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ABSTRACT: This paper presents a thermophysical study approach for a pure environmental control system (ECS),
incorporating the geometric dimensions of heat exchangers, ram air duct, and air cycle machine (ACM) blades of the
Sabreliner’s environmental control system. Real flight scenarios are simulated by considering flight input variables such
as altitude, aircraft speed, compression ratio of the air cycle machine, and the mass flow rate of bleed air. The study
evaluates the coefficient of performance (COP) of the environmental control system, the heat exchanger efficiencies,
and the work distribution of the air cycle machine based on five flight scenarios, with a particular focus on considering
the effects of humidity on environmental control system performance. The results demonstrate that at cruising altitude
(11,000 m), air humidity conditions allow an increase in the COP of around 9.28% compared to dry conditions.
Conversely, on land, humidity conditions reduce the performance by 4.26% compared to dry conditions. It was also
found that the effects of humidity at high aircraft speeds become negligible. In general terms, the humidity conditions
in the air proved to have positive effects on the environmental control system’s performance but negative effects on the
heat exchanger efficiencies, reducing them by 0.22%. Additionally, land conditions reflect significant improvements in
performance when the compression ratio of the air cycle machine is varied. Furthermore, in the work distribution of
the air cycle machine, humidity conditions were demonstrated to consume 2.91% less work from the turbine compared
to dry conditions.

KEYWORDS: Environment control system (ECS); humidity; air cycle machine (ACM); aircraft; coefficient of perfor-
mance (COP); heat exchanger efficiency; ACM work distribution; air

1 Introduction

Aircraft are vehicles that, according to a flight mission, experience changes in atmospheric conditions
through different phases such as takeoff, ascent, cruise flight, descent, and landing. This means that as
the aircraft increases or decreases its altitude, the thermodynamic properties of the atmospheric air vary
throughout the entire mission [1]. These variations cause changes in the operating regimes of certain aircraft
systems. One of the systems most affected by altitude variation is the Environment control system (ECS). The
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ECS is responsible for addressing inconsistencies in the pressure and temperature of atmospheric air (which
pose challenges to human survival) and providing an artificial climate within the cabin to sustain life under
these conditions [2].

The ECS is defined as a group of systems responsible for controlling the pressure, temperature, humidity,
and pollutants within an aircraft, ensuring the survival and comfort of the occupants, as well as the integrity
of some onboard electrical equipment [3].

The machine used in the ECS can be an air cycle machine (ACM), a vapor cycle machine (VCM), or a
combination of both. However, in general, the VCM is more efficient than the ACM. Nevertheless, the ACM
is more frequently used due to its simplicity and the fact that its components are lighter, more compact, and
more reliable [4,5].

ACM is the ECS technology commonly used in most aircraft, especially commercial ones, since the
air used as the working fluid is free, safe, and harmless to the environment. However, the performance of
the ACM is largely limited by the efficiency of its main components, such as the compressor and turbine,
as well as the heat exchangers [6]. The compressed bleed air extracted from one or more stages of the
engine compressor expands through a turbine, with the extracted power used to drive a fan (simple cycle),
a compressor (bootstrap cycle), or both (simple/start cycle). The power extraction and the expansion of the
compressed air through the turbine significantly decrease the temperature. This cooled air provides cooling
for the aircraft-occupied compartments and avionics. Part of the bleed air from the engines can bypass the
air conditioning package if heat is needed in the cabin [7].

This study focuses on the ECS of the Sabreliner 80 aircraft, which uses a three-wheel ACM (simple/start
cycle). This is the most common configuration used in modern aircraft such as the Saab 2000, EMB-145,
Gulfstream G200, and Gulfstream V, which are similar in weight and size to the Sabreliner 80 [8].

A large number of studies have been conducted on the modeling and analysis of the thermal behavior of
ACMs used in aircraft ECS. The degree of order and the thermodynamic characteristics of two types of ECS
have been analyzed using the endoreversible method, where a four-wheel ACM was employed. The four-
wheel ACM was divided into two structures: separated (two shafts) and integrated (one shaft), each with a
high-pressure water separation module. It was demonstrated that the degree of order in the divided structure
was lower than in the integrated one. The analysis also shows that the change in structure has no effect on
the thermal performance of the two systems [9].

Jennions et al. [10] proposed and implemented a simulation framework called “Environmental Control
System under all conditions”, which offers a component library that can be assembled into specific simulation
configurations of the ECS. The general results obtained suggest that changes in the aircraft environmental
conditions may have a significant impact on the output temperature of the air conditioning required by
passengers, as well as a substantial impact on heat transfer in primary and secondary heat exchangers.

ECSs have numerous configurations, which necessitates conducting different studies for each one.
Comparative studies have been carried out, for example, Concei¢do et al. [8] conducted a comparative
performance study of two different ACM configurations (three-wheel and four-wheel) to analyze the impact
of using reheaters and condensers on ECS efficiency on land and in flight. The results showed that a second
expansion stage (two turbines) increases the cycle thermodynamic efficiency, with this effect being more
significant on land (at sea level). On the other hand, Alvarenga et al. [11] observed that the presence of a
condenser decreases the coefficient of performance (COP) in both configurations and that a second stage of
expansion increases heat rejection in the second heat exchanger.

Yang and Yang [12] derived analytical solutions for the COP of five types of ECS through endoreversible
thermal analysis, finding that each type of ECS has a unique solution for COP and that the water elimination
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module does not affect the thermal performance of the ECS in dry conditions (air without humidity). They
also analyzed the effects of different flight conditions (Altitude at 0 and 11,000 m; Mach at 0 and 0.85) on
the COP, comparing standard and hot atmosphere conditions. Additionally, they varied the pressure ratio
of the compressors and the effectiveness of heat exchangers to evaluate the COP of the ECS. It was found
that both three-wheel and four-wheel ECS presented the same and maximum COP in different evaluations.
The same authors conducted a similar study for four different types of ECS but now with a two-wheel ACM;
turbine-compressor and turbine-fan, varying the configuration of heat exchangers; in parallel and series [4].

On the other hand, in an ECS with a two-wheel ACM and a high-pressure water separation module, it
was found that the effectiveness of the second heat exchanger greatly affects the COP. It was also found that
water vapor condensation reduces the cooling capacity of the ECS. The analytical results showed an average
error of 1.82% compared with the experimental data [13]. Zhao et al. [14] presented a study of a bootstrap air
cycle with a high-pressure water separation module. The test results showed that the output pressure, turbine
efficiency, and rotation speed may vary significantly when changing operational conditions. Liu et al. [15]
presented an optimization method for the ECS involving a modified genetic algorithm to acquire optimal
values of heat transfer areas, temperature ratio of bleed air, mass flow rate of ram air, and pressure ratios
of the turbine, compressor, and fan. By optimizing the system, they were able to reduce the minimum rate
of total fuel energy consumption by 11.0%. Yang et al. [16] proposed an energy-saving improvement in the
Boeing 787 Dreamliner ECS to recover the air expelled from the cabin and convert it into mechanical work to
pre-pressurize air, thereby reducing the aircraft engine power demand by the ECS. This is achieved by taking
advantage of the pressure difference between the cabin air and atmospheric air. Compared to the original
B787 scheme, the proposed method can save 66.2% of the input power and increase the COP from 0.309
to 0.915. Similarly, Long et al. [17] proposed an energy recovery system structure similar to Yang et al. [16],
with the addition of a heat exchanger and a motorized compressor. This approach focuses on reducing
energy consumption in the task of pressurizing the aircraft cabin. The results indicate that with the energy
recovery unit, the COP of the ECS can achieve an average improvement of 36.39% and the system weight
penalty can decrease by 8.9% in total. Recently, Negi and Ranganayakulu [18] conducted research to design
a parameter decomposition model and an iterative algorithm to determine component-level parameters of
three-wheel and split-wheel air cycle systems with a high-pressure water separation system on a state-of-
the-art, electrically driven B787 passenger aircraft with an environmental control system using MATLAB.
The model was designed to determine the moisture content when connected to a water sprayer. However,
the results of this interesting study have not focused on showing how air humidity affects the coefficient of
performance of the environmental control system. According to [19], increasing humidity on the suction
side of the compressor reduces the ram air demand of the ECS, which can lead to up to a 1% decrease in
fuel consumption. Therefore, analyzing the presence of humidity in the ECS, as discussed in this study, is
crucial for identifying areas for improvement. As demonstrated in [20], humid air notably affects the ECS
performance characteristics, especially at the ACM.

