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The concept of using an exergy-based approach as a thermal design methodology tool for integrated aircraft
thermal systems is introduced. An exergy-based approach was applied to the design of an environmental control
system (ECS) of an advanced aircraft. Concurrently, a traditional energy-based approach was applied to the
same system. Simplified analytical models of the ECS were developed for each method and compared to assess
the ability of each method to suggest optimal design paths. The study identified some roadblocks to assessing the
value of using an exergy-based approach: Energy and exergy methods seek answers to different questions, making
direct comparisons awkward, and high-entropy generating devices can dominate the design objective of the exergy
approach. Nonetheless, exergy methods do approach design differently, providing a ready estimate for efficiency
on a component and system basis. Multiobjective optimization tradeoff studies between design weight and entropy
generated were used to determine optimal design points. The results from the two analyses provide similar but
different decision solutions. The methodology and its implementation are illustrated.

Introduction

N thermal systems, decisions are based, in part, on the thermody-

namic behavior of the component or system. Traditional design
procedures use an energy-based approach for decision making. Es-
sentially, this is a thermodynamic first-law analysis. Exergy-based
methods deal with the simultaneous application of the thermody-
namic principles of the first law and second law to component or
system design. Exergy analysis yields an optimal solution based
on an objective of entropy generation minimization. Energy-based
methods are built on the fundamental concept that energy flows into
and out of a system through heat transfer, work, and mass flow.
That energy must be conserved is the basic premise of the first law.
On the other hand, exergy represents the ability to do work or, put
in a different way, the ability to bring about a desired change. Ex-
ergy is not conserved and, in fact, is partially or totally destroyed.
The amount of exergy destroyed is proportional to the amount of
entropy generated. It is the destroyed exergy that brings about the
componentor systeminefficiency. Hence, a design process based on
minimizing entropy generation, which reduces exergy destruction
to improve efficiency.

The exergy concept can be applied to the optimal design of sys-
tems. There are two levels of design where this can be applied: archi-
tectural system design, where the basic system form is established,
and detail system design, where the subsystems and components
are specified. In architectural system design, exergy methods may
be advantageousin guiding the conceptual design process that con-
figures the system. In this manner, form and function flow out of a
best use of energy framework. Indeed, most biological and natural
systems have evolved based on the same concept of minimizing en-
ergy waste, and future aircraft should benefit from this viewpoint.In
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detail system design,exergy methods may be advantageousin deter-
mining the best operating conditions or better componentselection.
In this manner, the system can reduce parasitic losses and make the
best use of available energy. This paper explores the latter case.

Exergy-based methods applied to the design of aircraftintegrated
systems have been discussed as having advantages over traditional
methods. The approachhas been applied to components and to land-
based power plant design (for example, Refs. 1-3). Tipton et al.*
and Figliola and Tipton® first applied exergy methods to the envi-
ronmental control system of an aircraft. An attempt is made to meet
design objectivesthat make the bestuse of available energy by look-
ing at the irreversibilities associated with the entropy generation of
each component. An attractive feature of the method comes from
entropy as a property. [rreversibility within a system is related to
the sum of the entropy generated by each componentin the system.
Constraints, such as size or weight, are readily imposed. However,
the demonstration of a completely optimized design of an aircraft
system using exergy methods has not been documented.

The original motivation for this work was prompted by a study
made to evaluate the aircraft-level impact of using spray-cooling
technology in an avionics chassis, which was part of the environ-
mental control system (ECS) of an advanced aircraft* More re-
cently, participants at U.S. Air Force sponsored workshops® identi-
fied severalunresolvedquestionsof importancein moving toward an
innovative, fully integrated design methodology for air vehicles. Of
these, an unambiguousdemonstrationof exergy-basedmethodology
advantagesat the system and aircraftlevels was a priority. This paper
explores that conceptof using an exergy-based method as a thermal
design methodology tool for integrated aircraft thermal systems.

