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Abstract: As a critical system of onboard aircraft equipment, the environmental control system (ECS)
has an essential impact on flight safety. The performance of the ECS is usually tested using the thermal
test facility. The facility comprises temperature and pressure simulation units to simulate the engine
bleed air. Currently, the ECS often fails due to the dynamic and rapid changes in the temperature
and pressure of bleed air. To achieve the dynamic bleed air simulation, the most critical problem is to
simulate the bleed air’s rapid heating and boost process during the actual engine working process.
However, the temperature simulation unit has the characteristics of nonlinear and large inertia.
Moreover, temperature and pressure control are strongly coupled. These characteristics usually
lead to temperature and pressure dynamic control failure. This paper introduces a novel facility
that adopted the hot and cold blending method to realize the rapid response of the temperature.
Furthermore, it used a particular system structure to reduce pressure and temperature control
coupling. In addition, it adopted the lookup-table-based PID (LPID) controller to acquire the rapid
response and good steady-state performance of temperature and pressure control. Experimental
control results are presented and discussed. The results showed that the facility could meet ECS’s
dynamic and steady-state test requirements. The novel facility makes up for the insufficient dynamic
test capacity of the previously developed ECS test facilities.

Keywords: environmental control system; thermal test facility; engine dynamic bleed air simulation;
pressure and temperature control; lookup-table-based PID

1. Introduction

Bleed air is compressed air taken from the compressor stage of a gas turbine engine,
up-stream of its fuel burning sections. This airflow is supplied to the Environmental Control
System (ECS) through the bleed air system. On jet aircraft, the primary functions of the ECS
include cabin air conditioning [1], ice protection [2], and avionics equipment cooling [3].
Generally, the bleed air system is considered a part of the ECS [4]. As a critical system of
onboard aircraft equipment, the ECS has an essential impact on flight safety. The failure
of the ECS will often cause serious flight accidents and endanger the life and safety of the
occupants. A significant proportion of aircraft downtime can be attributed to ECS issues [5],
and the bleed air components may fail to function normally when operating in extreme
conditions [6]. Moreover, aircraft icing is a fundamental cause of flight accidents [7,8].
Therefore, the performance testing of ECS and its parts is essential. Additionally, with
the rapid development of aviation, the overall design requirements of large-scale delivery,
long-range, and low fuel consumption have led to improved aircraft performance. As a
result, high-quality requirements of the cabin environment and ever-increasing onboard
electronics make the heating power on the machine ever-increasing, leading to the higher
demand for bleed air, thereby reducing engine performance and increasing fuel consump-
tion and aerodynamic drag [9]. To increase engine performance and efficiency, bleed air
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and ram air used must be optimized [10,11]. Due to the reasons mentioned above, we must
continuously optimize and test the performance of ECS. Typically, the approaches for ECS
research include software simulations [12-14] and experiments [15-17].

Software modeling simulations are well documented; those studies provide helpful
guidance for the design and optimization of ECS but are not well validated due to the
limitations of software simulation. Experimental tests should be conducted to demonstrate
the safe and proper operation of the ECS and parts during steady-state and transient
periods [18]. There are two standard experimental tests: one is to simulate engine bleed
air with the ground test facilities; the other is the flight test. However, the flight test is an
expensive and time-consuming process due to the requirements of aircraft recertification
for onboard test equipment and difficulties associated with full-scale aircraft operation.
Moreover, compared with flight tests, the ground test facilities can perform the ECS tests
unconstrained by the engine and aircraft development to speed up the development process
of the ECS. Therefore, the ground test facilities are mainly used to assess ECS’s performance
and operational reliability. The facilities simulate the test condition of the engine bleed air,
cabin air supply, and ram air on the ground by controlling compressed air flow, temperature,
pressure, and humidity.