The present study introduces a novel approach to modeling aircraft ECS by integrating both geometric
and physical-environmental parameters into an iterative energy analysis. Unlike previous works that often
overlook real system geometry or rely solely on literature-based data, this research incorporates detailed
geometric characteristics of key ECS components such as heat exchangers, the ram air duct, and ACM
blades directly measured from the Sabreliner 80 aircraft. These parameters are used to construct a geometric-
mathematical model that enhances the realism and predictive accuracy of the analysis under real flight
conditions, including variables such as altitude, aircraft speed, ACM compression ratio, and bleed air mass
flow. Additionally, a new methodology is proposed for evaluating heat exchanger efficiency based on actual
dimensions, allowing for greater interpretability across disciplines. To the best of our knowledge, this is the
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first study to adopt such an integrative and physically grounded approach, thereby addressing a key gap in
the current literature.

2 Methods and Materials
2.1 Description of Sabreliner’s ECS

This work is focused on the ECS used in the Sabreliner 80 aircraft whose main components are described

in Fig. 1.
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Figure 1: Sabreliner’s ECS main components

The Sabreliner’s ECS consists of an axial palette fan (a), a centrifugal compressor (b) and a radial
expansion turbine (c). These three units are mounted on a common shaft, which in the bibliography it is
known as ACM [21]. The heat exchanger is a single compact core unit that is divided into two sections to
obtain a primary (e) and secondary heat exchanger (d). Approximately one-third of the ram air (ram air
refers to the ram air generated by aircraft movement) flows through the section of the primary heat exchanger
(HX1) and two-thirds through the section of the secondary heat exchanger (HX2). The heat exchangers are
air to air plate-fin cross-flow with rectangular fins.

Another important system parameter is the mass flow air rate that feeds the Sabreliner ECS (bleed air),
which can vary in a range of 0.19656 to 0.3704 kg/s according to the aircraft manual [22]. This is a very
important parameter since it will be the work mass flow to model the ECS.

2.1.1 Description of Air Flow Distribution

In the Sabreliner’s ECS, two fluids are used: the bleed air and the ram air. The first one is the working
fluid while the second one is the heat transfer fluid used to cool the ECS’s heat exchangers to reduce
the temperature of bleed air. Fig. 2 shows the diagram of the system computed in this paper. Notice that
Sabreliner’s ECS (see Fig. 1) takes place from 3 to 7 for bleed air and for ram air from 2 to f.

The diffuser and the compressor are the main components of the aircraft engine which behaviors
influence on the ECS efficiency. The atmospheric air (state 1) enters firstly to the diffuser where kinetic energy
is converted to flow energy (state 2). After that, air passes through the engine compressor stages where is
supposed to achieve the bleed nominal conditions (state 3). At this state, the conditioning work begins: the
bleed air passes through the HX1 (state 4) and enters to the compressor where the pressure and temperature
rise (state 5). To eliminate the increment of temperature in the compressor, bleed air passes through the HX2
(state 6).
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Figure 2: Diagram of the system computed

Finally, bleed air crosses an expansion process in the turbine (state 6 to 7) where the pressure and
temperature of bleed air decrease drastically. Regularly, bleed air at the turbine output reaches temperatures
lower than 273.15 K (state 7), which requires a temperature-controlling valve (g). This valve is responsible
for mixing hot air (from HX1) with the cold air that comes from the turbine. In this manner, the output
temperature of this mixture is adequate to be injected in the aircraft cabin. Nevertheless, the temperature
control valve is not considered because the study focuses especially on the heat exchangers and ACM.

On the other hand, the heat transfer fluid used in the ECS comes from the atmospheric air whose
properties such as temperature, pressure and humidity vary all the time. The atmospheric air enters through
the diffuser where its pressure and temperature increase depending on the aircraft’s speed. The air flow
produced by the aircraft speed is called ram air and also, it can be produced by the ACM fan suction effect.
After the diffuser, ram air is conducted to both heat exchangers (HX1 and HX2) through the ram duct
(see Fig. 1 or 2 state 2) to cool the bleed air. Upstream both heat exchangers, the ram air enters to the ACM
fan and then is expulsed to the ambient.

Is important to mention that in this configuration, the heat exchangers are placed in a parallel position
which means, the mass flow rate of air that passes through them is distributed but not equally.

2.1.2 Bleed Air Nominal Conditions

Bleed air is the working fluid that feeds the ECS and is extracted from the compressor engine (see Fig. 2)
with constant thermodynamic conditions to ensure the proper functioning of the aircraft engine.

The bleed pressure is regulated to some 250 kPa (from 200 to 300 kPa, depending on the manufacturer);
lower values may be insufficient to force the air through the two heat exchangers in the ECS, and higher
values may be a waste of resources (the higher the bleed pressure, the higher the cost of fuel).

The bleed temperature is regulated to about 450 K (176.85°C). The air bled from the compressor may
be very hot (e.g., at >200°C if compressed from 24 to >250 kPa). Lower temperature values (<450 K)
may be insufficient for activate the anti-icing system, and higher values (>450 K) may cause damage to
composite structures and plastic materials in the neighborhood of ECS ducts (the ducts are made of heat-
resistant fiberglass or aluminum tubes). Notice also that the air conditioning packs are always close to fuel
tanks [23,24].

2.2 Simulation Methodology

Although the present study is based on a detailed numerical model, future experimental validation using
a properly instrumented ECS installation would significantly enhance the reliability and scientific rigor of the
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results. Such an experimental setup would allow direct comparison between predicted and observed system
behavior, thereby confirming the accuracy of the proposed methodology and strengthening its applicability
in real-world scenarios.

The methodology used in this study involves analyzing the different phases of the flight mission of the
Sabreliner aircraft: take-off, ascent, cruise flight, descent, and landing.

To simulate each flight mission phase, input variables such as bleed mass flow, bleed temperature,
bleed pressure, bleed air specific humidity, aircraft speed, flight altitude, and atmospheric parameters (mass
flow, temperature, pressure, and specific humidity) are needed to compute the heat exchanger efficiencies.
Additionally, the ACM compression ratio and cabin exhaust temperature are required to analyze the work
distribution in the ACM and the COP, respectively.

The calculation process is illustrated in Fig. 3, where input and output variables are represented by green
and red boxes, respectively. The output variables are determined from the input variables through an iterative
procedure based on the energy balance of the ACM system.

