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Abstract: The environmental control system (ECS) is one of the most important systems in the air-
craft used to regulate the pressure, temperature and humidity of the air in the cabin. This study
investigates the influences of different architectures on the thermal performance and network struc-
ture of ECS. The refrigeration and pressurization performances of ECS with four different architec-
tures are analyzed and compared by the endoreversible thermodynamic analysis method, and their
external and internal responses have also been discussed. The results show that the connection
modes of the heat exchanger have minor effects on the performance of ECSs, but the influence of
the air cycle machine is obvious. This study attempts to abstract the ECS as a network structure
based on the graph theory, and use entropy in information theory for quantitative evaluation. The
results provide a theoretical basis for the design of ECS and facilitate engineers to make reliable
decisions.

Keywords: environmental control system; endoreversible thermodynamic analysis method; refrig-
eration; pressurization; information entropy; network structure

1. Introduction

Subject to the influence of flight speed and flight altitude, the ambient temperature
and pressure change considerably throughout the entire flight envelope [1,2]. The envi-
ronmental control system (ECS) performs the functions of pressurization, refrigeration
and dehumidification simultaneously and provides the guarantee for the health and com-
fort of the pilot, crew, and passengers. The air cycle system (ACS) is the most commonly
used ECS scheme.

Engine bleed air is the power source for ECS in the vast majority of civil and military
aircraft. As the aircraft engine is considered as a highly optimized gas generator, there are
penalties associated with the extraction of bleed air. Typically, the ratio of the engine
power for driving ECS to the aircraft heat load is 10:1 [3]. Vargas and Bejan [4] reported
that on a military transport plane such as the C17, the ECS accounts for 64.6% of the engine
power at cruise conditions in addition to the irreversible loss of combustion and energy
conversion in the engine. In this respect, ECS is one of the largest power consumers among
all the nonpropulsive systems [5]. Therefore, it is vital to explore the thermal power con-
version mechanism of the ECS to reduce its penalty and improve the aircraft’s energetic
response.

An ECS is composed of heat exchangers, the air cycle machine (ACM), and the water
separation module. A variety of ECS architectures (such as two-wheel ACS, three-wheel
ACS, and four-wheel ACS [3]) have been developed to meet the environmental control
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requirements of different aircrafts under complex flight conditions. There are obvious dif-
ferences in the thermodynamic performance among different architectures. Most of the
existing research on ECS is focused on the two-wheel ACS. According to the different uses
of turbine output power, the two-wheel ACS can be divided into simple and bootstrap
types [6]. Vargas and Bejan [4,7] optimized the heat exchanger in the bootstrap ACS. Or-
donez and Bejan [8] constructed four simplified ECS-cabin models to evaluate the mini-
mum power requirement for the environmental control of the aircraft. Isabel and Leo [9]
optimized the main geometric characteristics of two finned cross-flow heat exchangers
involved in a bootstrap ACS. The application of thermo-economics on ECS was also per-
formed [10]. These studies focused on achieving the best performance of a specific ECS.
However, different architectures of ECS may change the thermal process and affect the
layout of ECS on the aircraft.

There are few experimental studies on the ECS of the aircraft in the open literature,
and fewer number of comparative studies on different ECSs because the development and
testing of an ECS has a high financial cost. Santos et al. simulated the effects of flight and
cabin parameters on the ECS performance [11]. Herber et al. generated many different
thermal management system architectures based on graph theory, and evaluated their
performance [12]. Conceigao et al. developed the thermodynamic models of three-wheel
ACS and four-wheel ACS with equation engineering solver [13]. Compared with the ex-
isting research, this study significantly improves the analysis method of thermodynamic
performance of ECS. The application of endoreversible thermodynamic analysis method
(ETM) method to ECS can not only predict the performance of ECS under different work-
ing conditions rapidly, but also derive the general solutions of the thermodynamic per-
formance of ECS. The ETM was first applied to a Carnot engine by Curzon and Ahlborn
[14]. Compared with the ideal Carnot cycle, the endoreversible cycle considers the tem-
perature difference between the heat source and the working fluid, introduces a time scale
and makes the actual thermal process different from the quasistatic process of the ideal
cycle. Zhang et al. [15] established a finite-time thermodynamic model for an air Brayton
cycle for recovering waste heat from blast furnace slag. Wang et al. [16] compared the
performance of air-standard rectangular cycles using finite-time thermodynamics. Amir
et al. [17] evaluated and optimized endoreversible combined cycles that considered dif-
ferent heat exchangers. Studies have also been conducted on the Carnot refrigerator [18],
supercritical carbon dioxide brayton cycle [19], Stirling engine [20-22], diesel engines [23],
ocean thermal energy conversion [24], and chemical engine [25]. The relationships among
the coefficient of performance (COP), the parameters of components and the environment
of a two-wheel ACS [26] and a four-wheel ACS [27] were obtained based on the ETM. The
analytical solutions of COP of five types of electrical-driven ECSs were also compared
[28]. The solutions derived from ETM are only related to the system architecture, have
nothing to do with the operating conditions and the component performance, and have
strong universality. However, the existing research mainly focuses on the temperature
changes in thermal system especially ECS. As an open cycle, the pressure regulation of
ECS is of great significance to ensure human safety in high altitude and low pressure en-
vironment.

