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1.

2.

3.

PURPOSE :

-2 -

The purpose of this AIR is to provide aircraft ECS engineers and

their managers with information about a generalized computer program method
for calculating steady state thermodynamic performance of an aircraft

environmental control system.

Many current computer programs are

"company

proprietary" or tend to be specifically oriented to a particular ECS

configurati

on or system. This AIR describes a computer program ge

neral

enough to allow analysis of essentia]]y all types of environmental control

systems.
industry.

detailed system performance analysis.

It is available to companies in the environmental control system

The general nature of the computer solution is useful for sizing
activities and trade study during a preliminary design phase, as well as for

The intent of this AIR is i

improved

communication between a1rcraft user, aircraft manufacturer, and ECS equipment

suppliers b
the Advance
further img

SCOPE :
performance
calculate s
computer pr
components
flexibility
requirement
testing, p1
are not ave

This docume
particular
and is avai
developed \
Laboratory

The basic d
Methods of
computer sy
Timitations
facilitate
also discug

GENERAL FEA

Many different computer programs have been developed to de

Th1< AIR d

d Environmental Control System Computer Program, and sy
rovements to expand its capabilities.

capabilities of aircraft environmental controV systems
ize and weight tradeoffs during preliminary(design. Ma

ograms are limited in scope to a particular arrangement

for a specific application. General techniques, provig
to handle varied types of ECS configurations and diffe
s (i.e., during conceptual or preliminary design, devel
oduction, and operation) are designated "company propri
ijlable for industry-wide use.

nt describes capabilities, Jimitations, and potentials
computer program which provides a general ECS analysis
lable for use in industry. This program, names AECS!,

escribes
ggests

termine

, and to

ny of these
of

ing

rent
opment,
etary" and

of a
capability,
was

nder the sponsorship-of the U.S. Air Force Flight Dynamics

(References 1 and 2)«

perating modes and organizations of the program are deg
problem definition, data inputs and outputs, control of
stem are discussed. The program's key capabilities anc
, and recommendations for future improvements in AECS 1
its use_as an industry-wide acceptable method for analy
sed.

TURES OF AECS: The generalized AECS steady state compy

has the lollow1ng features:

1)
includi

systems, open or closed loop systems,
expendables as heatsinks, and pressurization systems.

these s

ng air cycles (both simple and bootstrap),

It can
ystems alone or in combination.

TInitially IECS

cribed.
tions, and

0
sis, are

ter program

The program can analyze current types of environmental control systems
vapor cycles, hybrid
liquid or gas cycles, fuel and

analyze
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3.

4.

4.1
¢

(Continued):

2) The particular system configuration for analysis is entered into the
program as input data, without programming language or change in the
program. No computer programming capability is required to
program.

use the

3) The program is capable of evaluating ECS functions such as cockpit
heating, cooling, and pressurization; avionics cooling; and air for
anti-ice and rain removal, transparency defog, and auxiliary

pressurization.

4) The program includes some generalized heat transfer capability to compute
aircraft, compartment, and system heat loads.

5) The program, in addition to providing detailed thermodynamic|cycle data
for the performance of a given system for parlticular flight| conditions,
provides the capability to conduct sizing studies;,on a comppnent and on
a system basis. The sizing studies include the impact of weiight, cost,
and reliability, and consider the effect on overall aircraft| penalty.

6) The program can be used to obtain simplified approximations [for
conceptual studies, or detailed system characteristics for specific
aircraft performance.

7) The program is usable on a major computer system. It is relptively
simple to use by personnel familiar with aircraft ECS analysps. Means
for rapid troubleshooting of errors and non-convergence are provided.

8) The program utilizes standard input-output'formats and units)

9) The program is flexjble for relatively simple additions and fhanges.

AECS COMPUTER PROGRAM: ~ The AECS Computer Program calculates stepdy state

performanfe and preliminary sizing information for almost any aipcraft ECS.

Program organization, solutions techniques, use, and output content are

summarize

1 herein.