* 1

Input flight operation Compressor
conditions: power input

Altitude, VelAc:"(.‘MP' T exhaust

Rotational

speed
Fan power
consumption
! Rotational
speed
Turbine power
output

Input bleed conditions:
Mpieeds Thiced Phleed @bleed

Figure 3: ECS calculation process diagram

The process begins with an initial value of the ACM compressor pressure ratio, which is used to
calculate the compressor power input (w,5) and the rotational speed (u¢omp). Once the rotational speed
is determined, it is assumed that both the fan and the turbine operate at the same speed, allowing for the
calculation of the fan power consumption and the turbine power output. If, in the current iteration, the
turbine power output satisfies the specified condition Weomp = Wiurbfmech = Wran» the output variables can
be computed. Otherwise, the iterative process continues until the condition is met.

The setting of each component in the process diagram (Fig. 3) has been done to facilitate analysis
according to the mathematical models developed in the next subsection. In this study, the flight mission
phases are addressed by the flight scenarios. The values of altitude, aircraft speed, ACM compression ratio
and bleed mass flow for each flight scenario are described in Table 1.
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Table 1: Input parameters for simulation of different flight scenarios [22,25]

Flight scenario Unit
Parameter I II III v \Y%
Altitude 0 to 11000 0 0 11,000 11,000 m
Velsc 250 0 to 250 0 250 250 m/s
Tcomp 1.6 1.6 1to2 1to2 1.6

Mpleed 0.3704 0.3704 03704 0.3704 0.19656 to 0.3704  kg/s

In addition to the input variables described in Table 1, other variables such as bleed air temperature,
bleed air pressure, booth outlet temperature, ACM compressor efficiency, ACM turbine efficiency, ACM
fan efficiency and ACM mechanical efficiency are needed to calculate the thermal behavior of each ECS
component. For our study, the values of these input variables were taken from averaging some acceptable
values from [11,12,16,25,26] and they are presented in the Table 2 where it was considered cabin exhaust
temperature as constant with a value of 30°C for obtaining all results.

Table 2: Energy input parameters used for the analytical ECS model

Name Value Unit
Bleed R729 temperature 453.15 (180°C) K
Bleed R729 Pressure 250 kPa
Cabin exhaust R729 temperature 303.15(30°C) K
ACM compressor efficiency 0.7
ACM fan efficiency 0.8
ACM turbine efficiency 0.8
Mechanical efficiency of the ACM axis 0.97

2.3 ECS Mathematical Model

The mathematical model implemented in this study is focused on the heat exchangers, diffuser and
ACM (turbine-compressor-fan).

2.3.1 Characterization of the Heat Exchangers

The heat exchanger geometry used in the Sabreliner’s ECS is shown in Fig. 4, where L¢ is the length
of the heat exchanger cold side parallel to ram air flow; Ly is the length of the hot side parallel to bleed
air flow and Lpx is the heat exchanger height which depends on the number of channels; one hot side
plate joined with one cold side plate form a channel. To characterize the heat exchangers, it is necessary to
establish a nomenclature of the geometrical parameters in the rectangular fin used in the heat exchangers of
the Sabreliner’s ECS as shown in Fig. 5.
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Figure 4: Cross-flow plate-fin heat exchanger structure
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Figure 5: Geometry of rectangular fins of heat exchangers

The heat exchanger fin dimensions for the cold and hot sides used in this study are described in Table 3.
It is necessary to clarify that the model hereby presented belongs to one side (cold or hot) of a heat exchanger,
and can be duplicated to compute the other side. Based on physical parameters described in Table 3, the free
flow area and hydraulic diameter of the rectangular fin can be calculated by means of the Eqs. (1) and (2),
respectively.

Afp=(8=Fgr) (Fuiam = Fyr), 1)

445y _ 2(Fwidarn — Fyr) (8 - Fyr)
P, (Fwidth_ZFgr)+(6_Fgr)

dhiy = : ")

where P, is the wetted perimeter.

Table 3: Hot and cold side geometrical parameters of the heat exchangers in the Sabreliner’s ECS (all given in mm)

Parameter Symbol HX1 HX2

H. Side C. Side H. Side C. Side

Width of the fin a 0.0008 0.0008 0.0008 0.0008

Height of the b 0.0053 0.0063 0.0068 0.0063
fin

Thickness of the Fg, 0.0002 0.0002 0.0002 0.0002
fin

Total width of E,iatn 0.001 0.001 0.001 0.001
the fin

(Continued)
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Table 3 (continued)

Parameter Symbol HX1 HX2
Plate-to-Plate o 0.0055 0.0065 0.007 0.0065
distance
Thickness of the P, 0.0004 0.0004 0.0004 0.0004
plate
Side length L 0.290 0.140 0.290 0.140
Heat exchanger Lyx 0.90 0.175
height

The ratio of the secondary surface area to the total surface area for rectangular fins can be calculated as:

(Fwidth _Fgr) +2(5_Fgr)
2(Fyiaen — 2Fg ) +2(8 - )

In compact heat exchangers, the total heat transfer area per unit volume is larger compared to other
technologies; this characteristic is known as areal density, f (m?/m?). In other words, areal density refers to
the ratio between the total transfer area on one side of the exchanger and the volume between the plates on
that side. For rectangular fins, it is defined as:

fi= (3)

2(Fyiaen — Fgr) +2(8 - F,)
OF,idth

B = (4)
A heat exchanger channel of this type consists of a hot side plate and a cold side plate joined together
(see Fig. 4), so the number of channels that the heat exchanger has is:
Lux

N = 5
chan 8(; + Pgr,C + 8H + Pgr,H ( )

The number of fins in a plate on one side of the heat exchanger can be easily calculated as follows:

L
Fyiden

Nfins = (6)
where L is the length of the opposite side, and multiplying by N, the total fins of the entire heat exchanger
on one side (NTy;,) is obtained. As shown in Fig. 3, aircraft speed has a significant impact on the heat
exchangers, altering the air input conditions and the mass flow rate on the cold side. Similarly, bleed air
flows through all components on the hot side, except the fan. Consequently, the bleed air mass flow rate
significantly influences the operation of the ECS. Then the mass flow through each heat exchanger fin on one
side can be calculated, assuming that the flow distribution is uniform [27], as:

gy 7)
Jin NTfins
From the definition of the mass velocity it is obtained that:
m in
G= 1 (8)

Afs
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Now, the Reynolds number for one fin is computed as:

G-dhyi,
Re= ——— 9
[
Following the definition of the Prandtl number:
C
Pr- % (10)

where C,, is the specific heat at constant pressure and k,;, is the fluid thermal conductivity. The friction factor
for a Reynolds number range of 2700 < Re < 10,000 is defined as [27]:

Fwi 0.034 F . -0.169
f =0.029Re™"% (T‘“h) (%) (11)

Similarly, the Colburn factor for a Reynolds number range of 2700 < Re < 10,000 is defined as:

-0.208

) 0.192 F .
j=0.0233Re‘°-48(%) ( §) (12)

On the other hand, the definition of the Colburn factor is expressed as:
j=St-Pr*f3, 13)
where the Stanton number St is defined as:

mfin‘cp

St = (14)

Combining Eqs. (13) and (14) with (10) and solving for h, the convective heat transfer coeflicient is
calculated as:

j - m in’ C
RIS (15)

Aff - Pr

The pressure drop in the heat exchanger is given by:

2f - L-m?,

AP = f—f’Z (16)