Additionally, the ECS maintains an open system from disorder to order, and from a
low-order degree to a high-order degree, conforming to the description of dissipative
structure [29,30]. The theory of information entropy [31] can quantitatively evaluate the
order degree of a system [32,33], which have been applied to investigate the organiza-
tional structure of the electricity regulatory institution [34], the developmental level and
harmonious degree of urban ecosystems [35], etc. The application of information entropy
in thermal system will be interesting and worth developing.

In this study, four types of two-wheel ACSs with different architectures are investi-
gated in terms of thermodynamic performance and network structure. The analytical so-
lutions of the COP and pressure of the ECSs are derived based on ETM as algebraic equa-
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tions, avoiding repeated modeling and calculation. The effects of different bleed condi-
tions, flight conditions and component parameters are discussed. The network structure
of the ECSs is constructed according to the graph theory [36,37] and compared based on
the structure entropy method (SEM) [38] from the perspective of timeliness and quality of
information transmission. This study is conducive to the comparison of the performance
of different ECSs, and can reduce the development period and cost considerably. The re-
sults provide a solid theoretical basis and a multi-dimensional perspective for ECS evalu-
ation and design, which is conducive to aircraft optimization. With the development of
more electric aircraft [39], the ETM and SEM methods have the potential to be applied to
the analysis and comparison of engine thermal management system [40].

2. Methods
2.1. ECS Description

Figure 1 shows the schematic and thermodynamic process of the ECS of an aircraft
that is used as an example to illustrate the analysis process of ETM. The system consists
of primary heat exchanger (HX1), secondary heat exchanger (HX2), compressor (C), and
turbine (T), etc. Among them, the compressor and turbine are coaxially installed and form
the ACM. When the system begins to operate, the high-temperature and high-pressure
engine bleed air is regulated to the allowable pressure and proper mass flow through the
pressure limiting valve and choke venturi tube, respectively. After passing through the
venturi tube, the bleed air is divided three ways: one stream of air is used as the ejection
gas to eject the ram air on the cold side of the heat exchangers, the other is used as the
bypass air to adjust the cabin temperature by mixing it with low-temperature air at the
outlet of the turbine, and the remaining air is used as the air-conditioner working medium
to adjust the cabin temperature and pressure. The specific process of air conditioning is as
follows: the bleed air enters HX1 to dissipate heat. Subsequently, it enters C for further
compression. The high-temperature and high-pressure air dissipates the heat in the HX2.
Ram air flows as the heat sinks, and passes through the cold sides of the heat exchangers
in parallel. The exhaust air at the hot side of HX2 enters T for expansion and cooling, and
then mixes with another part of bleed air. The air then enters the low-pressure water sep-
arator (LPWS) to discharge the condensed water. The outlet air of ECS is supplied to the
cabin to absorb the heat load and is then discharged from the cabin. In the system, the
turbine drives the compressor, and the ram air flows in parallel through the cold sides of
HX1 and HX2, named as the parallel type two-wheel bootstrap ECS with low-pressure
water separation.
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Figure 1. Schematic and thermodynamic process of an ECS.