Approach

A conventional energy analysis of an integrated system in-
volves a first-law, thermodynamic energy analysis performed on
a component-by-component basis throughout the system. Compo-
nents included consist of heat exchangers, including ram air loss,
turbomachine devices, throttle devices, sprayers, combustors, and
plumbing. Changes in the system properties are related to changes
in energy. System performance is determined for a given set of op-
erating conditions. As an example, the first law applied in a control
volume analysis has the form
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where w is mass flow rate, / is enthalpy, Q is heat transfer, and W
is work. The optimal design of the system is determined by varia-
tion of appropriate parameters in an effort to minimize an objective
function,such as to minimize energy usage [or, equivalently, for air-
craft, to minimize the gross takeoff weight (GTW)]. For example, in
aircraft systems, an optimal design may correspond to minimizing
fuel or weight, or it can be related back to minimizing drag. The
controlling variables of the design process reduce to weight, engine
power extraction to drive the necessary components, and drag, with
constraints such as size imposed. A final review is made to ensure
that the optimum design satisfies all of the performance require-
ments of the system for a given application. Because this method is
the conventionalanalysis, we will not go into detail on its approach.

An exergy analysis of an integrated system incorporates second-
law concepts into the analysison a component-by-comporent basis
in terms of each component’s entropy generation. Entropy genera-
tionrelates to losses or energy waste, that s, irreversibility.Changes
in the system can be related to changes in entropy. The attractive
feature of such an analysis lies in the physical attributes of entropy
as a property: The total entropy generation of each subsystem is
simply the sum of the individual entropy generations of each com-
ponentwithin the particularsubsystem.” Similarly, the total entropy
generation of the overall system is determined from the summation
of the individual entropy generations of each subsystem. Therein
lies an advantage to this method, in that inefficiency can be read-
ily quantified and audited. Thus, this type of analysis results in a
common measurementof inefficiency for each of the componentsin
the system, thereby disclosing the problem areas of the system that
can be improved. It can be expanded to include manufacturing and
maintenance efficiencies. Furthermore, it should provide a basis to
compare systems that are quite different in a physical sense, such
as structural, power, and aerodynamic systems. An objective for the
optimal design is to minimize the entropy generation (or minimize
exergy destruction) of the system.

For purposes of estimating component or subsystem irreversibil-
ity for open systems, it is convenient to write the second law in the
form of entropy generation® for a control volume analysis as
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where s is entropy and T is temperature. This defines the rate of
entropy generation across the component or subsystem being eval-
uated. For example, within all connecting ducts and pipes, entropy
generation is related to pressure drop and friction losses and can be
modeled as

Seen = (@/pT)Ap 3)

and, within heat exchangers, by temperature and flow work poten-
tials by a form of

Sgen = a)cp E"”(Toul/Tin)l + a)cp E“(Toul/Tin)Z

—wR E"”(poul/pin)l —oR e“(poul/pin)Z (4)

where subscripts 1 and 2 refer to the mass streams. Combining
Egs. (1) and (2) yields a basis for exergy analysis

Wrev - W = T(J Sgen (5)

where the reversible work W, is determined in the limit as the
entropy generationis taken to zero. Thus, the rate of thermodynamic
irreversibility in an engineering system is directly related to lost or
wasted useful power. The system irreversibility is related to the net
entropy generationrate for the system and a reference temperature
Ty, for example, environment absolute temperature.® The analysis
reduces to one of minimizing entropy generation within imposed
constraints. It will suffice to calculate the rate of entropy generation

in comparing various system configurations for an optimal solution.
Thus, by estimating the entropy generation of a component, it is
possible to determine its contribution to the total irreversibility of
the system.