History

bf-Program: Development of the AECS Computer Program was sponsored
by the Uﬁmwmmw 1972
(Reference 1), at which time it was designated as IECS. A user
was issued in March 1976 (Reference 3). Improvements were comp

August 1976 (Reference 2), at which time it became designated as the AECS

Computer

Program. A subsequent update was issued in 1982 (Refe

's supplement
leted in

rence 5).
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4,2 AECS Capabilities:

@

463

-4 -

The AECS Computer Program calculates steady s

tate

thermodynamic performancez, estimated component and system sizes, weights,
cost, and reliability, and relative aircraft penalties for most aircraft

ECS.

Performance can be calculated for any ECS operating condition.

Options include analysis of air and vapor cycles with several heat sink

fluids and

Use of the AECS Computer Program requires input of simple coded data.

power sources.

No

knowledge of computer programming techniques or computer language, such as

Fortran, i
system to

s needed. The coded input data define both complexity
be analyzed and complexity of the analysis.

The AECS C
determine
techniques
aircraft p
techniques
steady sta
production

Program Oy

omputer Program can be used during ECS trade studies or
the performance of fully defined ECS. Simple, rough-an
can be used to obtain comparative weights, cost, \relig
enalties during a design definition phase. Detailed an
, included as options in AECS, also can be used to detd
te thermodynamic performance of all or any part of a pn
ECS.

ganization: The AECS Computer Program is organized to

different

types of analyses for aircraft ECS.«.The first is to de

of the

to

alysis
bility, and
alysis
rmine the
ototype or

provide two
termine the

thermodynamic performance of an ECS or flow ;system, or of any pant of a
system, The second is to determine sizing'information about the |components

of an airdraft ECS, or of an entire aircraft ECS.

The computer program structure is organized with two levels of overlays as
shown in Fligure 1. The first overlay level contains four segmentls: one for
performance analysis, one for sizing analyses, and two supporting segments.
Sizing analyses are made with(performance information. This infgrmation is
obtained directly from a performance analysis, or from the dummy [performance
segment whiich processes pérformance input data. The fourth segment accesses
and loads [or stores tabular data for an analysis. The performange and
sizing overlay segmentscontain a second overlay level made up off three
additional| subsegments.

second overlay subsegments provides one of three fundtions. The

be modifie . , s stores
data for use in the third subsegment. The third subsegment performs the
designated analyses and stores the results for data output.

@ 2For transient ECS analysis, other programs are recommended, e.g., see
Reference 7.
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Overlay
Level 2

Overlay
Level 1

Main
Program

Performance
Segment

Performance
Segment

Dummy

P

Sizing
Segment

Permanent
Table
Segment

Input Data
Scan and
Change Case
Merge

Input Data
Read, Check,
and Store

Performance
Computation
Iteration
and Qutput

Input Data

Scan and
Change

Case Merge

r

I

I
o

Input Data

Read), Check,

and Store

Component

and System

Sizing and
Output

4.4 General

Figure 1. Computer Program. Structure

Methods of Solution: Two general(solution methods are

analysis
used for
componen
solving

performa
matrix s

The obje
values o
values w
explicit
turbine

used, ex
the nonl
values,

subsegments. One is simple explicit solution methods,
equations which provide sizing information about many
ES.
sets of nonlinear equations.
ice analysis and for some sizing analyses.

rtive of the iterative solution method is to determine
f a set of key'\variables which initially are unknown.
bre known, the’solution of the nonlinear equations woul

br compressor, or control valve position.
plicit—solutions produce errors relative to boundary c
inear_equations.
acvalid solution is obtained.

The second is generalized Newton-Raphson iteration

If assumed v

GP13-0661-1

used in the
which are
types of
method for

This method is used for the
The Newton-Raphson
plution method is discussed in the following paragraphsj

numerical
If these
d be

lues are
ditions for

. Examplesiof key variables are flow rates, the press:Ee ratio of a

When the errors are reduced to acceptably small

The generalized Newton-Raphson iteration method is used to modify assumed or
estimated values of the key variables until the errors are acceptably
Each application of the Newton-Raphson method (e.g., see Reference

small.,
4) provi

des better estimates for the key variables.