The ECS operates on an open cycle in which air is used as the refrigerant. In this
study, the influence of humidity in the air is ignored. In addition, the system is simplified
as a parallel type two-wheel bootstrap ACS (PB-ACS) that corresponds to the process be-
tween the inlet of HX1 (point 1) and the outlet of T (point 0) in Figure 1. In the heat ex-
changer, isobaric exothermic and isobaric endothermic processes take place. In the ACM,
the air undergoes isentropic compression and expansion.

2.2. Endoreversible Thermodynamic Analysis Method (ETM)
2.2.1. Thermodynamic Model

To obtain the thermal performance of PB-ACS, the thermal process of the system is
analyzed based on the ETM. We performed the analysis based on the following assump-
tions: (a) the air is dry and is modeled as an ideal gas with a constant specific heat capacity
C,, (b) all the components operate in steady-state conditions. Based on the thermody-

namic analysis of each component, the analytical solutions of the temperature and pres-
sure at each point of the ACS are obtained.

° HX1 and HX2

When the aircraft is on the ground or flying at low altitudes with high Mach numbers,
the ratio of the mass flow of ram air to that of bleed air in the heat exchangers is generally
greater than one. In these circumstances, the definition of the effectiveness of HX1 and
HX2 is given by Equations (1) and (2). In addition, the hot and cold sides of the heat ex-
changers satisfy the heat balance, thus yielding Equations (3) and (4).

— 91 — ela
Mhix, a 1)
T, = 2202 @
P,
6’1 - gla = éleRla (3)

Py — Pra =& Proa 4)
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where g =T, -T,,, @ =T, —T,,, The excess temperature is obtained by considering the

G G
temperature of the ram air inlet R1 or R2 as the reference point. &= G—Rl ,and &,= %.
b b

e  Compressor

The air is compressed in the compressor C. Therefore, the relationship between the
outlet and the inlet temperatures of C is obtained by introducing the isentropic efficiency:

20%6 1
T, =T, [l+ < j (5)
e
0.286
We define Q, =— , and Equation (5) can be rewritten in the form of
e
Equation (6) listed below.

? =0, (Qc +1)+TR1 (Qc +1)_TR2 (6)

. Turbine

The air is expanded in the turbine. By introducing the isentropic efficiency, the rela-
tionship between the outlet and inlet temperature of turbine is as follows:

T, =T 1-7 (1-7"%)] 7)

With the definition of Q, =17, (l— 7 %% ) , the expansion ratio can be expressed as:

m=@—9ﬂ' ®
U

where
_60 +TR2 _TRl

Qt — ¢Za
Pra +Try

)

. Constraints

The ACS must meet the constraints of power balance and pressure. The constraint of
power balance can be expressed as:

@, —6, =1,(0,.—6,) (10)

where 77, represents the mechanical efficiency of the shaft on which the impellers of the

turbine and compressor are mounted.

The constraint relationship between the outlet pressure and inlet pressure is related
to the pressure ratio of C and expansion ratio of T. When the pressure losses in the heat
exchangers and pipelines are ignored, the pressure at each point satisfies Equations (11)-
(14).

0 =0 =1, (02— 6,) (11)
P, = R.7, (12)
Pa=P (13)

R =P/, (14)

e  Analytical solutions

The analytical solutions of temperature and pressure at each point of PB-ACS can be
derived according to Equations (1)—(14), as shown in Table 1. When the aircraft is flying
at high altitudes with low Mach numbers, the ratio of the mass flow of ram air to that of
bleed air in the heat exchangers is generally less than one, and the analytical solutions of
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the state parameters of each point can also be obtained according to the aforementioned
process. In other conditions when the ratio of the mass flow is approximately equal to one,
either case in Table 1 works.

Table 1. Analytical solutions of state parameters at each point of PB-ACS.

G2 1, & 21 (on the ground or fly at low altitudes with high Mach numbers)

O = (1_77Hx1 )91 R. =

fine)

=(Q +1) (1= 7y, )0, + Ty (R +1) =T, P —Rx
O = (17, ) (Q 1) (174 )6, (A )T~ T, | =Pz,

90=(1_77H><1 |: 77Hx2+(1 Thxz2 — 775) c]el_(ns—l_l""Usz)(Q +1)TR1+(77 1+77Hx2>TR2

35

o _pn [t 7751<(1 i, ) Q0+ 12 (Q41) ~1] Ty #(1- 1) T,

)(1 Thx, )9 +(1 T, )(Qc +1)TR1+77H><2TR2

G< l, &<l (fly at high altitudes with low Mach numbers)