To accomplish the entropy generation analysis of an overall sys-
tem, an entropy generationnumber has been developedas the nondi-
mensional form of the rate of entropy generation. A number of ap-
proaches for estimating this number have been used (for example,
Refs. 1, 3, 7, 10-12), but they all serve the same purpose. Here, we
normalize the rate of entropy generation with respect to the heat
transfer and junction temperatures associated with the particular
deviceto create an entropy generationnumber N,. A typical form is

yoTd _ w (aP) AT AT - ©
P grdx T pq dx T T

where ¢’ is heat flux, p is a fluid density, d P /dx is a pressure drop,
and AT is a temperaturedrop across a component. This approachis
applied to each componentand connecting ductwork. This equation
is composed of two parts: one due to a friction pressure drop and
one due to heat transferacross a finite temperature difference. When
applied to a particular component or subsystem in the design stage,
the effects of these two terms oppose one another. Consequently,
it is possible to determine an optimal design, or range of optimum
designs, of each component based on this concept of entropy gen-
eration minimization. This approach will result in a common mea-
surement of inefficiency for each of the components in the system,
each described by its Ny, thus, disclosing problem areas that could
be improved with the joint objective of minimizing the GTW of the
aircraft.

System Model

A model of the ECS of an advanced aircraft, which encompasses
seven integrated subsystems, was developed by Tipton et al.* and
Figliola and Tipton.> A simplified schematic of the coupled sub-
systems and components that comprise a typical ECS are shown in
Fig. 1. Inthisexample, the ECS analyticalmodel for each subsystem
was coded, and its computational engine currently resides behind a
spreadsheet-styleuser interface. Numerical data were easily linked
as well. An example of the userinterfaceis shownin Fig. 2. All ther-
modynamic properties and energy and exergy evaluations required
in the analysis for the various subsystems of the ECS are either de-
rived in separate algorithms or obtained from manufacturers and are
linked to the model.

The model includes a methodology to analyze each subsystem,
componentby component,for each separate mission aspect, or as in-
tegrated over the mission. In this paper, only the cruise portion of the
mission is reviewed. The results of the energy analysis are to deter-
mine ultimately the fuel penalty or GTW associated with the system.
The results of the exergy analysis are used to reduce N; for the sys-
tem while satisfying the mission performance requirements of the
ECS. All variables can ultimately be expressed in terms of weight,
drag, or engine power or bleed extraction as described in Refs. 13
and 14. Last, multiobjectiveoptimizationdecision-basedapproachs
are applied in a tradeoff study between these two objectives.

In Fig. 1, the seven integrated subsystems are defined within the
model with respect to the aircraft ECS as the 1) cold poly-alfa—
olefin (PAO) loop, 2) vapor cycle system, 3) air cycle system, 4) hot
PAO loop, 5) oil loop, 6) hydraulic system, and 7) fuel loop.

In Fig. 1, a spray-cooled avionics chassis was considered to be
located within the cold PAO loop of the system, in which PAO is
the coolant used in this closed-circuit liquid loop. To model this
subsystem, the cooling requirements of the avionics box, such as
the fixed junction temperature and heat load, are first given as initial
or boundary conditions to the closed loop. Also, the mass flow rate
of the coolant is assumed from the ECS performance on a typical
advancedaircraft. Even though this flow rate is constant throughout
the loop, it was treated as one of the many optimization parameters
of the overall system. The pump power required to drive the coolant
around the loop is calculated from the pressure drop in the liquid
line, including the losses associated with the avionics box and the
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Fig. 1 Schematic of the environmental control system on an advanced aircraft.
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Fig. 2 User design interface for the ECS.

evaporator. Finally, the heat load of the evaporatoris determined by
summing the heat load of the avionics box and the work load of the
pump.