The total surface temperature effectiveness can be determined from:
o =1-f(1-n5), (17)
where:

1/2
tanh 2h (ﬁ)
kfinFgr 2

ny = (18)

V()
kfmFg, 2
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The material thermal conductivity of the fin is k¢;,. One last parameter used in the design that relates
the surface area of one side, A; (m?), to the total volume of the unit V; (m?), is represented by the term
¢ (m*/m?) and for hot side is calculated as:

AH 8H
= — = H _— 5 1
¢ Vr P (8H+8C+2Fgr) 19)

where subscripts H and C represent hot and cold sides, respectively. As mentioned before, it is necessary to
repeat this process for the cold side. Once the convective coeflicients of both sides of the heat exchanger have
been calculated, as well as the surface total effectiveness of each side, it is possible to calculate the overall
heat transfer coefficient of the heat exchanger. But for this, the total volume of the heat exchanger needs to
be known:

Vr =LpLyxLc. (20)
Then the total heat transfer areas of each side are calculated as shown below:

ATy = ¢y Vr (21)
ATc = ¢cVr (22)

Finally, the global heat transfer coefficient of the heat exchanger is computed by means of the following
expression:

U= ! (23)
T 1 ATy

+
Nowhu  Hoche ATc

First, the heat capacities of each side are calculated:

Ci = huCy, (24)
Cc = mcCp. (25)

It is necessary to determine which is the minimum (Cpi, = min(Cpy,Cc)) and the maximum
(Cmax = max(Cpy, Cc)) heat capacity to obtain the ratio of heat capacities as:
Cmin

C, = 26
Cmax ( )

Subsequently, the number of heat exchanger transfer units is calculated:

AT,
ntU = L ATe (27)

min

Finally, the efficiency of the heat exchanger can be obtained [15]:

e=1-exp (CLNTUO-22 (exp (-C,NTU*”®) - 1)) (28)
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Once the heat exchanger efficiency was obtained, the actual outlet enthalpy of the heat exchanger can
be calculated as:

c= hinH _houtH (29)
hinH - hin C
The properties of the air without humidity can be calculated as an ideal gas. For air with humidity the
thermophysical properties (C,, p, 4, k and h) were obtained through the Engineering Equation Solver (EES)
software as a function of the variation of temperature, pressure and specific humidity which are functions of
altitude. They are calculated through the empirical correlations described in Eqs. (30)-(32), respectively.

To initiate the calculation process, it is crucial to establish an atmospheric model that determines the
changes in temperature, pressure, and humidity with respect to altitude. The description of this model is
provided below.

2.3.2 Atmospheric Parameters

It can be observed in Fig. 3 that flight altitude and aircraft speed substantially impact the performance
of each ECS component. Altitude directly influences the diffuser performance and indirectly affects the heat
exchanger efficiencies. Additionally, the power required to generate ram and bleed air mass flows contributes
to computing the COP, meaning that atmospheric conditions are the most influential parameters governing
the ECS. In this way, the model presented here is based on the ISA (International Standard Atmosphere)
[28-30] which defines temperature, pressure and specific humidity as follows:

Tamp = 288.15 — 0.00649 - alt[K] (30)
T b 5.256

P, = 101.325 &) kPa 31

b (288.15 [icPa] (3D

wt o =1.07162111 x 10" - 3.26517615 x 10> alt
+4.22796750 x 10~ alt* — 4.15950020 x 10 " alt’
+4.33594669 x 10 P alt* — 3.06072523 x 10 alt’
8.63838740 x 10 **alt®[g/kg] (32)

*This polynomial function was obtained from Linares [31], which is based on ISA.

The altitude (alt) should be in meters, and the specific humidity should be in grams of water per
kilogram of air without humidity. The given equations are applicable only within the altitude range of
0 < alt <11,000 m. When dealing with air without humidity, the parameter w,,,, is not required. It is
important to note that the thermodynamic properties of humid air used in this study account for the effects of
phase change. However, a detailed analysis of the phase change process itself is beyond the scope of this work.

To determine the temperature and pressure of the ram air at the heat exchangers inlet in the ECS, the
diffuser which is located just before the compression stages of the aircraft engine, is analyzed.

2.3.3 Diffuser

When the aircraft is flying, the initial compression of the ambient air is due to the ram effect. The diffuser
of the aircraft engine is responsible for producing that effect. Eqs. (33) and (34) describe this process.

Tram = Lamb (1 + (())_TI)ZVIZ)) (33)
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The ram power consumption (W,,,,) which is obtained directly from the engine (drag penalty) is
evaluated by:

Wmm = mmm (hram - hamh) > (35)

where:

c=\/y R Tamp (36)

M= VelAc (37)
Cc

mmm = Pram VEZACAmm (38)

2.3.4 ACM Compressor

The compression ratio in the ACM compressor directly determines ACM operation and indirectly
influences the input and output parameters of the two heat exchangers (see Fig. 3). The compression ratio
significantly impacts nearly all the input and output conditions of the ECS components. The compression
ratio is influenced by the shaft RPMs. It is defined as the ratio between the discharge pressure and the suction
pressure within the system. Then the compression ratio is defined as:

Y
_ u? =
T[cump = |:(y 1) ( comp ) + 1] > (39)
Y R- Tin

where ucom, is the ACM shaft rotational speed (ucomp = (RPM ,Dmmp)) and D omp is the compressor
propeller diameter which is shown in Table 4.

Table 4: Geometrical parameters of the Sabreliner’s ECS

Name Value  Unit
Air ram duct diameter 0.18 m
Compressor propeller diameter ~ 0.092 m
Turbine propeller diameter 0.05 m
Fan propeller diameter 0.14 m

The actual outlet temperature and the compressor work can be expressed as follows:

Tout = Tin [1 + (ncjmp) ([I;jl”;t]yy - 1)] (40)

Weomp = f/]jcpo—’],:: ((ﬂcomp)yy_l - 1) (41)
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2.3.5 ACM Turbine

The turbine in the ACM plays a vital role as it harnesses air energy from the high-pressure and high-
temperature to convert it into mechanical work. This work is used to drive both the compressor and the fan,
enabling the continuous circulation of air within the system. As the air expands and undergoes the energy
conversion process in the turbine, a substantial drop in temperature occurs, leading to the cooling of the air.

This temperature reduction is of paramount significance as it contributes to the overall cooling and
thermal management capabilities of the ACM and, in turn, the ECS. The actual outlet temperature and the
turbine work can be expressed as follows:

y—1
Pout 17
Tout = Ti |:1 — Nturb (l - [ P t:I ' )] (42)

The actual turbine work is defined as:

y—1

P Ea
Wiurb = CpTin [1 - |: ;ut:l ] Nturb (43)

in

2.3.6 ACM Fan

The fan in the ACM serves a crucial function by propelling atmospheric air flows towards the heat
exchangers. The fan’s continuous operation ensures a constant supply of air, maintaining a steady flow rate
through the heat exchangers, and facilitating efficient heat transfer to regulate the temperature and climate
inside the aircraft cabin. The actual work consumed for the fan is:

Vel? Vel?
Wfan = (haut - hin + ( Zout) - ( Zm )) > (44)

here is important to consider the kinetic energy due to the initial speed of ram air flow (same as the aircraft
speed and usually when it is greater than 100 m/s, the terms of kinetic energy should be considered). The
actual outlet temperature of the fan is computed as:

y=1
T v —1
Tout = Ti 1+ L > (45)

77fan

where uf,, = (RPM, Df,,), Dy, is the fan propeller diameter shown in Table 4 and the compression ratio
of the fan is given by:

Y

-1\ “a \ |
ﬂfﬂf’l:[(yT) (Rf—Tm)-i-ll (46)

2.3.7 ACM Shaft

The shaft serves as a central component that interconnects the turbine, compressor, and fan in the ACM,
making them function as an integrated system. As a result, the RPMs of these components are inherently
synchronized and operate at the same speed, thus:

RPMcomp = RPMyyrp = RPMfan (47)
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The air expansion in the turbine generates the turbine work that is used to compress the air in the
compressor and to produce the suction effect in the fan. However, the maximum turbine work that can
be transmitted is usually constrained by several losses. The mechanical efficiency (#,,..,) measures the
effectiveness with which the ACM performs.

