
—=— Temperature rise 0 —v— Temperature rise 200
—e— Temperature rise 50 —¢— Temperature rise 400
—4— Temperature rise 150 Temperature rise 600
FIGURE 37: Relationship between opening and power.
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Z 40 -
=¥}
30
20 o
T T T T T T T T T
-6 -4 -2 0 2 4

Nozzle ring opening (°)

—=— Expansion ratio 3 —v— Expansion ratio 4.5

—e— Expansion ratio 3.5 —&— Expansion ratio 5

—4— Expansion ratio 4 Expansion ratio 5.5

FIGURE 38: Relationship between opening and load.

5.2.5. Load Change and the Inlet Constant. As shown in
Figure 38, when the nozzle ring opening is changed from +0
to +6, the power can be increased by 25%, 21%, 18.1%, 15%,
12.4%, and 12.9%. When the nozzle ring opening is changed
from +0 to —3, the power can be reduced by 16.5%, 15.7%,
15%, 13%, 12.1%, and 10.9%.

6. Conclusion

The power turbine with an adjustable nozzle ring structure
can control the amount of engine bleed air according to the
power required by the environmental control system.
According to the flight profile, the calculated air intake of the
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power turbine is significantly smaller than that of the
existing aircraft environmental control system. In addition,
the environmental control system can be started at a lower
bleed pressure, which expands the operating envelope of the
system. Therefore, a power turbine with an adjustable nozzle
ring structure has the following characteristics. (1) The air
circulation system driven by a power turbine with an ad-
justable nozzle ring structure can freely adjust the amount of
bleed air according to the load, reduce fuel compensation,
and realize the full use of energy. (2) The opening of the
turbine nozzle can be increased or decreased to reduce the
starting pressure of the power turbine and expand the range
of use of the environmental control system. (3) And through
the numerical simulation of the power turbine, it can be
concluded that by adjusting the variable nozzle ring blades,
the power turbine can provide sufficient work for the
compressor throughout the flight. And when the temper-
ature and pressure of the bleed air change, the opening can
be adjusted to make the environmental control system run
smoothly. In this way, the impact of changes in the engine
bleed air parameters on the environmental control system is
isolated.

In this paper, the gap between the nozzle ring blade and
the turbine casing and the rotation axis of the nozzle ring
blade are ignored in the calculation simulation. These gaps
have a significant impact on turbine performance, are an
important part of turbine energy loss, and also have an
impact on torque. All should be considered. It is also possible
to conduct research on the variable nozzle ring control
actuator of the power turbine, as well as the control law of
the variable nozzle ring and how to match the power turbine
and the ring control system better and faster. In this paper,
the research on the air circulation system driven by a power
turbine with a variable nozzle ring is in its infancy, and there
are still many problems to be studied in the future.
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