The vapor cycle system comprises four components. R-12 is the
chosen refrigerant,based on its top performancein similar analyses
done using other refrigerants. An iterative procedureis employed to
converge on the size of the heat exchangerneeded to ensure that all
of the heatload on the refrigerantside of the condenseris transferred

to the liquid side (hot PAO loop). The first step in this convergence
procedure is to assume an initial value for the condensing temper-
ature (temperature of the refrigerant at the condenser outlet). Next,
following a complete analysis of each of the components within the
refrigerationcycle, the condenser load is calculated on both the re-
frigerant side and the liquid side of the heat exchanger. Depending
on the magnitude of the difference between the two calculated con-
denser heat loads, the condensing temperature is then modified, and
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Table1 Typical heat loads and engine fuel flow rates with mission

Operating Engine flow rate Engine load Hydraulic load Oil load Air load
condition (Ib/min) (kg/s) (Btu/min) (kW) (Btu/min) (kW) (Btu/min) (kW) (Btu/min) (kW)
Ground idle 20(0.15) 2697 (47.42) 1542 (27.1) 602 (10.59) 570 (10.02)
Cruise 40(0.30) 6445(113.3) 1663 (29.2) 620 (10.90) 341 (6.00)
Supersonic 200 (1.51) 14,009 (246.3) 2003 (35.2) 700 (12.31) 566 (9.95)
Loiter 80 (0.60) 5598 (98.44) 1752 (30.8) 490 (8.62) 700 (12.31)

the thermodynamic calculations are repeated until the difference is
within some predetermined tolerance or convergence requirement.

The primary purposeof the air cycle systemis to providesufficient
cooling to both the cabin of the aircraft and the additional avion-
ics equipment having significantly less power generation than the
aforementioned avionics box in the cold PAO loop. To accomplish
this, bleed air is extracted from the engine and cooled through an
open circuitair loop beforeitis either ventilated through the cabin or
blown over the avionics equipment. The two cooling requirements
necessary for modeling this subsystem include the airflow rate and
the junction temperature at the air/avionics interface. However, to
simplify the results in this paper, the details of the air cycle system
are excluded.

The only interface between the air cycle subsystem and the liq-
uid loop occurs in the heat exchanger between the hot PAO loop
and the air cycle system. Henceforth, the heat load at this interface
(PAO/air heat exchanger) is simply treated as one boundary condi-
tion to the hot PAO loop. Typical values for this load were obtained
from the ECS performance of an advanced aircraft under four sepa-
rate operating conditions and are listed in Table 1. These operating
conditions have been chosen to representthe flight mission of a typ-
ical advanced aircraft and are used in the performance evaluation of
the system design.

Similar to the cold PAO loop, the hot PAO loop is also a closed-
circuit liquid loop using PAO as the coolant. In addition, the two
boundary conditions for this particular subsystem are found to be
the heat loads of both the condenser and the PAO/air heat exchanger
determinedearlier. First, the pump power necessary to drive the fluid
through the closed loop is calculated from the total pressure drop
throughthe liquid line, including the three heat exchangers.Next, an
iterative procedure is again employed to converge on the size of the
PAO/fuel heat exchanger needed to ensure that all of the heat load
on the PAO side is transferred to the fuel, which represents the heat
sink to the overall system. This procedure is very similar to the one
used in the vapor cycle analysis; however, the temperature of the
fuel leaving the tank (refer to Fig. 1) is used as the initial condition,
rather than the temperature of the PAO in the heat exchanger.

The lubricant used within the closed-circuit oil loop is L7808.
The primary importance of this subsystem s to cool the mechanical
gearbox and the generatorsdriven by the jet engines, which are used
to produce the power required to run such system components as
the vapor cycle compressor and the hydraulic pumps. To model this
subsystem, a temperature cooling requirement for the mechanical
equipment, along with a heat load for the fuel/oil heat exchanger,
are necessary for each of the aforementioned operating conditions
of the aircraft. Similar to the PAO/air heat exchanger mentioned
in the air cycle system discussion, typical values for this heat load
were obtained from the ECS performance of an advanced aircraft
under the same operating conditions. Finally, this heat generated by
the mechanical equipmentis transferredto the fuel loop through the
fuel/oil heat exchanger.