In practical situations, aircraft ECS often fail due to the dynamic and rapid changes
in the temperature and pressure of the engine bleed air [19]. However, the ground test
facilities are mainly used to check the principle and steady-state performance of the ECS,
and its application for dynamic performance tests is rarely reported. Zheng Dai and
Yi Cui [20] proposed a hot and cold blending method to achieve the rapid temperature
adjustment of the thermal test facility, which was verified to be effective by Yi Cui [21] with
Simulink simulation. However, the work only stays in theoretical simulation. Jian Wang
et al. [22] proposed a comprehensive control method based on humanoid intelligence to
solve the problems such as the slow heating rate in the current aircraft engine bleed air
simulation test facility. However, the dynamic test results are lacking in his work. Peter
Hodal et al. [23] developed three temperature control strategies to minimize the use of bleed
air under the condition of rapid temperature response. However, the temperature control
range in the research is small. No relevant data shows that the thermal test facility has
realized the rapid and dynamic simulation of engine bleed air. It is still facing considerable
challenges to simulate the bleed air’s rapid heating and boost process during the actual
engine working process in the thermal test facility. Developing a thermal test facility for
the dynamic test of ECS has remained a significant challenge.

This study aimed to fill the inadequacy of the thermal test facility’s dynamic capability
for ECS. By analyzing the technical problems of dynamic bleed air simulation, the critical
problems are: the requirements of rapid boost and heating, the coupling of pressure
and temperature control, and taking into account fast response and good steady-state
performance in the temperature and pressure control.

Generally, the temperature simulation unit has a wide temperature range, nonlinear
and large inertia characteristics. Moreover, temperature and pressure control are strongly
coupled. This paper adopted the hot and cold blending method to realize the rapid re-
sponse of the temperature. This paper reduced the pressure and temperature control
coupling through a unique system structure. Moreover, the facility adopts heat exchangers
for indirect heating to prevent the heater from producing dry fir in the heating process.
The indirect heating prevents the electric heater from working under high pressure, facili-
tating the engineering realization of electric heaters. In addition, this paper adopted the
lookup-table-based PID (LPID) controller to acquire a fast response and good steady-state
performance of temperature and pressure control. The LPID controller can ensure fast
response and good steady-state performance and reduce the overshoot and oscillation in
temperature and pressure control. In this work, a novel thermal test facility to make up
for the insufficient dynamic test capacity of the previously developed ECS test facilities is
available.
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2. Methodology

In common jet aircraft, engine bleed air is the primary air source for the ECS, as shown
in Figure 1. Bleed air is compressed air taken from the 5th stage (intermediate pressure
stage) or the 9th stage (high-pressure stage) of an engine’s compressor stage. The fan air
is usually used to cool the compressor stage’s bleed air. The characteristics of a specific
model engine’s rapid rise in the bleed air temperature are shown in Figure 2 [20]. In the
gas turbines, the HP bleed air temperature is usually within 100~650 °C (212~120 °F), and
IP bleed air temperature is usually within 100~50 °C (150~932 °F). Furthermore, based on
the maximum heating rate and the most severe heating curve facing the aircraft’s control
system, the HP and IP bleed air’s maximum inlet temperature rise rate is about 100 °C/s.
HP bleed air pressure is typically within 150~3500 kPa (21.75~507.6 psi), and IP bleed air
pressure is usually within 150~2500 kPa (21.75~362.6 psi). The maximum inlet pressure’s
rise rate of the HP and IP bleed air is about 1000 kPa/s. The temperature of the fan air is
typically 30~150 °C (85~300 °F), and the pressure is typically 100~700 kPa (14.5~102 psi).

HPV

Intakel Compression | Combustion—Turbine—Exhaust

A \)

Engine

Figure 1. Schematic diagram of engine bleed air.
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Figure 2. Bleed air temperature rapid rise characteristics of a specific model engine.
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Therefore, to truly simulate the working state of the engine, the primary problem is that
the HP and IP bleed air simulation equipment must have a sufficiently high temperature
and pressure. Moreover, it must meet the requirements of rapid response and good steady-
state performance of temperature and pressure control. However, the heating equipment
has the characteristics of a wide temperature range, nonlinear, and large inertia. Moreover,
temperature and pressure control in the facility are strongly coupled. These characteristics
usually lead to temperature and pressure dynamic control failure. By investigating the
fast-heating method, we adopted the hot and cold blending method to realize the rapid
response of the temperature. Then, this paper used a particular system structure to reduce
pressure and temperature control coupling. In addition, this paper adopted the lookup-
table-based PID (LPID) controller to acquire the rapid response and good steady-state
performance of temperature and pressure control.