O, = (:I-_§177Hx1 )‘91 R.=HR

9, = (Q +1) (1= &g, )6, +Tay (Q +1) T, P —Px
ha = (1—5277Hx2 )|:(QC +1)<1_§177Hx1 )91 +(QC +1)TR1 _TR2:| P2a _ Plﬂ-c

0, = (1_ 5177Hx1)|:1_ Sollix +(1_ ol _77;1)Qc:|91 _(’75-1 =1+ &M )( +1)TR1 +( -1+ 5277sz)

3.5

1 (1 §177HX1)Q 6 +[77_l Q +1 1]TR1+(1_775_1)TR2
A ( +1) (1_ 5277sz )(1_ 5177H><1 )61 + (1_ é:277r4><2 )(Qc +1)TR1 + ‘):277HX2TR2

P =Pr,|1-

2.2.2. Validation

The ECS in Figure 1 was tested at different simulated flight conditions [41,42]. In the
test, the thermodynamic performance of the ECS under different working conditions such
as ambient temperature, flight altitude and flight speed was studied. The test conditions
are listed in Table 2 with a total of 40 groups of data, where the hot, standard, and cold
represent different ambient temperature, and the specific values can be found in Refer-
ences [1,2]. The temperature and pressure of each state point, the mass flow rates of dif-
ferent airflow branches, and the relative humidity of key points were measured, and the
performance of each component can be further obtained. The experimental data under
different conditions were shown in detail in the References [41,42].

Table 2. List of test conditions.

Flight Altitude(ft) Atmosphere [1,2] Mach Number
0 (0m) Hot, Standard, Cold 0, 0.145, 0.59, 0.708
6600 (2012 m) Hot, Standard, Cold 0.168
22,400 (6828 m) Hot, Standard, Cold 0.244,0.73
36,100 (11,003 m) Hot, Standard, Cold 0.352, 0.73, 0.85

42,700 (13,015 m) Hot, Standard, Cold 0.49, 0.68, 0.85
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In addition, in the process of comparison with the test results, according to the equa-
tions in Table 1, the theoretical results of the state parameters of each point in the PB-ACS
can be obtained by inputting the component characteristics and operating conditions. The
comparison between the calculated values and the test data is shown in Figure 2. The

N
definition of the error is shown in Equation (15). The average error g:%Zgi and maxi-
i=1

mum error ¢, =max{¢} canthen be obtained.

Temperature Pressure
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Figure 2. Comparison of experimental and calculated results of PB-ACS.

cal;-exp,
exp;

(15)

As shown in Figure 2, the average error of the temperature at each point between the
calculated and the test data is within 1.8% in a wide range, and the average error of the
pressure at each point is less than 9.23% without considering the pressure loss in the heat
exchanger and pipelines (Hypothesis 1 in Figure 2). The average error can be reduced to
smaller than 2.61% after considering the pressure loss in HX1 and HX2 (Hypothesis 2 in
Figure 2). The results show that the analytical solutions based on ETM can accurately pre-
dict the state of each point.

2.3. Structure Entropy Method (SEM)

As shown in Figure 3, the analysis of SEM includes two aspects: timeliness and qual-
ity. The former describes the timeliness of information transmission among nodes in the
network structure, and the latter describes the degree of certainty in the information trans-
mission. The order degree of the structure can be obtained by weighting the timeliness
and quality.
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Figure 3. Flowchart of SEM.

As shown in Equation (16), p,(ij) in Figure 3 is the probability of realizing the mi-
crostates of timeliness when the information is transmitted betweennodes i and j,and
it is related to the path length between the nodes. The path length between a node and its
adjacent nodes is defined as 1, which is independent of the actual length of pipe. p, (i)

is the probability of realizing a quality microstate for the i-th node, and it is related to the
degree of a node, that is, the number of edges connected to each node, as shown in Equa-
tion (17).

P (if) =L /A (16)
P, (1) =k /A, (17)
where i, j represent the number of elements, and i, j =1,2,---, N ; Lij is the path

length between two nodes; A1 denotes the total number of timeliness microstates in the
system, and A = zz Ly ; K is the degree of a node; A, denotes the total number of
i

quality microstates, and A, = Z ki .