Weomp T Wran

Wearp = oo = Hfen (48)
Nmech

The speed, work and matching of the three-wheel ACM is achieved through an iterative process which
is presented by Tu and Lin [32]. To evaluate the work distribution in the ACM a new parameter is introduced
a, this parameter measures the work consumed by the compressor.

Weomp = & - Weyrp (49)

This means that the rest of the turbine work is consumed by the fan.

2.3.8 Expression for Calculating the COP

For aircraft ECS, the COP is defined as the ratio of the desired cooling or heating output to the energy
input required to achieve that output. For this study, the COP is expressed as:

COP = — Qcooling

_— (50)
VVINV + Wram

where Wjyy represents the power consumption required to generate the flow of bleed air, which is diverted
from the aircraft’s main engine or auxiliary power unit (APU) to supply the ECS. This power consumption
is computed as:

Winv = fp1eed (Moleed = Dram) - (51)

The cooling effect of Sabreliner’s ECS is directly influenced by the temperature difference between
the ECS outlet and the cabin exhaust. The greater the temperature difference, the more significant the
cooling effect. This direct proportionality means that as the temperature difference increases, the ECS cooling
capacity increases as well, it can be easily seen in the next equation:

Qcooling = mhleedcp (Texaust - TECS) > (52)

where Tgcs is equal to T, calculated from Eq. (42).

3 Results and Discussion

3.1 Validation of the EES Code Designed for the Present Study

The code designed in the Engineering Equation Solver (EES) software for the present study was
validated based on the results obtained by Yang and Yang [12] presented in Fig. 6 of their paper published
in the literature. The authors modeled five different ECS configurations which are two-wheel simple ACS
(2S-ACS), two-wheel bootstrap ACS (2W-ACS), two-wheel bootstrap ACS with high-pressure water separa-
tion (2W-ACS-HPWS), three-wheel bootstrap ACS with high-pressure water separation (3W-ACS-HPWS)
and four-wheel bootstrap ACS with high-pressure water separation (4WACS-HPWS). Each of these five
ECS configurations was analyzed under land conditions (alt = 0 m; Mach = 0) and cruise conditions
(alt = 11,000 m; Mach = 0.85) considering HOT atmosphere conditions (T,,,;, = 313 K).
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Figure 6: Comparison of results of the present study with those obtained from the work by Yang and Yang [12],
(a) Variation of the COP as a function of the engine compressor pressure ratio under land conditions, (b) Variation
of the COP as a function of the engine compressor pressure ratio under cruise conditions, (¢) Comparison of COP
variations under land conditions, (d) Comparison of COP variations under cruise conditions

Among the five ECS configurations studied by Yang and Yang [12], the 3W-ACS-HPWS is similar to the
Sabreliner ECS analyzed in the present study. So, based on the results of this configuration, a comparison of
results with those obtained in the present study was made as shown in Fig. 6. Fig. 6a,b compares the trends
in the engine compressor pressure ratio (7.;) variation with the ECS COP under land and cruise conditions,
respectively. As can be seen, the results obtained in the present study are very similar to those obtained
by [12]. Furthermore, Fig. 6¢,d compares the COP variations under land and cruise operating conditions,
respectively. It is observed that the maximum error for COP variations under land conditions is 5.24%,
while for cruise conditions it is 4.35%. The average error for both conditions is approximately 2.2%, which
is lower than the 5% allowable error in ECS COP assessments. Based on these comparative results, it can
be concluded that the mathematical model developed in the EES software to perform the ECS analysis in
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the present study is reliable and can predict the energy behavior of the Sabreliner ECS components under
different flight conditions.

3.2 Effect of Flight Altitude Variations on the ECS Component Performances

This subsection presents the results of flight scenario I (see the first column of Table 1), where the flight
altitude varies from 0 to 11,000 m. This scenario allows us to understand the behavior of the heat exchangers
and COP in response to variations in flight altitude during the ascent or descent of the Sabreliner.

3.2.1 Heat Exchangers Efficiencies Evaluation Based on Flight Altitude Variations

Under the operating conditions presented in the first column of Table 1, the efficiencies of both primary
and secondary heat exchangers were evaluated using the mathematical models developed in Section 2.3.1.
The behavior of the efficiency of the two heat exchangers when the Sabreliner faces variations in altitude
from 0 to 11,000 m is depicted in Fig. 7, specifically on the right side of the graph.
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Figure 7: Variation of COP and heat exchanger efficiencies with respect to the flight altitude of the aircraft

It can be seen that the efficiencies of both heat exchangers decrease as flight altitude increases. The
density of the heat transfer fluid (ram air) is the property that most affects these efficiencies because it
decreases as flight altitude increases. Consequently, the mass flow of the heat transfer fluid decreases, causing
areduction in the ram air heat capacity (C¢). The decrease in C¢ causes an increase in the heat capacity ratio
(C;), since C¢ is the maximum heat capacity compared to Cy, where its mass flow (#1p..4) is constant and
its magnitude is less than that of the heat transfer fluid.

Based on Eq. (28), it can be understood that the increase in C, will increase the exponential terms of
the equation, resulting in a decrease in the efficiencies of the heat exchangers as shown in Fig. 7. On the
other hand, NTU does not significantly affect the efficiencies because they depend on the heat capacity of
the working fluid, which remains constant.

However, the first heat exchanger (HX1) is more impacted since, in the ECS, the size of HXI is half that
of the second heat exchanger (HX2), meaning that the total heat transfer areas (AT¢ and ATy) in HXI are
smaller. Additionally, it is evident that the presence of humidity in the exchangers negatively affects their
efficiency, with a decrease of about 0.28% in HX1 and 0.16% in HX2 compared to when the ram air is dry.
This is because the density of humid air is slightly lower than that of dry air.
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3.2.2 COP Evaluation Based on Flight Altitude Variations

The behavior of the ECS COP when the Sabreliner experiences altitude variations from 0 to 11,000 m is
described in Fig. 7, specifically on the left side of the graph. Generally, the COP increases as the Sabreliner’s
flight altitude increases. This is a consequence of atmospheric air temperature variations, which can decrease
from 288.15 to 216.8 K during takeoft as altitude increases from 0 to 11,000 m. Consequently, the heat transfer
fluid temperature decreases, improving heat dissipation in the bleed air and subsequently reduces the fresh
air temperature at the ECS outlet (Tgcs). According to Eq. (52), the cooling effect (Qcooling) increases as
Trcs decreases.