The method is

successively applied until the errors are reduced below the acceptable

minimum

values.
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4.4

-6 -

(Continued):

The iterative solution method, as used for a performance analyses, is
summarized in Figure 2. System description information (components
arrangement and performance, initial estimates for the key variables, and
values of the boundary conditions) is used in the initial system analysis.
System performance is sequentially calculated with the initial estimates by
following the component arrangement defined by the input. This produces
results which do not meet the boundary conditions (i.e., no system balance)
and unacceptable errors. The iritial values are perturbed (increased by
0.1%) and a second sequential analysis is made with the perturbed values,
These two sets of values are used in the Newton-Raphson iteration method to
define neW values of the key variables. The system analysis Toop is

successively repeated until acceptably small errors are obtainedl, These
results are output as the solution to the nonlinear equations’ whiich
represent| the system performance.
System
Description
Component Component Initial Boundary
Arrangement Performance Estimates Conditions
System
Analysis N
Sequential System Perturbed .
Analysi} : Balance? No Y Analysis ’ Iteration
lYes
Output

GP13-0861-2

Figure 2, Performance Solution Method

Distributed under license from the IHS Archive
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4.5 Modes of

-7 -

Operation: The AECS Computer Program has two basic mo

operation.

One 1s to determine the steady state thermodynamics

des of
performance

of a flow system and the other is to provide equipment sizing information.
The performance mode is generally used to determine parameters such as flow

rates, temperatures, and pressures.

Other information, such as

heat

exchanger effectiveness, flow areas, or efficiencies of turbines or
compressors, is obtainable by simple input changes (which do not require

Fortran statements).

Sizing information which can be obtained

includes

component dimensions, weight, relative cost and reliability; total system
weight, relative cost and reliability; and aircraft penalties due to an ECS.

4.5.1

Performance Mode:

The performance mode of operation is used

to calculate

thermo

ynamic performance for all or any part of a flow system or ECS.

Identiffication of the unknown parameters, whose values arectol be

the sy
combin
vary t

acc ommg

compon

diffenr
4,5.2 Sizing
types
comple
by a p
user.
availa
an ain
compon
in inp

4.6 Model De

E

determined by the program, is a user option.
stem and of its individual components may be simple, detailed, or a
Options are jlavailable to

ption of simple and detailed definitions.
ne amount of output detail desired. Analysis changes
dated to define removal or additions of ¢omponents, di

ent unknown variables and boundary conditions.

Mode: The sizing mode of operation is used to determi
b sizing data about individual *@ircraft ECS components
te ECS. Sizing data are basedion performance informati
erformance analysis or on performance information provi
Basic sizing results are provided for each component.

ple to obtain system sizing information, system penalti
rraft, and dataplots defining the predicted performanc

ents. Analysis changes also can be accomplished via si
it information.

finition: Preparation of the system math model informa

performa
step is
the comp
step is

hce or sizing analysis normally involves three steps.
to describée the problem to be solved. The second step
pnent name identifiers of the program to the problem.

Analytical\ representation of

re readily
fferent

nt characteristics, various mission oryflight conditions, or

ne several

or about a
on calculated
ded by the
Options are
es imposed on
of some

ple changes

tion for a
The first
is to relate
The third

to prepare data describing the problem in the AECS formats.

4.6.1 Proble

Desc

consis

oT a

ription: Problem description for a performance analysis might
§%ﬁ3ﬁﬁtTE‘TT6W‘aT5§FEm‘6T‘thé‘ECS‘tU‘BE‘EﬁﬁTY?Eg, tables or

figures defining component performance, definition of the flight or ground
conditions at which the system performance is to be analyzed, and
appropriate data which define characteristics of engine bleed air or
available power.

Problem description for a sizing analysis consists of component
performance data (which can be obtained from a performance analysis),
jdentification of general sizing data for some components (e.g., heat
exchanger fin designation), and selected aircraft aerodynamic and engine
performance parameters if ECS penalties on an aircraft are to be
determined.

Distributed under license from the IHS Archive
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4.6.2 Use of Component Identifier Subroutines:

4.6.3

4.7

-8 -

The AECS Computer Pro

gram

contains subroutines for computing the performance and for sizing numerous

components of aircraft ECS.

These subroutines are identified a

abbreviations for component names or analysis techniques.

S

The AECS Computer Program user selects component name identifiers that

provide the component and system analysis methods or model desired.

A

system flow schematic normally is prepared using the AECS component

names.

This flow schematic is used to define numerical identifications

for locations between components where thermodynamic properties are to be
determined.