3. Modeling
3.1. Architectures of Different ECSs

Considering the scheme of the ACM and the connection mode of the heat exchangers,
four types of two-wheel ACSs with different architectures were formed, namely parallel
type bootstrap ACS (PB-ACS), serial type bootstrap ACS (SB-ACS), parallel type simple
ACS (PS-ACS), and serial type simple ACS (SS-ACS). Except for the PB-ACS in Figure 1,
the schematic of the other three ACSs are shown in Figure 4. The turbine-compressor
ACM has been adopted in the SB-ACS in Figure 4a as in PB-ACS, and the turbine-fan is
used in the PS-ACS and SS-ACS as shown in Figure 4b,c. The heat exchanger in series
indicates that a stream of ram air flows through the cold sides of HX2 and HX1 succes-
sively. When the ram air is divided into two parts and flows through the cold sides of HX1
and HX2 respectively, this type of heat exchanger is defined as the parallel type heat ex-
changer. In the early stage, simple ACS was used more often, and the heat exchangers
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were usually connected in series [43]. Most of the heat exchangers in the bootstrap ACS
were connected in parallel.
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Figure 4. Schematic of ECS with different architectures, (a) SB-ACS, (b) PS-ACS, and (c) SS-ACS.

To simplify the thermal analysis, it is assumed that the thermal state of the ram air in
the inlet of the cold side of HX1 and HX2 is consistent, that is, points R1 and R2 in Figure 1
and 4b coincide. Different ACM schemes will change the shape of the thermal cycle, while
the main effect of the change of the connection mode of the heat exchanger is embodied
in the heat exchange process.

3.2. ETM Modeling

The COP is introduced as an indicator of refrigeration performance of ECS, and is
defined as:

COP:Q—C: 66_00 (18)
Wy 6

Q. =G,c, (6, - 6,) (19)

W, =G,c, 4, (20)

where Qc is the cooling capacity of ECS, kW; ¢ is the specific heat of air, k] kg K; &,

e
is the excess temperature of cabin exhaust air, K; W, is the power required to drive ECS,
kw.

Before analyzing the thermal performance of ECS illustrated in Figure 4, two as-
sumptions are added based on Section 2.2: (1) both the mass flow ratios of HX1 and HX2
are greater than one; (2) the mechanical efficiency of the shaft is equal to one.

The analytical solutions of the outlet temperature, outlet pressure, and COP of the
four types of two-wheel ACS with different configurations were derived based on the
ETM. The expressions of the outlet temperature and COP of different ACSs are expressed
by Equations (21)—(22). The forms of different systems are identical, but each system has
unique coefficients. This shows that the COP of ECS is related to the operating conditions
and partial component characteristics. It is worth noting that the influences of external
and internal factors on the thermal performance of ECS are successfully separated. T,

0,,and 0, are the boundary conditions of ECS related to the aircraft and environmental
factors, and are classified as the external factors. In addition, the coefficients Y, and Y,

are only related to the parameters of the components, such as those of the heat exchanger
and compressor or fan. The combination of these component parameters shows the ther-
mal power conversion mechanism of different ECSs. The expressions of the outlet pres-
sure and coefficients Y, and Y, of different ECSs are listed in Table 3.

‘90 = YlTRl +Y291 (21)

COP=(9, —YlTRl)gl -Y, (22)

1
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Table 3. Expressions of outlet pressure and coefficients Y1 and Y2 for different ECSs.

Bootstrap ACS
Parallel Y= 77000, and Y2:(1_77HX1)|:1_77HX2(QC +1)]
35
P, =Pz, |1-— (1110, )20+ AT
o "17%%¢c -
un (Qc +1)(1—77sz )(1_77Hx1 )01 +|:Qc (1_77sz )+1:|TR1
Serial n
HX1 _1 Q
Y,= UHXZ( & J i Y,= (1_’7Hx1)[1_77HX2 (2 +1)]
Tl eyt (g e
& and &
35
(1-7ux, )20, +©, El— on;:?sz ]Tm
R, =Rz, 1_i 1

h (Q° +l)(l_77HXz )(1_’7"')(1 )01 -}{QC (1_77sz )+1_(Qc +1)77'-|><1;'-‘X2:|TR1

1

Simple ACS
Parallel Y= _(51 +§2)Qf and Y2=(1_77Hx1)(1_77Hx2)(1+Qf )_Qf
35
et O+(e+8)Te
T (1_77sz )(1_77H><1 )‘91 +Tgy
Serial (2=, ) (1= 770, ) (2 +2)
Y2 = - Qf
1- TThx, i,
Y,=-&Q, and S
_ 35
P-R O 6 +(1+&) Ty _1
T (1_ Mhix, ) (1_ hix, )
0, +Tg,
1- Mhx, TThix,
_ 3 |

