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Abstract

A dynamic mathematical model has been developed
for a typical air-cycle environmental control system
(ECS). The mode! has taken into account for the eff-
ects of fluid compressibility, fluid momentum, energy
storage and rotor inertia on the transient performa-
nce of ECS, The overall performance maps of turbine,
compressot and fan are needed to formulate their
models., A intervariable is introduced to transform
the compressor’s map. Their dynamic medels, ineluding
ducts, are ordinary differential equations, The
annufar heat exchanger, due to the complexity of its
strdueture and heat transfer in the core,more detail-
ed analyses are presented, The dynamic models of
heat exchangers are partial differential equations,
A1l the models can be used to prediet the dynamic
performance of components under any aireraft mis-
gions or operating conditions, The methods of state-
space and finite-difference are used to solve te-
spective models, which are efficient under small and
latge pertutrhations, It is also possible to include
gtch problems as change of state, variable thermo-
dynamie properties, non-linear e ffects and pressure
gurges or flow oscillations, As an example, the paper
analyzes the ECS and its main components, It has
ghown that there is a good agreement hetween the
theoretical results and the flight test dats

I. Introduction

With the development of the technology of avia-
tion, modern aircraft requitres more reliable, safe
and comfortable environment for both passengers, air-
crew and avieniecs, which urges the improvement and
better designa of Environmental Control System (ECS)
regardless of at the cost of more complex strueture
and the control sub-system To improve or design a
new syatem, the dynamic analysis is essential. As we

know, When aircraft flies at high speed in the sky,
its flight parameters such as flight height, Mach
number as well as the operating conditions of the
engine, are on continuously changing in wide ranges,
These cases are even severe in fighter or attacker,
for example, during maximum ascent and decent, The
changes of some parameters are approximate to step
changes, These parameters, being the boundary condi-
tions of ECS, have a great influence wupon ECS, and
consequently ECS, is also on dynamic changing
processes,
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The great changes in the system dynamics  over
the complete working range of ECS lower the reliabi-
lity of EC8, It is necessary that the system perfor-
mances not only the steady but also the dynamic are
thoroughly analyzed early in the system development
in order to identify potential problems and correct
them before expensive engineering changes, It proves
very difficult to perform these analyses of the com-
plex system by the conventional methods. With the
advanced computer, digital simulation becomes poss-
ible, Using high-fidelity dynamie mathematical
models, digital simulation provides a means of
analyzing the behavior and interactions of these in-
creasingly complex system prior to full-scale test-
ing of the hardware, furthermore, it serves as an aid
in solving problems that arise during the ground
and flight test, and after the development phase

The early research on the dynamies of ECS can date
back to 1950’ s, At that time, the majority work was
concentrated on the control of cabin {emperature and
presstire, and design of the controller. *’ Afterwards,
many papers appeared on the dynamic performance of
ECS components stch as heat exchangers, ®> ¢ but
the papers relating to the research on the dynamics
of overall system are rare in the literature, Until
not very long ago, American Government has developed
the Environmental Contrel Analysis System Program
(EASY) with several versions,

The dynamic mathematical medel of a typical air
cyele ECS is presented in this paper, which has
taken into account the fransient variations of
temperature, pressure and air flow, In the end of
the paper, the simulation results of the simple
cycle system ate given, however, the models can be
applicable to other mote complex system such as the
high pressure water separation system (HPWS), The
reason to choose simple cycle aystem is that some
experiment data is available,

I. Mathematical Model

Dynamic mathematical modeling has & very import-
ant role in aystem simulation and design, which
tequires the representation of system phenomena as a
functional dependence between interacting input and
output variables, The system to be modeled is a typ-
ical air eycle ECS which ustally incorporaztes heat
exchangers, connecting duets, an air cycle machine
(ACM) and other components, The model formulation is
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based on the hasie equations of continuity, momentum
energy, heat transfer and state relationships. The
complexity and expression of the models depend on
not only the purpose but also the physical phenomena
and difficulties of model formulation

Duct

The overall ECS models must include representa-
tions of the air flow 1in duet, i.e., the dynamie
model of duct must account for the effects of fluid
compressibility, fluid momentum, energy storage. A
complete analytical model would be distributed, com-
plex, and then difficult to solve. Of course, it is
not practiecable and effective. In practice, one of
the extremes for modeling the duct flow process is
that the duct is lumped to only one element, The re-
sults are simple and insensitive to the details of
the duet, Also, they could be used as the dynamic
model of volumes, The state variables of the duct are
represented by the average parameters Pp, Tp and Wp.

The following assumptions were ysed in the
tion development of ducts:

1. Due to the smaller Mach number of the air in
the duct, the dynamic behavior of the duet is based
on the steady state behavior,

2, The duct is assumed to be a lumped system,

3, During dynamic process, the heat transfer be-
tween the air and the wall is hA(T-To).

4, All pressure losses are represented by
pressure losses.