It is important to note that, despite this trend, a significant increase in COP is not observed despite
the substantial change in the heat transfer fluid temperature, rising from 0.1 to a maximum value of 0.38
at cruising altitude. This is due to two factors involved in the COP calculation: W,am and Wiyy, which
contribute to reducing the COP (see Eq. (50)). On one hand, the power consumption required to produce
the ram effect and cool the heat exchangers, evaluated by W,,,,, significantly reduces the COP. However, as
flight altitude increases, the heat transfer fluid mass flow (#1,,,,) is reduced (see Eq. (35)), since the density
decreases significantly with altitude, resulting in a considerable decrease in W,,,,. This reduction slightly
benefits the COP as flight altitude increases.

On the other hand, increasing altitude leads to an increase in Wy, as this factor represents the energy
cost associated with adjusting the pressure and temperature of atmospheric air (216.8 K and 22.7 kPa at
11,000 m) to the nominal bleed air conditions (453.15 and 250 kPa) required to feed the ECS. As altitude
increases, the atmospheric air pressure and temperature decrease, resulting in an increase in W,am and Winv
according to Eqs. (35) and (51), respectively.

Regarding the impact of humidity on air, it can be observed that the curves initially differ by approx-
imately 4.11%, reaching a final difference of 9.28% at 11,000 m between both fluids. Additionally, there is a
noticeable altitude range where the COP of air with humidity is lower. This implies that there is a point of
intersection between the two curves, occurring at approximately 850 m. Beyond this point, the COP of air
with humidity becomes higher than that of air without humidity.

At this altitude, the humidity in the ram air does not evaporate during the cooling process of the
heat exchangers, thus maintaining the humidity in a liquid state throughout the heat exchange process.
Consequently, a COP increase results for the case of air with humidity, as liquid water possesses superior heat
dissipation properties compared to water vapor. This is notably evident in the significant difference between
the specific heat of water in its liquid and gaseous states, with the specific heat being higher in the liquid state
than in the gas state.

3.3 Effect of Aircraft Speed Variations on the ECS Component Performances

This subsection describes the behavior of heat exchangers and COP when facing aircraft speed variations
from 0 to 250 m/s during the taxiing of the Sabreliner aircraft as described in flight scenario II (see Table 1).

3.3.1 Heat Exchangers Efficiencies Evaluation Based on Aircraft Speed Variations

Fig. 8 shows the efficiency behavior of the ECS heat exchangers due to the variation in aircraft speed.
Significant negative slopes can be observed in the efficiency of both ECS heat exchangers when the aircraft
speed varies from 0 to 18 m/s for HX2 and from 0 to 35 m/s for HXI1.
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Figure 8: Variation of COP and heat exchanger efliciencies with respect to the aircraft speed on land

This behavior is due to the low ram air mass flow produced by the aircraft’s low speeds, starting from
0 m/s and increasing until 250 m/s. This causes that C¢ progressively increases as the aircraft accelerates,
making C, increase (since Cy,;, = Cc) and consequently decreasing the heat exchangers’ efficiencies. The
slope in these low-speed ranges (<18 m/s for HX2 and <35 m/s for HX1) is steeper because the heat exchanger
efficiency greatly depends on the Reynolds number. With a higher Reynolds number, efficiencies decrease.
This is a direct consequence of the Colburn factor being significantly reduced in Eq. (12). Therefore, if the
speed increases, the efficiency decreases abruptly.

This happens until the ram air mass flow reaches the constant value of the bleed air mass flow (#1y¢.4)
in such a way that C¢ = Cp and therefore C, = 1. At this point, the roles are inverted so that C,,;, = Cyy where
Cy is constant and C,,,, = Cc, reflected in the inflection points shown in Fig. 8 for the mentioned speed
values. As the speed of the aircraft increases, C, is reduced, which causes an increase in the efficiencies of the
heat exchangers. This is because the heat capacities ratio has a greater influence when it is inverted than the
Reynolds number, and since it counteracts the negative effect of Reynolds, the positive slope is smoother.

Moreover, it is evident that the efficiency of HX1 is significantly more influenced by the aircraft’s speed
compared to that of HX2. This is because HX2 efficiency depends on the performance of HXI, with several
output parameters from HXI1 serving as inputs for HX2. This relationship explains the similar behavior
observed in both efficiency curves.

On the other hand, it is noticeable that the negative impact of humidity is more pronounced around
the inflection point of the curve, showing a difference of 0.38% and 0.26% for HX1 and HX2, respectively.
Towards the higher end of the curve, this effect diminishes, reducing to minimal levels of 0.14% for HX1
and 0.04% for HX2. This phenomenon is attributed to the ram effect, which increases the temperature and
pressure of humid air, thereby aligning its properties more closely with dry air, as previously mentioned.

3.3.2 COP Evaluation Based on Aircraft Speed Variations

Fig. 8 illustrates how the COP of the ECS responds to changes in aircraft speed. Initially, a slight decline
in COP is observed when the speed ranges from 0 to approximately 30 m/s. This decline directly correlates
with the decrease in heat exchanger efficiencies discussed in the previous subsection. As the efficiencies of
the heat exchangers decrease, so does the COP. Subsequently, a small increase in COP is noted, similarly
linked to the behavior of the heat exchanger efficiencies. Beyond the earlier mentioned speed range, these
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efficiencies begin to rise, contributing to a slight increase in COP. This relationship is captured in Eq. (52),
where a decrease in the temperature at the ECS output (Tgcs) due to improved heat exchanger efficiencies
leads to an increase in COP (Eq. (50)).

However, as aircraft speed further increases, the COP decreases, consistent with findings from previous
studies such as those by Conceigdo et al. [8] and Alvarenga et al. [11]. This decline at higher speeds is directly
attributed to the power required to generate ram air mass flow and the associated drag effects, evaluated
by Eq. (35). While increasing ram air mass flow can marginally improve COP, the primary impact on COP
stems from the power consumption associated with moving large volumes of air through the heat exchangers.

It is noteworthy that the final COP value at a speed of 250 m/s in Fig. 8 aligns with the initial COP value
corresponding to sea level altitude in Fig. 7. In another scenario, the gap between the two humidity curves
diminishes from 3.26% at 0 m/s to almost negligible levels as speed increases. This convergence indicates
that air with humidity approaches the behavior of dry air as its pressure and temperature rise.

3.3.3 ACM Work Distribution Evaluation Based on Aircraft Speed Variations

An important internal output parameter to analyze is the percentage of work consumed by the ACM
compressor (&), as it indicates how work is distributed along the ACM shaft under various flight scenarios.
The lower portion of Fig. 9 illustrates how the percentage of work consumed by the ACM compressor changes
with aircraft speed.
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Figure 9: Behavior of the ACM work distribution facing the aircraft speed and ACM compressor ratio variation, on
land

It is observed in Fig. 9 that the work consumed by the ACM compressor decreases as the aircraft speed
increases, causing the « to decrease. This is because both the ACM compressor and fan are powered by the
ACM gas turbine, whose power remains constant (see Fq. (48)). However, as the aircraft speed increases, the
ram air mass flow rate also increases, causing a grow in the work required by the fan, and consequently, the
compressor’s efficiency is affected, causing a decrease in «.

Additionally, it is observed that the maximum work consumption by the compressor, approximately
64.4%, occurs when the aircraft is stationary, while the minimum, around 50%, is reached at a speed of
250 m/s. In another scenario, humidity in the air causes approximately 0.1% less work consumption by the
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ACM compressor in the speed range of 0 to 80 m/s. Beyond this range, dry air consumes approximately
0.81% less work.