3.3. Network Structure

As shown in Figure 5, the network structure of four types of two-wheel ACSs with
different architectures is constructed according to the graph theory. The nodes in the
graph represent the main elements in the system, and the edges between the nodes repre-
sent the connection path between the components, that is, the path of information trans-
mission. The medium of information transmission mainly considers the material flow, i.e.,
bleed air and ram air, without considering other factors. The network of the two-wheel
ACSs presents a chain structure. The bleed air flows through various components in se-
quence and finally enters the cabin. The existence of fan makes the system have another
branch.
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Figure 5. Network structure of different ACSs, (a) PB-ACS, (b) SB-ACS, (c) PS-ACS, (d) SS-ACS.

4. Results and Discussions
4.1. Thermodynamic Performance

The refrigeration and pressurization performances of different ECSs were compared
in terms of the external and internal responses. The external responses refer to the rela-
tionship between the system and the environment, and the internal responses refer to the
influence of the parameters of various components on the ECS.

The external factors include the bleed and flight conditions. Considering the actual
situation, the range of the values of engine bleed parameter is determined as,

400<T, <550K (23)

100 < P <300kPa (24)

The flight conditions refer to the flight altitude and flight speed which determine the
stagnation temperature and stagnation pressure of ram air [1,2,44], as shown in Equations
(25)-(28). Typically, the flight altitude of civil aircrafts ranges between 0 and 13 km, and
the flight speed is between 0 and 0.85 Mach.

Te=T, (l+k7_l Maz) (25)
T,=Ty—rh (26)
s
P, =P, (1+—k _lMazjkl 27)
2

h 1000g

¥R
B = Fo (1_ 44.33] )

where T, is the atmospheric temperature, K; T, is the atmospheric temperature at sea
level, K; y is the lapse rate of temperature, and y =6.5 K-km?; & is the flight altitude,
km; Ma is the flight Mach number; k is the adiabatic index, and k = 1.4; P, is the atmos-
pheric pressure, kPa; B, is the atmospheric pressure at sea level, kPa; g is gravitational
acceleration, and g ~9.81m/s’; R is the gas constant, and R ~ 287 J/(kg-K).

In the analysis, the values of the parameters of each component are listed in Table 4.
The influences of the external and internal factors on the performance of ECS with differ-
ent architectures were also considered. The simulation tool was Python 3.8.
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Table 4. Parameters of components in the ACS.

Mhx,

Te 4 K r’sz nc nc ch nf nt 61 62

PB-ACS 308 0.8 0.8 15 075 —— —— 08 11 11
SB-ACS 308 0.8 0.8 15 075 —— —— 08 22 ——
PS-ACS 308 0.8 08 —— —— 105 025 08 11 11
SS5-ACS 308 0.8 08 —— —— 105 025 08 22 ——

4.1.1. External Responses

Figure 6 shows the influences of the external factors on the COP and outlet pressure
P, of PB-ACS, wherein the solid contours represent the COP, and the dashed contours
represent Po. As shown in Figure 6a, the effects of flight conditions on the COP and Potend
to be opposite. In other words, the region with high COP has a low P., and vice versa. The
influence of the bleed conditions is shown in Figure 6b. The COP of ACS is only affected
by the bleed temperature and is independent with the bleed pressure. By contrast, Po in-
creases with the increase of bleed pressure and the decrease of bleed temperature, while
the effect of the bleed pressure is more obvious.

(b)

capP
cor

0511
0.521

0.466
0411
0.356
0,301
0.246
0,191
0.136
0.081

0.471
0.432
0.392
0.353
0.313
0.273
0.234

0.194

400 420 440 460 480 500 520 540
D (km) T,(X)

Figure 6. External responses of PB-ACS: (a) influence of flight conditions (T1= 450 K, P1= 200 kPa), and (b) influence of
bleed conditions (h =0 km, Ma = 0).