2.1. Fast Air Heating and Boost

To meet the test requirements of most ECS and its subsystem components, we built
a facility capable of quickly adjusting the temperature and pressure of three air sources.
We expected the facility to control bleed air at three states: the LP, the IP, and the HP. The
three stage bleed air rigs’ system flow and control principle are all the same, except the
pressure stage of the air source, equipment, and pipe diameter used. A 3.8 MPa air source
supplies the HP bleed air simulation rig (HPR). A 2.5 MPa air source provides the IP bleed
air simulation rig (IPR), and a 0.8 MPa air source provides the fan air simulation rig (FAR).
As shown in Figure 3, compressed air is provided by a compressed air station composed of
air compressors, air storage tanks, air treatment and purification systems, and refrigeration
dryers. The inlet pressure of the ECS test piece is adjusted by QF; and QF,. The valves
could be fully opened or fully closed within one second. The valve QF, is installed on the
drain branch with a smaller pipe diameter, which can fine-tune the pressure and improve
the accuracy of pressure steady-state control.

& Pneumatic control valve D Storage tank

(= Compressor

e

Air source

Compressed air station

r—— - - - —— == — = —— == A
| I |
| d
QH% ! J, P, l Tlelrst pi;ce
! The temperature simulation unit b '
| P P r —? Ps To Ambient
J
QF, I QF;
Exhaust
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Figure 3. Rapid temperature response flow diagram.

At present, the standard methods of heating air are used: direct heating of an electric
heater and indirect heat transfer of high-temperature gas. As the temperature control
technology of gas combustion is immature, and the temperature control precision is low,
this paper uses electric heating to obtain the high-temperature heat source. However, as
the electric heaters” dynamic performance is usually not the focus of designers and users,
there is no credible data to support the dynamic performance design of the facility.

To achieve the rapid temperature adjustment of the facility, we draw on the system
configuration method of aircraft cockpit temperature control. The hot and cold blending
method can quickly respond to the aircraft cockpit’s temperature. The specific method is
as follows: the facility adds a bypass in the front of the heater branch by adjusting the hot
branch’s control valve and the bypass’s control valve. One part of the supply air flows
through the heater, and another flows through the bypass. The two parts were mixed
downstream of the heater. By changing the ratio of the hot and cold air mixture, we can



Aerospace 2022, 9, 584

50f13

achieve the purpose of rapid temperature control. However, the use of the hot and cold
blending means that during a specific time of the test, a dry fir of electric heat may occur
when the flow of the hot branch is too small. This paper used the counter-flow plate-fin
heat exchanger for indirect heating. The heat exchanger is more conducive to realizing the
actual engineering, and there is no danger of dry fir. Moreover, the heater is constantly
working under atmospheric conditions, which helps reduce the R&D and production costs
of the heater. Figure 4 shows the test facility’s structure to achieve rapid temperature
and pressure adjustment. In order to achieve a rapid response to temperature, the fast
pneumatic valves QFys and QFy4 were used to control the temperature. One of the two
valves was opened, and the other was closed. The two valves could be fully opened or
fully closed within one second.

><] Gatevalve =1 Mass flowmeter
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Figure 4. System flow chart of the HP-stage bleed air system.

In addition, to achieve the dynamic requirements, the key actors are the thermal inertia
and volume inertia of the pipeline downstream of the heat exchanger. The inertia causes a
significant delay in temperature change and makes the temperature control system produce
some overshoot and fluctuation.