Data Pre

paration: Data describing the mathematical analysis_ in

to be us
These fo
sizing a
formats

altitude
analysis
codes wh
defining

Problem In

ed 1n the AECS Computer Program are prepared in four'fo
ir formats represent the total math model for a péerform
nalysis, but specific data in each are different. The

contain: 1) general information such as system’boundar
, Mach, humidity); 2) values of constants tolbe used in
; 3) the component name identifiers to be-used and inte
ich describe how the subroutines are to_be used; and 4)
specific functional data in decimal form.

put: Problem input data for a performance or sizing an

prepared 1
math model
analysis ¢

o Analysi

immedia
Title -

General
aircraf

Table o
paramet

Compone

n similar formats. These are the four formats which de
preceded by identification apd title information, and
pmpletion data. Problem input data order is depicted i

5 Type - Analysis types.are Performance, Sizing, or Cha
tely preceding performance or sizing analysis problem

The title is defined by the user

Problem Data - General problem data include ambient co
L parameters,-and optional output identifiers

f Parameter Values - This table contains numerical valu
brs to.be used in the analysis

nt_Name Identifers - The component identifers define an

ormation
ats.
nce or

four data

ies (e.g.,
the

ger number
tables

alysis are
scribe the
followed by
h Figure 3.

nges to an

hditions,

ps of

alysis

techniques or models for component performance or sizing, and general
analysis techniques

Tables of Functional Variables - The tables of functional variables

define numerical data which represent functional relations between
dependent and independent variables (e.g., fluid thermo-physical
properties)

several

problems are to be analyzed.

Analysis Completion - The analysis completion input identifies if one or

Distributed under license from the IHS Archive
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4,7 (Continued):

Additional specific comments about input for performance or sizing problems
are presented in the following subsections. Primary differences in the type
of input information occur in the component identifiers and tabular data.

Analysis Completion

Tables of Functional —
Variables

INLET
HXA | Component
TURB [ tdentifiers

etc.

/ Q> |

Table of
Parameter Values

/ -

General Problem Data

/ -

l TITLE

PERFORM
PCHANGE Analysis
SIZE Type

GP13-0881-3

Figure 3. Problem Input Data

4.7.1 Performance Input: Component name identifers listed in a flow sequential
manner (defining an explicit arrangement), and tabular data, which define
the performance of individual components, are required for a performance

analysis.

Distributed under license from the IHS Archive
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4.7.]

4.7.2

4.8 Control Options:

-10 -

(Continued):

The sequential input of performance component names is started at an
upstream location, and it is continued for each successive component or
analysis model until an outlet or downstream location is defined. This
input generally consists of: the component name identifier, a sequential
identification number defined by the user, the input and output flow leg
and station location numbers as defined on the user's schematic flow
diagram, selected calculation options (such as a pressure drop analysis
method), and integer numbers identifying numerical constants (parameter
values) or tables to be used in the analysis.

efining one
abular
pressure
pressor
arrays,
jables.

Tabular
of the 1
data. T]
drop ve
and turbji
or functi

input data include an identification code, an integer d

available table formats, a title, and the numericdl 't
pes of data which are input in tabular formats include
us air flow rate, heat exchanger effectiveness, and co
ne adiabatic efficiency. Tables may be defined as datE
ons of one, two, or three user selected independent va

Sizing I
can be
geometri

put: Component name identifiers for a)sizing analysis
sted in any order and the tabular data“define generali
c and performance data for the components.
Eormation for sizing component generally consists of: ([the

name identifier, an optionalliidentification number, the flow leg
ion location numbers which define input and output state

normally
zed

Input in
componen
and stat

properti
(e.g., t
integer

analysis
order if

Tabular

for perf
componen
pressure
geometri

ps for which the component.is to be sized, calculation
ype of valve, power source for a fan or compressor, etc
numbers identifying parameter values and tables to be u

The component name identifiers may be input in a des
a dependency between components is desired.

input data are prepared in the same format for sizing a
prmance analysis. Types of data input in tabular forma
t sizingnclude material thermophysical properties, ge
loss factors for plumbing, and heat exchanger “f", "j"
C datas

The AECS Computer Program contains capabilities

pptions
.}, and
sed in the
ignated

halysis as
ts for
heral

, and

for many

options which can be used to control an analysis and to mathematically

simulate E

CS controls. The user can obtain a performance or sizi

ng

analysis, or changes to either. He can define the fluid flowing in the
components, the format of functional tables used, and how these tables are
interpolated or extrapolated.