The oil used in the hydraulic system is 83282. Of primary impor-
tance to this subsystem is the cooling of the hydraulic equipment
used to operate the landing gear and the flight control surfaces of the
aircraft throughout a mission. Again, the details of this subsystem
are excluded here, with the exception of its single interface with the
fuel loop. Consequently, a temperature cooling requirement, along
with a typical fuel/hydraulic (F/H) heat exchanger load for each
of the four operating conditions of the aircraft, are necessary for
sufficiently modeling the hydraulic system.

The JP4 fuel loop serves as the heat sink for the entire liquid cir-
cuit of the ECS. The boundary conditions to this subsystem include

the already determinedheatloads from the PAO/fuel heat exchanger,
the fuel/oil heat exchanger, the F/H heat exchanger, and the engine
heatload. As before, the engine heat loads necessary for a complete
analysis of the system were obtained from the ECS performance of
an advanced aircraft for each of the aforementioned operating con-
ditions. In addition to the heat loads, limits on the fuel temperature
(146-149°C) and an engine fuel flow rate required by the engine
are necessary for each of these operating conditions. Average fuel
temperaturesin the tank were maintained at 46°C.

Together with the boundary conditions of the subsystem, an iter-
ative procedure is used to converge on the sizes of both the fuel/oil
and the F/H heat exchangers. Once these two heat exchangers are
sized, the fuel flow rate through the fuel cooler (illustratedin Fig. 1)
is then determined by subtracting the engine fuel flow requirement
from the total fuel flow rate out of the tank. Next, the fuel cooler is
sized with an iterative procedure so that the resulting temperature
of the fuel entering the fuel tank is equal to the temperature of the
fuel leaving the tank. In sizing the fuel cooler, the various altitudes
and Mach numbers experienced by the aircraft over an entire flight
mission must be taken into account due to their significantinfluence
on the airflow rate through the ram air scoop.

Results and Discussion

In the traditional energy analysis, system performance and com-
ponent weights can be determined by weighing the cooling require-
ments of a particularcomponent with the performancerequirements
of the aircraft. This design approach is similar to the traditional en-
ergy conservationmethods found in the integrated thermal manage-
ment procedurescurrently used by industry. Results of such analyses
provideram airflow/drag measurements,equipmentweights, engine
horsepower extraction, and engine bleed extraction. In Ref. 13, a
corresponding fuel penalty can be calculated for each of the aircraft
penalties and summed to determine the total fuel penalty or GTW of
the aircraft. (Note, the calculated overall GTW is that due to the sys-
tems and variables included in this ECS model, and is not the total
GTW oftheaircraft.) Next, the optimum design of the overall sy stem
can be determined by varying such parameters as heat exchanger
effectiveness, heat exchangersize, and ECS coolant flow rate in an
effort to minimize the total GTW of the aircraft. Finally, this result-
ing optimum system design undergoes a performance analysis to
determine whether it satisfies all of the aircraft operating conditions
in a flight mission typical of an advanced aircraft.

In exergy analysis, each component of the system, including the
avionics box, compressor, expansion valve, heat exchangers, and
pumps, is evaluated in terms of its entropy generation. Next, due
to the physical attributes of entropy as a property, the total entropy
generation of each subsystem is found by simply summing the in-
dividual entropy generations of each of the components within that
particular subsystem. Finally, the total entropy generation of the
overall system is determined by summing the individual entropy
generations of each of the seven subsystems.