The temperature transmission delay 7 from the heat exchanger’s outlet to the test
piece’s inlet is the same as the airflow flowing through the pipe, which is determined using
the pipe length I and the velocity airflow .

Due to the difference between the airflow’s temperature and the pipe wall’s temper-
ature, heat loss occurs during the airflow transmission. The heat loss can be expressed
according to the Sukhov Formula [24]:

AL
T = (TS — T8)e ™S + T4, )

where A is the conductivity coefficient of the pipe, W/ (m-K). T%, is the external environ-
ment temperature, K. C, is the specific heat ratio of air, J/(kg-K). g, is the mass flow
rate of air, kg/h. T is the inlet temperature of the test piece, K. T!¥* is the supply
air temperature at Ty,. The subscript co represents the moment when the system is in
steady-state thermal equilibrium.

® = hnd;l (T{ - Tgfi) = Cylim (Tgfﬂ” - T{)
T{ _ T_Ls_turt+T_f_nd (2)

hidil(Tgfm—T;w')

end __ start
TT - TT 2 hred;1+Cpgn

where & is the convective heat transfer coefficient; d; is the inside diameter of the pipe;

T¥! is the temperature of the pipe’s inner wall; T{ is the average temperature of the duct
airflow. According to the above formula, to solve the problem of the thermal inertia of
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the pipeline connecting the heat exchanger’s outlet and the test piece’s inlet, the following
measures were taken in the system.

Firstly, to ensure the facility’s safety, the distance between the outlet of the heater
exchanger and the interface of the test piece was shortened as much as possible to reduce
the inertia and retardation of the system.

Secondly, the T5™"* should be increased to satisfy the test requirements. Specifically,
during the test, ensure that the fan flow rate is sufficient, and control the heater outlet
temperature Typ > (Tlsk +70) K, Tl is the maximum temperature required for the
ECS test. In this system, both the heat exchanger and the high-temperature pipeline
are adequately insulated to reduce heat loss. The difference between the hot side inlet
temperature and the cold side outlet temperature of the heat exchanger is generally less
than 50 K, and the temperature difference between Ty, and Tgs3 is generally less than 20 K.

Thirdly, when considering the maximum flow demand of the system, the inside
diameter d; of the test piece shall be reduced. This can reduce the heat loss of the pipeline
and increase the airflow velocity to reduce the thermal delay.

Fourthly, before starting the test, the inlet pipe of the test piece shall be pre-heated to
increase T and speed up the dynamic response of temperature. To reduce the preheating
time, the wall thickness of the inlet pipe should be as small as possible while ensuring safety.

The above points can effectively ensure that based on reducing the power consumption,
the test piece’s inlet temperature rapid response meets the experimental requirements
during the ECS dynamic test.

2.2. Decoupling

As shown in Figure 4, the hot branch has an extra resistance device (the heat ex-
changer) compared to the cold branch. The temperature control valve opening changes in
the dynamic test will change the temperature simulation unit’s flow resistance and affect
the pressure control. Similarly, the heat exchanger resistance will cause serious nonlinear
flow distribution in the hot and cold branches, which may lead to the failure of temperature
control.

For these reasons, this paper used a particular system structure to reduce pressure and
temperature control coupling.

Firstly, valves Fj; and Fyp shall be set on the hot and cold branches, respectively.
When valves Fy1, QFpy3, and QFpy are in the fully open position, the opening of valve Frp
shall be adjusted to make the resistance of the cold and hot branches similar.

Secondly, considering that QFpys; and QFys pneumatic valves have the same size,
once one of them is in the open position, the other one shall be closed. In this way, the
temperature control valves” action will not affect the flow resistance of the system.

Thirdly, the principle of selecting the pressure control valve QFpy; is to make the
outlet flow and the opening of the valve have a linear relationship as much as possible to
reduce the influence of pressure changes on temperature control. In engineering, due to
the existence of equipment and pipeline resistance, the valve’s flow rate will be distorted.
In this system, the resistance of the series pipeline behind the valve QFy is much greater
than the resistance of the regulating valve, so QFp; chooses an equal percentage valve.