The comparisons for external responses of ACSs with different architectures are il-
lustrated in Figure 7. As shown in Figure 7a, the variation trends of different systems with
flight conditions are consistent. With the increase of the stagnation temperature of the ram
air, the COP decreases and Po increases. Among them, the refrigeration performance of
SB-ACS is the worst because the bleed air temperature rises after the secondary pressuri-
zation. In addition, a stream of ram air passes through the HX2 and HX1 successively.
This is not conducive to the heat transfer of HX1. Therefore, as there is no secondary pres-
surization and the parallel heat exchanger is beneficial for heat dissipation, the PS-ACS
has the highest COP. The pressurization performances of different ACSs are quite varied.
The bootstrap ACS is better than the simple ACS in terms of pressurization. It should be
noted that changing the temperature of ram air will also affect the outlet pressure of ACS
that is the result of internal thermal power transformation.
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Figure 7. External responses of different ACSs: (a) influence of flight conditions (T1 =450 K, P1 =200 kPa), and (b) influence
of bleed conditions (h = 0 km, Ma = 0).

Figure 7b shows the influences of the bleed conditions. The COP is only related to
the bleed temperature. With the increase of the bleed temperature, the COP of the ECSs
decreases gradually. Po is related to both the bleed temperature and pressure. Under the
same bleed pressure, Po decreases with the increase of the bleed temperature. The upper
and lower curves of the banded region in Figure 7b correspond to the bleed temperatures
of 400 and 550 K, respectively. When the bleed temperature is constant, there is a linear
correlation between the Po and P:.

It can be observed from Figure 7 that the pressurization performance is greatly af-
fected by the architectures of ECS when the flight and bleed conditions change.

4.1.2. Internal Responses

The influence of the effectiveness of the heat exchangers is analyzed. Figure 8 shows
the connection modes of the heat exchanger have a minor effect on the performances of
the ECSs. However, the influence of the air cycle machine is obvious.
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Figure 8. Internal responses of ACSs with the variation of heat exchanger effectiveness: (a) PB-ACS, (b) SB-ACS, (c) PS-
ACS, (d) SS-ACS (T1=450 K, P1=200 kPa, h = 0 km, Ma = 0).

As shown in Figure 8a,b, the COP is mainly affected by the effectiveness of HX2,
while Ps is affected by the effectiveness of both HX1 and HX2. Increasing the effectiveness
of HX2 will increase the COP but will reduce Po. Increasing the effectiveness of HX1 is
conducive to pressurization. Figure 8c,d shows the effectiveness of HX1 and HX2 are
equally important to simple ACSs. The variation trends of refrigeration and pressuriza-
tion with the effectiveness of heat exchangers are opposite. Increasing the effectiveness of
HX1 and HX2 is beneficial to increase the COP, but it reduces the Po.

In summary, different ACMs coordinate the performance of pressurization and re-
frigeration. The mechanical energy converted by the turbine in the bootstrap ACS was
added in the fresh air through a coaxial compressor to improve the pressurization based
on the reduction of the cooling capacity. However, in the simple ACS, the mechanical
energy is used to overcome the flow resistance of ram air that could enhance the heat
dissipation of the heat exchangers, but the pressurization is not as good as that of the
bootstrap ACS.

The effect of the connection mode of heat exchangers is different for the ACSs with
different ACMs. The heat exchangers are more suitable for parallel connections in the
bootstrap ACS which lead to better refrigeration and pressurization outcomes. For the
simple ACS, the parallel connection is beneficial to refrigeration, but has little effect on
pressurization. Therefore, for aircraft ECS design, the first task is the selection of the ap-
propriate ACM scheme according to the cooling and pressurization requirements, fol-
lowed by the arrangement of appropriate layout of the heat exchanger according to the
aircraft structure.
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4.2. SEM

The results of SEM are also obtained by Python 3.8. As shown in Table 5, the length
of different path and degree of each nodes are counted, and other parameters of the struc-
ture are obtained. The timeliness, quality, and order degree of different ECS network

structures are shown in Figure 9. The weight coefficients @ and f are set as 0.5. The

ACM scheme mainly affects the dispersion of timeliness and quality, which is closer in
the bootstrap ACS. The connection mode of heat exchangers affects the order degree of
structure. The serial type ACS has a higher order degree.