The performance analysis allows many options for defining system component
arrangement and the number of components used. Detail for defining the
performance of a component also is optional. For example, performance of a
compressor can be analyzed with a constant or variable efficiency and
pressure ratio with the pressure ratio obtained as a function of corrected
flow rate, adiabatic head, or any other user defined independent variable;
and thermal performance for heat exchangers can be based on constant or
variable temperature effectiveness or heat transfer effectiveness.

Distributed under license from the IHS Archive
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4.8

4.9

-1 -

(Continued):

The simulation of ECS controls is provided by specification of where a

variable

is to be controlled and by control logic subroutines.

For example,

component identifier SENSOR is used to specify where temperature, pressure,
flow rate of a fluid, humidity ratio in a gas stream or enthalpy of a

refrigerant is to be controlled.

Component identifiers CCS and

MISC provide

control options by defining analysis steps to be skipped, added, or

For example, if CCS is used to simulate the open or closed
position of a shutoff valve, input which defines when to eliminate analysis
of flow through the valve and its associated connecting Tines is required.

changed.

A program user controls the performance conditions for which cohponents are

to be si
sized in
include

arrangem
cycle ma
butterfl
controll

Program

ed and general features of some components. Componént
ividually or in relation to other components. USer co
aterials for which components are to be sized, . heat ex
nts and fin designations, the use of a radial ‘©@r centr
hine, the power source to drive a compressor), type of
» poppet, etc.), and controller type (e.g¢, a simple c
r or more complex electronic controller)x

utput: Program output for a performance or sizing ana

4.9.1

normally
For eith
output.

Performance Qutput:

is provided as tabulated numerical values of calculati
r type of analysis, input data and intermediate result

Output data>from a performance analysis

inCTUdis the assumed and initially calculated thermodynamic c

based

condit]
(i.e.,
may obf{
about ¢
which 1

n user input (i.e., results which produce errors at th
ons) and the balanced system thermodynamic performance
small acceptableverrors at the boundary conditions).

Lain detailed performance results for each component an
rach iterative janalysis loop. A summary of performance
ncludes optional output data, is presented in Figure 4

5 can be
ntrol options
changer core
i fugal air
valve (e.g.,
abin pressure

lysis
bn results.
5 also may be

always
bnditions

p boundary
conditions
The user also
1 details
output,
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4.9.1 (Continued):
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GP13-00814
Figure 4, Performance Output
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4,9,1 (Continued):

System thermodynamic performance results and the assumed and initially
calculated system conditions are provided in similar formats. Figure 5 is
a typical output of system performance results, with each type of result
identified by the user's numerical location code. Flow rates, pressures,
temperatures, and humidity ratio or refrigerant enthalpy throughout the
system are provided. (Flow rates are 1b/min, pressures are psia,
temperatures are °R, humidity is 1b water/1b dry air, and enthalpy is
Btu/1b.) Information about initially unknown values (state variables) and
boundary conditions of the problem (error variables) also are provided.

The optional component performance summary data provide thermofdynamic

conditions at the inlets and outlets of each component. Pepformance data
unique to each component (e.g., effectiveness, pressure ratio,|etc.) are
included.