2.3. The LPID Controller

To take into account the rapid response and good steady-state performance of the
pressure and temperature control, this paper used the lookup-table-based PID (LPID)
controller to control the temperature and pressure of the bleed air simulation test [25].

2.3.1. The LPID Control

The LPID controller takes the measurement value Py; as input and outputs a
4~20 mA.DC signal after comparing the measurement value with the set value every
5 ms. After the two pressure control valves receive the same control signal, one will open
up, and the other will close down. When receiving a 4 mA signal, the pressure control
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valve on the main pipe is fully closed, and the control valve on the linked branch is fully
open. The temperature controller takes the temperature measurement value T3 as input.
After comparing the input value with the set temperature value, it outputs a 4~20 mA.DC
signal and controls the temperature control valves on two temperature control branches
simultaneously. Like the pressure control valves, the temperature control valve on the
high-temperature branch is fully opened after receiving a 20 mA signal. The other control
valve on the room temperature branch is fully closed.

The LPID control is developed from traditional PID. The distinguishing feature of
the proposed controller is pre-calculated to make a PID parameter scheduling table. We
established the relationship between three PID parameters Ky, K;, K, and the error e based
on this specific system. According to different temperature and pressure errors, the PID
gains can be self-adjusted online to make the controlled object have a good dynamic and
static performance, meeting different control requirements. The specific gain scheduling
rules are as follows:

When the |e| > M4y, we use the strong PID to minimize error quickly;

When the M,;;,, < |e| < M,,;4, we adopt the weak PID;

When the |e| < M,,;,, which indicates the absolute error value, tends to be very small,
we can use the PI to decrease the static error;

When the deviation is slight to a certain extent, |e| < ¢, the concept of the dead zone
can even be introduced, at this moment, the output of the controller remains invariable,
namely, u(k) = u(k —1).

Where, My0x, M54, and M,,;,, are limit values. The limit values and the different PID
gain parameters need to be debugged in actual engineering.

2.3.2. Simulation Example

Consider a plant as:

B 0.9025 3)
"~ 3375053 4+ 3420052 + 376s + 1’

G(s)

The sampling time is 5 ms, the ideal position signal is y;(k) = 1. In the simulation
program, due to the discretization, there are two delays in the control input.

The unit step response simulation results of a traditional PID controller and LPID
controller are shown in Figure 5. The simulation results showed that the LPID controller
has advantages, high control precision, a low overshoot amount, a fast response, and high
stability compared to the traditional PID controller.

1.2
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Figure 5. The Unit Step Response curve of PID and LPID.
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3. Facility Description

There are two rigs for each pressure stage in the facility to simultaneously perform the
dual-engine bleed air simulation test. Figure 4 shows the main flow of the HPR. The HPR
components mainly include pressure control, temperature control, and bleed air switching
components. The following paper will introduce the HP-stage bleed air rig as an example.

3.1. Pressure Control Components

The air source pressure of the HPR is 3.8 MPa. We adjusted the opening of pressure-
regulating valves according to the measured value Py; to control the inlet pressure of
the ECS test piece. As shown in Figure 6, to improve the steady-state control accuracy of
pressure, the drain branch with a smaller pipe diameter installed a pressure regulating
valve QFp linking to the pressure regulating valve QFy; on the main pipe. Both valves
use the same 4~20 mA.DC signal. At 20 mA, the valve on the main pipe is fully opened,
and the valve on the linked branch pipe is fully closed. The end of the linked branch pipe
is directly drained after connecting the silencer.

Figure 6. The facility structure.