3.4 Effect of the ACM Compression Ratio Variations on the ECS Component Performances

The ACM compression ratio (7o) is a critical parameter in the ACM model that depends on the
RPMs of the shaft. This ratio defines the ACM’s operational characteristics and significantly influences its
overall performance. Specifically, it represents the ratio of discharge pressure to suction pressure within
the ACM compressor. This relationship between pressure values is crucial as it directly affects the ACM’s
thermodynamic behavior, energy consumption, and heat transfer efficiency.

The compression ratio is analyzed to provide a comprehensive understanding of the system’s response to
variations in ACM rotational speed during real flight scenarios. Subsequent sections will evaluate ECS output
parameters under both ground and cruise conditions, focusing on changes in the ACM compression ratio.

3.4.1 ACM Work Distribution Evaluation Based on ACM Compression Ratio Variations
Static Aircraft on Land

The analysis is based on the third scenario outlined in Table 1. In this scenario, there is no variation
in ACM work distribution relative to the compression ratio of the ACM compressor. This is because, when
the aircraft is stationary on the ground, there is no ram air mass flow (#i1,,,,) generated by aircraft speed.
Consequently, the work consumption of the ACM compressor remains constant at approximately 64%. This
constancy arises from the fact that all three components rotate at the same RPM (as described in Eq. (47)).
Therefore, under these conditions, varying the compression ratio of the compressor (as per Eq. (39)) will
proportionally affect both the compressor and the fan (as per Eq. (46)).

Aircraft Flying at Altitude and Cruise Speed

This flight phase corresponds to the fourth scenario described in Table 1. Fig. 9 illustrates a parabolic
trend in the percentage of work consumed by the ACM compressor under these conditions. Unlike the
stationary scenario, there is variation in the work distribution along the shaft during flight. This variation
can be attributed to the presence of ram air mass flow entering the fan with an initial induced speed (Vel;,).
Consequently, the turbine’s work output (w;,,;) is used to significantly accelerate the speed of air entering
the fan. This leads to a more pronounced change in kinetic energy (as per Eq. (44)) within the fan, resulting
in higher fan work consumption when the compression ratio is low. Furthermore, it is important to note that
humid air results in approximately 3.11% lower work consumption compared to dry air.

3.4.2 COP Evaluation Based on ACM Compression Ratio Variations
Static Aircraft on Land

The behavior of the COP in relation to variations in the ACM compression ratio when the aircraft is
stationary on land is depicted in Fig. 10. The COP increases proportionally with an increase in the ACM’s
compression ratio. This relationship is directly influenced by the enthalpy drop in the ACM turbine.

As the compressor requires more power to compress the air, the enthalpy drop in the turbine increases,
resulting in a significant decrease in the temperature at the turbine’s outlet (Tgcs). In simpler terms,
if the power required by the compressor increases (as per Eq. (41)), Tgcs decreases, leading to a direct
enhancement of the cooling effect in Eq. (52) and subsequently an increase in COP.
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The analysis shows that the highest COP value achieved is associated with an ACM compression ratio of
approximately 2, yielding a COP of around 0.93. This finding is consistent with Yang and Yang [12], affirming
that the ACM compression ratio is the parameter exerting the most significant influence on COP.
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Figure 10: Variation of COP with respect to the ACM compression ratio, on land and cruise

Regarding the impact of humidity;, it is evident that dry air achieves approximately 11.21% higher COP
values compared to humid conditions. This result aligns with previous studies which have consistently shown
that increased humidity during the compression process reduces compression work and, consequently,
lowers the COP [19,33-35].

Aircraft Flying at Altitude and Cruise Speed

Fig. 10 also depicts the COP behavior of the ECS during cruising conditions. A similar trend to that
observed on land can be seen, albeit with smaller COP values. The decrease in COP during cruise flights can
be primarily attributed to two main factors. Firstly, the power consumption of the aircraft engines to produce
the ram air mass flow at cruise speed, along with its associated drag effect. Secondly, the energy required to
compress the atmospheric air conditions (as per Eqs. (30) and (31)) to the pressure level needed by the ECS
(refer to Table 2). These combined effects negatively impact the COP, resulting in its reduced scale during
cruise operations.

In contrast, when the aircraft is stationary, there is no energy consumption due to drag from flowing
atmospheric air. In this scenario, the ram air mass flow is solely due to the fan suction effect and is unaffected
by the aircraft’s motion, thereby eliminating associated energy costs.

It is also noteworthy that despite the lower temperatures of ram air at cruise altitude, which enhances
cooling efficiency compared to ground conditions, the COP is significantly affected by the energy consumed
in the aforementioned factors.

An important observation in this context is that humidity has a positive impact on COP compared to
ground conditions. Specifically, humid air shows an increase of approximately 10.46% in COP compared to
dry conditions.
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3.5 Effect of the Bleed Air Mass Flow Variations on the ECS Component Performances

The analysis is centered on the fifth scenario described in Table 1, detailing the behaviors of the heat
exchanger efficiencies, ECS COP, and ACM work distribution for the Sabreliner aircraft at cruising altitude
and speed, considering variations in the ACM’s bleed air mass flow.

3.5.1 Heat Exchangers Efficiencies Evaluation Based on Bleed Air Mass Flow Variations

Fig. 11 illustrates the behavior of the heat exchanger efficiencies in response to variations in the bleed
air mass flow during cruising conditions. The results indicate that increasing the bleed air mass flow leads
to a decrease in the efficiencies of both heat exchangers. This trend arises because a higher bleed air
mass flow corresponds to a larger thermal load that needs to be dissipated, directly reducing the heat
exchanger efficiencies.
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Figure 11: Behavior of COP and heat exchanger efficiencies facing the bleed air mass flow variation, on cruise

Mathematically, this effect can be understood by the increase in the effectiveness factor, C,, where Cy
increases due to the higher #1;;..4. Consequently, under these conditions, C,,,x equals C¢, while C,,;p,
equals Cy in Eq. (26), resulting in a reduction of heat exchanger efficiencies. Additionally, the increase in
Cy decreases the Number of Transfer Units (NT'U) (as per Eq. (27)), further contributing to the decrease in
heat exchanger effectiveness described in Eq. (28).

The first heat exchanger is particularly more affected because it initially receives and dissipates the
greatest thermal load. In contrast, the second heat exchanger benefits from pre-cooling by the first heat
exchanger and its larger size, which enhances its cooling capacity and mitigates the impact on its efficiency.

Furthermore, the observed behavior parallels as that shown in Fig. 7, where variations in flight altitude
were examined. This similarity arises because the ram air flow is directly influenced by flight altitude.
Similarly, in this case, varying the bleed air flow directly affects the efficiencies of the heat exchangers on the
hot side.

Regarding humidity, dry air shows an efficiency increase of approximately 0.27% in HX1 and 0.28% in
HX2 compared to humid conditions.
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3.5.2 COP Evaluation Based on Bleed Air Mass Flow Variations

Fig. 11 depicts the COP behavior as a function of bleed air mass flow, showing a direct proportional
relationship. As observed, COP increases with higher bleed air mass flow. This increase is primarily attributed
to the corresponding increase in cooling effect (as per Eq. (52)), resulting in an enhancement of COP
(Eq. (50)).