FLOW RATE(S)
( 1) 78110 ( 3) 78.10 5) 0.0 ( 7) 78.10 ( 9) 0.0 [( 11) 78.10
( 13) 1481515 ( 15) 39.59 ( 17) 108.56 ( 19) «\J48.15 ( 21) 0.0 [ 23) 78.10
PRESSURE(S)
( 2) 75186 ( 4) 78.07 ( 6) 78.07 8) 76.84 ( 10) 12.81|( 12) 12.76
( 14) 7807 ( 16) 0.00 ( 18) 12.76. ¢, 20) 12.76 ( 22) 12.76( 24) 12.00
( 26) 17{90 ( 28) 6.18 ( 30) 5.98 M 32) 4.53 ( 34) 4.53|(  36) 4,53
( 38) 4153 ( 40) 4.53 ( 42) 105 (  44) 12.00 ( 46) 8.15
TEMPERATURE (S
( 2) 152700 4) 1009.40 { 6).°1009.40 8) 591.97 ( 10) 412.19(( 12) 412.19
( 14) 1009j40 ( 16) 1009.40 ( . ¥8) 412.19 ( 20) 412.19 ( 22) 412.19( 24) 412.19
{ 26) 880joo ( 28) 880.00 (. -30) 880.00 ( 32) 1173.26 ( 34) 1173.26 ( 36) 1480.06
( 38) 1173{26 ( 40) 1260.00.5(v" 42) 1260.00 ( 44) 412.10 ( 46) 1489.06
HUMIDITY(S)/ENTHALFY(S)
( 2) o{0 ( 4) 0.0 { 6) 0.0 ( 8) 0.0 ( 10) 0.0 [ 12) 0.0
{( 14) 0j0 ( 16) 0.0 ( 18) 0.0 ( 20} 0.0 ( 22) 0.0 [( 24) 0.0
( 26) 0j0 ( .28) 0.0 ( 30) 0.0 ( 32) 0.0 ( 34) 0.0 [( 36) 0.0
{ 38) 0]0 (,<-40) 0.0 ( 42) 0.0 ( 44) 1.000 (  46) 0.0
STATE VARIABLE TYRL(S)

1) 21 2) 1 3) 5§ ( 4) 6

STATE VARIABLE(S)
1) 7.98622f 01 ( 2) 1.48150E 02 ( 3) 2.67218E-01 { 4) 1.58564E-04
ERROR VARIABLE TYPE(S)

¢ N 3 2y 2 3 5 | 4) 2
ERROR VARIABLE(S)
«( n -7.32422E-04 ( 2)-5.23567E-04  ( 3)-2.74658E-03  ( 4) 6.20842E-04

SOLUTION CONVERGED IN 9 TRY(S)
0  ERROR(S) DETECTED
GP13.0061.6

Figure 5, System Performance Output
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4,9,2 Sizing Output: Output data from a sizing analysis always includes

information about each component, and, at user's option, system sigiqg and
system penalty information. Typical information obtained from a sizing

analysis is summarized in Figure 6.

COMPONENT COMP
WEIGHT  13.39  COST UNITS 101.13  RELIABILITY INDEX 0.06793 DEVELOPMENT RISK

1.

15

W 39.59 PI 4.53 PO 8.15 TI 1173.26 70 1489.06 HI 0.0 HD 0.0 FET 2 FN 1

D 6.8 VOL 1409 N 60000, EFF 0.6394 HP -76.21 u 1775. NS 166.79b5 1.01
TIP SPEED EXCEEDS LIMITING VALUE
DRfVE 11
COMPONENT HK
WEIGHT $#7.03  COST UNITS 97.82  RELIABILITY INDEX 0.00256~.< DEVELOPMENT RISK 1.00
W 78.10 PI 79.886 PO 78.07 TI 1527.00 TO 1000.40'HI 0.0 HO 0.0 i 2 N1
W 148.]5 PI 5,98 PO 4.53 TI 880.00 TO 1173326 HI 0.0 HO 0.0 #T 2 FN1
LH 7.01 LC 5.77 LN 18.01 VoL 728, WTE\ > 31.7 EFF 0.8000NTU 2.898
Tt e Kk
*SYSTEM*
ek ddk
WEIGHT 245, COST UNITS 1223. RELIABILITY INDEX 2.2638 DEVELOPMENT RISK 1.00
WEIGHT STANDARD ERROR 8.9
SHAFT POMWER 0.0 HYDRAULIC POWER 44.9 ELECTRICAL POWER 0.0
EQUIVALEHT SHAFT POWER50.
BLEED AIR EXTRACTION' 32. FUEL CONSUMPTION 0. DRAG 2.
et sk ek
*PENALTIES*
ekekkkdok kg
RELATIVE GROSS TAKEOFF WEIGHT PENALTY 2.31 PERCENT
RELATIVE PAYLOAD PENALTY 10.10 PERCENT
RELATIVE RANGE PENALTY 4.15 PERCENT
RELATIVE EQUIVALENT DRAG PENALTY 3.52 PERCENT
0 ERROR({S) DETECTED
GP13-0881-5

Figure 6. Typical Sizing Output
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