3.2. Temperature Control Components

After the compressed air passes through the flow measurement components, it enters
the temperature simulation unit (shown in Figure 7). The high-temperature branch arranges
a globe valve, a control valve, and a heat exchanger sequence. There is a globe valve and a
control valve on the room temperature branch. We adjusted the opening of the temperature
regulating valves according to the measured value Tyj3 to control the inlet temperature of
the ECS test piece. Both the two valves use the same 4~20 mA.DC signal. At 20 mA, the
valve QFpys is fully opened, and the valve QFpy is fully closed. The open angle of the globe
valves is adjusted to balance the flow resistance of the two branches. The heat exchanger
converts the room-temperature compressed air passing through the high-temperature
branch into high-temperature and high-pressure air. When the heat exchanger was heating
the compressed air, the thermal load on its warm end was fixed. The frequency of the
centrifugal fan was corrected to accommodate the required thermal load. A temperature
controller with PID automatically adjusted the temperature Ty, which controls the heating
power by comparing the set value with the temperature sensor reading. The maximum
working temperature of the electric heater in the HPR can reach 750 °C.
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Figure 7. The temperature simulation unit components.

3.3. Bleed Air Switching Control Valve

The facility can achieve dynamic performance by switching different air supply lines,
as shown in Figure 8. On the upstream of the inlet of the test piece, an exhaust branch is
arranged. The exhaust branch arranges a control valve QFys for bleed air switching or
safety dumping. The control valve enables the fast switching between HP and IP to bleed
air according to test requirements. For example, in a dynamic test of switching from HP
bleed air to IP bleed air, the exhaust valve QFgs is fully closed while both the exhaust valve
QFu5 and the HP bleed valve (HPV) are opened initially. The test piece uses HP bleed air
at this time. When the IP bleed air is needed, the IP bleed valve (IPV) of the test piece and
the exhaust valve QFps are opened, while the exhaust valve QFys is closed. This way, the
IP bleed air is directed to the test piece, and the bleed air in the HPR is evacuated.

HP bleed air
4 Tis [E]
Pu3
HPV
Exhaust
QFus
IP bleed air To test piece
§ T = >
T Prs PV
I

QFys Exhaust

Figure 8. Rapid bleed air switching response diagram.

4. Experimental Method

The dynamic tests were performed to examine the performances of ECS test pieces.
Figure 9 shows the installation diagram of the ECS test piece. In the take-off phase, the
aircraft engine thrust rapidly increased within 10 s, and the high-pressure air outlet port
was rapidly heating. The pressure and temperature of the HP bleed air are first maintained
at the set minimum value, then increase at the set rate synchronously, and finally tend to be
stable after reaching the set maximum value.
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Figure 9. The installation diagram of the ECS test piece.

The facility mainly simulates the engine HP bleed air, IP bleed air, and fan air in the
dynamic performance tests. This facility used the fast-response pressure sensor of the
GEMS company, the response time was 0.5 ms, and the measurement error was better than
£0.25% FS. The MANMAC company’s fast-response thermocouple with a response time
of 70-100 ms was adopted, and the measurement error was better than £0.5% FS.

In this paper, for the convenience of presenting the results, the pressure unit was “psi’,
and the temperature unit was “°F’.

For the cooling-package-one, the temperature of HP bleed air can be increased from
446 to 1076 °F (230~580 °C) in 6 s and the pressure from 43.5 to 449 psi (300~3100 kPa)
in 3 s, then the temperature and pressure remain stable. The temperature of IP bleed air
should increase from 302 to 896 °F (150~480 °C) in 6 s, the pressure from 32 to 217.6 psi
(220~1500 kPa) in 3 s, and then keep them steady. To save the installation time of the cooling
package, an HPR is directly used to simulate the HP bleed air and the IP bleed air.

For the cooling-package-two, the temperature of HP bleed air can be increased from
446 to 1076 °F (230~580 °C) in 6 s and the pressure from 43.5 to 449 psi (300~3100 kPa) in
3 s, then the temperature and pressure remain stable. This result can verify the repeatability
of the test rig.

For the precooler’s cold end, the temperature of fan air should increase from 105 to
230 °F (40~110 °C) in 6 s, and the pressure from 16 to 30 psi (110~205 kPa) in 3 s.