It is important to note, that increasing bleed air mass flow also escalates power consumption by the
aircraft’s engines and decreases the efficiencies of the heat exchangers. These factors contribute to only slight
positive changes in COP despite the increased cooling effect. Regarding the influence of humidity, the COP
is observed to be 9.29% higher when using humid air. This finding corroborates earlier observations that
water content in air reduces compression work. Furthermore, humid air contributes to a higher COP due to
its higher specific heat compared to dry air. However, continuous humidity introduction into the cabin can
lead to undesirable corrosion on surfaces. To mitigate this issue, aircraft cabins are maintained at very low
humidity levels [24].

3.5.3 ACM Work Distribution Evaluation Based on Bleed Air Mass Flow Variations

Fig. 12 illustrates the behavior of the ACM compressor work consumption. There is minimal variation in
consumption, approximately 0.02%, which is expected due to the ECS operating with separate streams—one
for bleed air and another for ram air. As a result, changes in bleed air mass flow do not significantly impact
fan work consumption, as it remains independent of the bleed air mass flow.
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Figure 12: Behavior of the ACM work distribution facing the bleed air mass flow variation, on cruise

Regarding humidity, as anticipated, air with humidity consumes approximately 2.72% less work during
the compression process, consistent with previous explanations.

4 Conclusions

This paper analyzed the effects of flight altitude, aircraft speed, ACM compression ratio, and bleed air
mass flow variations on the performance of ECS components, with a particular emphasis on considering the
influence of atmospheric humidity. To conduct this analysis, a methodology was developed to compute key
output variables.

Heat exchanger efficiencies were computed based on the physical dimensions of the heat exchangers to
better understand the parameters that influence them.
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The results obtained under various flight scenarios are summarized as follows:

« The COP exhibited varying behaviors under different flight scenarios, with humidity in the air showing
an average percentage difference of 7.9% compared to dry air conditions.

« The efficiency of heat exchangers showed an average percentage difference of 0.22% in behavior between
humid and dry air conditions.

o In terms of ACM work distribution, humidity conditions resulted in consuming approximately 2.91%
less work from the turbine compared to dry air.

The COP was found to increase with altitude, ACM compression ratio, and bleed air mass flow, while
it decreased with increasing aircraft velocity. Aircraft speed was identified as the primary external factor
significantly impacting COP due to the energy required to create ram air flow ( Wram ) to cool heat exchangers
and overcome associated drag effects.

Internally, the ACM compression ratio was identified as the key parameter influencing COP, with
significant improvements observed under land conditions as the ACM compression ratio varied. Efficiency
of heat exchangers was primarily influenced by the mass flows of both bleed air and ram air, along with the
Reynolds number. Higher aircraft speeds positively impacted heat exchanger efficiencies, whereas increases
in altitude and bleed air mass flow decreased efficiencies, particularly affecting the secondary heat exchanger
more than the primary.

The work consumed by the ACM compressor showed a decrease with increasing aircraft velocity and
an increase with higher ACM compression ratio and bleed air mass flow. Flight altitude variations did not
significantly affect ACM work distribution.

So that, under both ground and cruise conditions, variations in ACM compression ratio did not
affect heat exchanger efliciencies, while variations in bleed air mass flow during ground conditions did not
influence the evaluated output parameters.

This work has provided a general overview of ECS performance under the various operating conditions
encountered by aircraft in a typical flight mission. It serves as a tool for aeronautical engineers that easily
identifies points of low ECS performance, revealing their possible causes. Various parameters were compared
under varying operating conditions to determine which parameter has the greatest influence on the ECS and
to uncover the causes.

This work seeks to encourage designers to propose solutions to these explored improvement points. It
is also worth mentioning that this opens a field of research to find those balance points where improving
the performance of one parameter does not significantly affect the impact of another parameter on
system performance.

As seen, the COP of this type of system is very low due to its high energy consumption. It's also important
to note that some operating conditions in an aircraft are difficult to avoid; however, it’s possible to propose
new technologies for critical ECS components that reduce high energy consumption or even change the
operating paradigm and migrate it to other types of ECS proposals.

Acknowledgement: Not applicable.
Funding Statement: The authors received no specific funding for this study.

Author Contributions: The authors confirm contribution to the paper as follows: formal analysis, investigation
and writing: J. E. Lopez-Gil; original draft preparation: J. F. Ituna-Yudonago, J. E. Lépez-Gil; project administra-
tion, software, writing—review & editing: J. F. Ituna-Yudonago, V. Pérez-Garcia; conceptualization and validation:
V. Martinez-Calzada, J. L. Rodriguez-Muioz; resources and supervision: J. L. Rodriguez-Mufioz, J. E. Ituna-Yudonago;



1390 Front Heat Mass Transf. 2025;23(5)

visualization and methodology: J. Serrano-Arellano. All authors reviewed the results and approved the final version of
the manuscript.

Availability of Data and Materials: Not applicable.
Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest to report regarding the present study.

Glossary

Nomenclature

a Width of the fin m
A Area m?
alt Altitude m
AT Total heat transfer area m?
Ags Free flow area of the fin m?
b Height of the fin m
c Sound velocity m/s
C Heat capacity W/K
C, Specific heat at constant pressure J/kgK
C, Ratio of heat capacities -
D Diameter m
dh Hydraulic diameter m
f Friction factor -
F.iam Total width of the fin m
Fqr Thickness of the fin m
fs Ratio of the secondary surface area to the total surface area -
G Mass velocity kg/m?s
h Convective heat transfer coefficient W/m2K
h Enthalpy J/kg
j Colburn factor -
k Thermal conductivity W/mK
L Length m
M Mach number -
7 Mass flow kg/s
Nihan Number of channels -
NTfins Total number of fins on one side -
NTU Number of heat exchanger transfer unit -
P Pressure kPa
Pr Prandtl number -
Py, Thickness of the plate m
P, Wetted perimeter m
Qcooling Cooling Effect w
R Universal gas constant J/kgK
Re Reynolds number -
St Stanton number -
T Temperature K
Tgcs Environmental control system output temperature K
Texaust Cabin exhaust temperature K

u Rotacional speed m/s
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U Global heat transfer coeflicient

Vel Velocity

Vr Total volume of the unit

w Specific work

Winv Power used to produce mass flow of bleed air
Wiam Power used to produce mass flow of ram air
Abbreviations

ACM Air Cycle Machine

ACS Air Cycle System

CMP Centrifugal compressor

COP Coefficient of Performance

DIF Diffuser

ECS Environmental Control System

FAN Axial palette fan

HPWS High-Pressure Water Separation

HX Heat Exchanger

ISA International Standard Atmosphere
PID Proportional-Integral-Derivative

ram Airflow created by a moving object
RPMs Revolutions per minute

TRB Radial expansion turbine

VCM Vapor Cycle Machine

Greek Symbols

o Percentage of turbine work consumed by the compressor:
B Area density

0 Plate-to-Plate distance

AP Pressure drop

€ Heat exchanger efficiency

n Efficiency

o Total surface temperature effectiveness
s Compression ratio

T Engine compression ratio

¢ Ratio of the surface area of one side to the total volume of the unit
P Density

Y Viscosity

y Ratio of specific heats

w Specific humidity

Subscripts

amb Atmospheric air

AC Aircraft

bleed Bleed air

C Cold side

comp Compressor

fan Fan

fin Rectangular fin

H Hot side

HX1 Primary heat exchanger

HX2 Secondary heat exchanger

1391

W/m?K
m/s

J/kg
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max Maximum

mech Mechanical

min Minimum

in Input parameter

out Output parameter

ram After ram effect

turb Turbine
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