The total GTW, as defined here, refers to the fuel penalty por-
tion associated with operating the system and the fixed component
weight portion. The component weights used were representative
only. In this paper, the fuel penalty portion of the GTW is composed
of four distinct fuel penalties: equipment weight penalty, ram air
penalty, bleed air penalty, and shaft horsepower extraction penalty.
Consequently,the controlling variablesof the design processinclude
the size (or weight) of the three aforementioned heat exchangers,
flow rates of both ram air through the fuel cooler and bleed air off
of the engine, and power necessary to drive the compressor and the
coolant pumps.
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A system-level sensitivity analysis of the design based on heat
exchanger effectivenessand coolant mass flow rate was performed,
with the objective of minimizing either GTW or N;. Compo-
nents relevantto this discussionincluded the evaporator, condenser,
PAO/fuel heat exchanger, and fuel cooler and the hot and cold
PAO loops. Effectiveness was confined to a range of between
0.50 <¢ <0.95. Mass flow rate was confined to a range of between
125 < w < 425 Ibm/min (57 < w < 193 kg/min).

Figures 3 and 4 demonstrate results for the PAO loop shown in
Fig. 1 for GTW and for N; against coolant mass flow. A consider-
able amount of detail can be extracted from the sensitivity analysis.
In Fig. 3a, system GTW is plotted vs cold PAO mass flow rate. A
16% increase in component weight is noted as mass flow rate is
increased over its range due to the increased size of the evaporator
required to handle this. Although the increased mass velocity im-
proves the heat transfer coefficient, the heat exchangereffectiveness
decreases,requiring an increase in heat transfer area and size. How-
ever, the shaft horsepower extraction weight penalty was found to
decrease, whereas the pump power weight penalty increased. The
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accompanyingreductionin condensing temperature with increased
mass flow rate lead to a slight decrease in ram air fuel penalty
because a reduction in temperature at this point in the cycle subse-
quently reduces the mass flow rate of fuel necessary to maintain the
engine fuel temperature, reducing the required ram air flow rate. In
Fig. 3b, the coolant mass flow rate is seen to influence the entropy
generation of the system. Interestingly, for the avionics box, the re-
sulting decrease in temperature difference across the box balanced
out the increase in entropy generation associated with the increased
mass flow. On the other hand, the corresponding increase in tem-
perature difference across the evaporator and the increased pump
requirements contributed to entropy increases. At 300 Ibm/min, an
increasein the mass flow of fuel was required to maintain the engine
fuel temperature limit, providing an increase in entropy generation.
A minimum in GTW occurs at 300 Ibm/min, whereas a minimum
in N, occurs at 275 Ibm/min.

Similar detail can be extracted from the results for the hot PAO
mass flow rate in Figs. 4a and 4b. Both cases show a rapid drop in
GTW and N; as coolantmass flowis increasedto about 260 1bm/min.
For flow rates above 260 Ibm/min, the GTW remains about constant.
Entropy generation sees a moderate increase above 260 lbm/min,
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mostly due to higher net losses associated with the higher flow rate
and pump requirements against the system gains due to lower tem-
perature differences. A minimum in GTW occurs at 300 lbm/min,
whereas a minimum in N, occurs at 260 Ibm/min.

Figures 5 and 6 demonstrate the results for the evaporator and
condenser in the PAO loops for GTW and N; against effectiveness.
Figure 5a shows the results for GTW vs evaporator effectiveness.
Component weight increases with effectiveness due to the increase
in heat exchanger size. However, there is a nearly 35% decrease
in shaft power extraction weight penalty as effectiveness increases
over the tested range. As evaporator effectiveness increased, the
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Fig. 6a GTW vs condenser effectiveness: ¢, weight; m, ram air; A,
power; and X, total.
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Fig. 6b Entropy generation number vs condenser effectiveness: 4,
cold PAO; m, vapor; A, hot PAO; X, fuel; and X, total.

condensing temperature of the vapor cycle was found to decrease,
reducing the temperature gap between the heat exchangers and re-
ducing the compressorrequirements. Figure 5b shows the results for
N; vs effectiveness for the evaporator. N, decreases with increasing
effectivenessthrough a value of 0.75. Above this value, an increase
in the mass flow rate of fuel required to maintain the engine fuel
temperaturelimit lead to an increasein the entropy generation of the
system. For each method, a minimum in effectiveness was found at
0.75. Similarly, Figs. 6a and b show the results for GTW and N; vs
condenser effectiveness. In Fig. 6a, the GTW reaches a minimum
at an effectiveness of 0.8. In Fig. 6b, N, reaches a minimum at an
effectiveness of 0.8.