Table 5. Results of SEM.

Lij Al H1 Hlm ki Az Hz H2m
PB-ACS 1,2,3,4,5 37 1.162 1.568 1,2,3 14 0.813 1.146
SB-ACS 1,2,3,4,5 39 1.191 1.591 1,234 14 0.786 1.146
PS-ACS 1,2,3,4 28 1.151 1.447 1,2,4 16 0.79 1.204
SS5-ACS 1,2,3,4 30 1.153 1.477 1,2,4 14 0.759 1.146
0.40
= Timeliness S1
® Quality S2
0.35 L 4 Order degree S
e o
L ]
~ 030
n ¢ N
“ 025 - =
n
0.20 .
0. ] 5 1 L L 1

PB-ACS SB-ACS PS-ACS SS-ACS

Figure 9. Comparison of network structure of different ECSs.

The ETM and SEM quantitatively describe the network structure and function struc-
ture of the ACS respectively. Although the order degree cannot be directly compared with
the thermal performance parameters, it can evaluate the composition of actual physical
system from the perspective of virtual network structure.

5. Conclusions

(1) The theoretical results based on ETM are consistent with the test results of ECS in
the entire envelope. The average error of the temperature at each point of PB-ACS is
within 1.8%. The average error of the pressure at each point is less than 2.61% after con-
sidering the pressure loss in HX1 and HX2.

(2) The analytical solutions of the outlet temperature, outlet pressure, and COP of
four types of two-wheel ACSs with different architectures are derived based on the ETM.
These successfully separate the external and internal factors on the thermal performance
of the ECS. The forms of different systems are identical, but each system has unique coef-
ficients.
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(3) In the view of thermodynamic performance, the connection mode of the heat ex-
changers has minor effects on the performance of ECSs, but the influence of the ACM is
obvious. In the aspect of network structure, the ACM scheme mainly affects the dispersion
of timeliness and quality, and the connection mode of heat exchangers plays a role in the
order degree of structure.

This study verifies the feasibility of ETM and SEM. Some useful conclusions have
been obtained from the comparative analysis of the ECSs, which can provide suggestions
for the design of aircraft engineers. However, the real physical system is a comprehensive
network structure of material, energy, and information. We need to further explore the
physical connection between the network structure and the actual system, realize the
quantitative evaluation of different types of information transfer process, and analyze the
relationship between information entropy and thermodynamic entropy.
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Nomenclature
Ar total number of timeliness microstates
Az total number of quality microstates
Cp specific heat capacity, kJ-kg1-K-!
g gravitational acceleration, m-s2
G mass flow rate, kg-s™
h flight altitude, km
H: timeliness entropy
H> quality entropy
Him maximum timeliness entropy
Hom maximum quality entropy
k adiabatic index
ki node degree
Lij path length
Ma mach number
N number of working conditions
p probability
P pressure, kPa
Pn atmospheric pressure, kPa
Pro atmospheric pressure at sea level, kPa
Qc heat load, kW
R gas constant, ] kg-K~!
s entropy, J-K-
S order degree of the system
S1 timeliness of the system
S2 quality of the system

T temperature, K
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Th atmospheric temperature, K
Tho atmospheric temperature at sea level, K
v volume, m3-kg™!
Wn power required to drive ACS, kW
Y: coefficient in the analytical solutions of the outlet temperature
Y> coefficient in the analytical solutions of the outlet temperature
cal calculation data
exp experimental data
Greek Symbols
a weight coefficients of timeliness
B weight coefficients of quality
e the lapse rate of temperature, K-m-!
S ratio between the mass flow rates of the ram air and fresh air
& error
g average error
0 excess temperature, K
4 excess temperature, K
Mhixa effectiveness of primary heat exchanger
Thx 2 effectiveness of secondary heat exchanger
7. efficiency of compressor
e efficiency of fan
1, efficiency of turbine
s mechanical efficiency of the shaft
T, pressure ratio of compressor
T pressure ratio of fan
T expansion ratio of turbine
Q customized variable
Subscripts
b bleed air
c compressor
e cabin exhaust air
f fan
HX heat exchanger
max maximum
0 outlet of ACS
R ram air
t turbine
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