5. Testing Results

The HP and IP bleed air temperature and pressure rapid rise characteristics of the
cooling-package-one on HPR are shown in Figure 10. It can be seen from Figure 10a that
the temperature increased from 463 to 1032 °F (239~555 °C) in 6 s and stabilized within 10 s.
The pressure increased from 47.8 to 405.2 psi (329~2792 kPa) in 3 s and stabilized within
10 s. Both the temperature and pressure dynamic control error do not exceed 10%. The
temperature and pressure of the IP bleed air are shown in Figure 10b. It can be observed
from Figure 10b that the temperature increased from 301 to 859 °F (150~460 °C) in 6 s and
stabilized within 10 s. The pressure increased from 32 to 212 psi (220~1461 kPa) in 3 s and
stabilized within 10 s. The HP bleed air temperature and pressure rapid rise characteristics
of the cooling-package-two on HPR are shown in Figure 11, the temperature increased
from 455.6 to 1050.3 °F (235.5~567 °C) in 6 s and stabilized within 10 s. The pressure
increased from 45.9 to 407.8 psi (316.6~2811.7 kPa) in 3 s and stabilized within 10 s. Both
the temperature and pressure control errors did not exceed 10%. It also can be seen from
Figure 10 that the steady-state temperature error can be controlled within 5% and the
steady-state pressure error can be controlled within 2%. Figure 12 shows the fan air’s
temperature and pressure rapid rise characteristics.
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Figure 10. The HP and IP bleed air temperature and pressure rapid rise characteristics of the cooling-
package-one on HPR. (a) The HP bleed air temperature and pressure rapid rise characteristics; (b) the
IP bleed air temperature and pressure rapid rise characteristics.
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Figure 11. The HP bleed air temperature and pressure rapid rise characteristics of the cooling-
package-two on HPR.

These test results show that the facility can accurately simulate the engine bleed air
temperature and pressure rapid rise characteristics. The results also demonstrate that
the rig can control the temperature and pressure of bleed air at a steady state with high
precision. Furthermore, the results show that the coupling effect of temperature and
pressure is eliminated in the facility, which aligns with the expectations of the structural
design. Comparing the results of Figures 10a and 11, the test results of the two cooling
package pieces show that the changing trend of temperature and pressure was the same,
and both the dynamic and steady-state errors were within the acceptable range. The results
show that the repeatability of the test was satisfactory.
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Figure 12. Fan air temperature and pressure rapid rise characteristics.

6. Conclusions

This paper presents a thermal test facility capable of dynamically simulating engine
bleed air. The proposed facility is pioneering in the dynamic test for ECS compared to
conventional facilities. The facility consists of the HP bleed air simulation rigs (HPRs), the
IP bleed air simulation rigs (IPRs), the fan air simulation rigs (FARs), and a measurement
and control system.

In this system, the hot and cold blending method is used to realize the rapid response
of the temperature. Remarkably, this facility adopts a heat exchanger for indirect heating,
which is more straightforward to implement than the heater for direct heating and can
avoid the possible electric heater dry fire indirect heating. The pressure regulating valves
and temperature regulating valves operate at room temperature, and the electric heater
works under atmospheric pressure. These designs reduce the technical requirements and
capital investment of critical components, improve the system’s reliability, and benefit
engineering realization. In addition, this paper adopted a particular system structure
to eliminate the coupling effect of temperature and pressure. Additionally, this paper
adopted the lookup-table-based PID (LPID) controller to acquire a fast response and good
steady-state performance of temperature and pressure control.

The test results show that the facility can accurately simulate the engine bleed air
temperature and pressure rapid rise characteristics and obtain an exact control at a steady
state. Both the temperature and pressure dynamic control errors did not exceed 10%, the
steady-state temperature error can be controlled within 5%, and the steady-state pressure
error can be controlled within 2%. The facility can provide conditions for dynamic ECS
testing and strong support for developing the new ECS. In future work, the dynamic
performance of ECS can be studied in combination with the experimental capability of the
facility.
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