The results of the two methods as applied in this study provided
similar, but not exact, optimal solutions. Some differences can be
attributed directly to uncertainty. As can be seen in Figs. 3-6, high-
entropy generating devices have a strong impact on decisions. The
combustion and mixing of the fuel has a strong role in computing
the entropy generationassociated with the system design, whereas it
is not directly considered in computing the GTW or fuel penalty of
the ECS system. Limiting the uncertainty in the entropy generation
estimation is likely to be important in the success of the exergy
method, and rigorous methods to evaluate uncertainty exist.”” In
Figs. 3b, 4b, 5b, and 6b, the exergy methods do demonstrate an
optimal operating condition, providing a clear decision basis. The
energy method results in Figs. 3a, 4a, 5a, and 6a are more vague,
relying on the designer’s experience for selection.

A pareto optimal design set was generated through the two simul-
taneous objectives to minimize entropy generation and to minimize
GTW. A genetic algorithm was used in this optimization. Figure 7
shows the results of the tradeoff study with each data pointdesignat-
ing a unique design solution. The abscissa has been normalized as
1 — x, where x is the percent fraction between the minimum design
weight solution and the heaviest design weight solution. Solutions
toward the left side of the plot will weigh GTW more heavily in the
tradeoff design, whereas the right-hand side solutions will weigh
entropy generation more heavily. Overall, the range of the weights
varies by about 8%, suggesting the closeness of the two approaches.

In concept, the design that meets constraints but minimizes en-
tropy generation should yield an optimal solution. A fundamental
issue remains that bears on the proposedobjectives. When these two
approaches are used independently,direct comparisons are difficult
to make. Each approach intrinsically asks a separate question; they
have different objectives. In the context of the imposed problem
concerning ECS design, energy analysis seeks answers to the ques-
tion: How much additional fuel will it cost to overcome the aircraft
penalties imposed by the ECS performance requirements? Its opti-
mal designis the one thatimposes the smallest fuel penalty, resulting
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in the minimum GTW, thus leading to the minimum cost. Exergy
analysis seeks answers to the question: How much excess fuel is
wasted or not utilized to its potential to overcome irreversibilities
associated with the ECS design? Irreversibility is associated with
wasted energy or destroyed exergy with its associated increase in
entropy generation. Its optimal design is the one that minimizes
the excess fuel needed to operate the ECS. This work formulates a
working demonstrationof applyingand interpretingexergy analysis
as a viable design tool for aircraft systems.

Conclusions

Two methods for analyzing and evaluating the ECS on an ad-
vanced aircraft have been compared in this paper. An exergy-based
approach was applied to the design of an ECS of an advanced air-
craft. Concurrently, a traditional energy-based approach was ap-
plied to the same system. Simplified analytical models of the ECS
were developed for each method and compared to determine the
validity of using the exergy approach to facilitate the design pro-
cess in optimizing the overall system for a minimum GTW. The
study identifies some roadblocks to assessing the value of using an
exergy-basedapproach. The results from the two analyses provided
similar, althoughnot exact, solutions and differentinformation. Be-
cause energy and exergy methods seek answers to somewhat differ-
ent questions, direct comparisons are awkward. Also, high-entropy
generatingdevices were seen to dominate the design objective of the
exergy approach. Nonetheless, exergy methods do provide decision
information to aid design, providing a ready estimate for efficiency
on a component and system basis and indicating optimal operating
conditions. Further progress is necessary to validate the hypothe-
sis that exergy-based methods are advantageous for the design of
integrated systems.
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