5. The outside of the duet is thermal isolated

eqia-

total

Mass balance:

dM
i Wy-Wy (0
Energy balance:
aop) . = (b) (1o-T.) (@)

Energy balance of the air:
= = (WCpT) L- {WCpT) - (hA) (Tp-T.) 3

where E=Mu

Average pressure:

Pp = (P,4P,#Pk) / (14PK) (4)
Pressure loss:

P, = P,-KpWRTn/P, (5

where Kp is pressure coefficient determined from the
experimental data

Average temperatute:

To = (T,+T¢Tk) [/ (14Tk) (6)
Average flow rate:

Wo = (N, 4WaeWE) / (147K )

whete,

coefficient Pk, Tk, and Wk are introduced to reduce
the effect caused by the replacement of distributed
-parameter system by lumped-parameter system

Heat Exchangers
Heat exchangers are most important components in

ECS, therefore, the proper modeling of the heat trans-
fer process is of prime importance to accurately de-
geribe the steady state and dynamic response of the
system Thete are many types of heat exchangers used
in ECS, such as parallel, counter, cross-flow heat
exchangers and andular heat exchangers, A huge amount
of work can be found relating the former three types
of heat exchangers. However for the last type, due to
the complexity of its structure and heat transfer in
the core, the emphasis is given in the model formu-
lation, ® The empirical models are effective in use,
but lacking of experimental data, the physical app-
roach is epplied to heat exchanger modeling, which
can reflect the dynamic behavior of exchangers in
wide operating conditions at the cost of more exect-
tion time,

Parallel, Counter and Cross-flow Heat Exchangers,
Parallel, counter and cross-flow heat exchangers to
be analyzed are described by the following
hypotheses:

1, The physical properties and the fluid capacity
rates are uniform at any instant

9, No heat is conducted in the axial direction in
the exchanger core or in the two fluids. The core

wall offers no thermal resistance to flow of heat
from one fluid to the other,

3. The exchanger shell ot shroud is adiabatic
and influences neither the steady-state mnor the

transient behavior of the fluid temperature.

4, Neither flow is mized

5. The thermal capacities of the masses of the
two fluids contained (at any instant) in the ex-
changer are negligibly small relative to the thermal
capacity MC ef the exchanger core,

PARALLEL  COUNTER CROSS \\

Figure 1. Parallel,Counter and Cross Flow HEX




Three partial differential equations are required
to define the behavior of the heat exchangers. An
energy balance on an element length of the exchanger
core gives the firat equation:

MO) ,, 2 1%

R

(hA) o (Ta-Te) + (hA) » (Ts-T) (8)

The remainning two governing equations are readily
obtained from energy conservation for each fluid

(W0 . 278 o (hA) . (T,-T.) 9)
X

+ (LWC) o ‘%‘; = (BA) » (Ty-Ty) (10)

(W0 2T = (ha), (1,-Ty) (11)
Y

In equation (10), the upper vpart of the douhle
gign is for the case of parallel flow and lower part
for the case of counterflow, while equation (11) is
for the case of crossflow

Annular Heat Exchanger, As illustrated diag-
rammatically in Figure 2, the annular heat exchanger
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Figure 2, Annular Heat Exchanger Schematic

ts installed in the inlet section of aircraft engine
and its cool side is part of the inlet. Because of
the special type of the structure and the place of
installation, it greatly reduces the aircraft penalty
and efficiently utilize the aircraft space With dis-
tributing uniformly in each of the wavy channels, the
hot bleed air flows in circular direction, which is
cooled by three cool air flows. The iniet air of the
engine plays a most important part in heat transfer,
the second coel air flows in counter direction along
the hot air, while the third cool air flows in cross
direction to the second cool airflow

The following idealizations are basic to the
analysis besides mentioned ahove;

1. Heat is conducted in exchanger core material

only in two directions, one is mutually perpendicular
to the two fluid flow directions and the other is
along the axial direetion of the annular heat
exchanger,

2, Aceording to the experimental data, the in-
fluence of the third cool air in heat transfer is
ignored in steady state, This idealization is alsa
applicable in dynamic state

3. Becanuse the hot air flow rate is negligibly
small as compared with that of inlet air, the temp-
erature of the inlet air is not changed due to the
heat transfer with hot air,

4, Each wavy channel has same ftemperature field

THIRD COOL AIR W

/////;’

Figure 3. Stereo Stretch of One Wavy Channel

——-—I’Wc

The stereoc stretch of one wavy channel is shown
in Figure 3, X direction in the Figure 3. is the hot
air flow direction along the wavy channel, Based on
above idealization, Considering an element of Figure
3 (shadowed), to obtain the temperature disttribution
by the analytical method is not easy work In this
paper, another method is wused, i.e, lumping the
element by a thermal resistance and thermal capaci-
tance net work, Although this method is approximate,
as long as the number and the location of nodes are
proeperly chosen, the models can meet any accuracy
requitements, An electrical analogy of the thermal
network is shown in Figure 4 (The convective thermal
resistances are not shown in Figure 4 for clearance)
In Figure 4, twelve nodes are used in this paper to
describe the dynamic hehavior of the element, however
because of the symmetry, only 7 nodes are used In
spite of the discretion in axial direction, the dis-
tributed characteristics of temperature in cireular
direction is #till remained

Figure 4, Thermal Network Electrical Analegy

Energy balance on the air nodes:

@we) . 2T = 31(0,-T.) /Ry (12)
3% )

1330




- (LWO) & ?_T_g = 50T Ry (13)

9

where:
Ria, Rju ate convective thermal resistance between
air node 8 or b and adjncent core node j.

M) . 2Tt = ST, -1, /R, (14)
3t ]

where:

R;; is thermal resistance between core node i and

adjacent node j, and i=1, 2, - - -, T

Air Cyeling Machine {ACM)

An air cyeling machine composes of turbine, com-
pressor or (and) fan, The different structure ACM is
used in different air-cycle ECS, Taking a typical ACM
used in ECS, the length of air passage is short and
the volume is small, so the flow dynamics is of very
high frequency, Sinece the rotor of the ACM rotates
in extremely high speed. The kinetic energy is con-
giderable. Therefore the most significant factor in
determining the transient behavior of ACM is rotor
inertia rather than fluid momentum,

The following hypotheses are needed during analysis:
1. The air velocity in the ACM is so0 high that
the air flow is adiabatic,
2. The thermal capacities of the metal parts of
the ACM and the air contained in the passage are
negligible,

3. The contribution of flow dynamics in the ACM

is assumed to be primarily high frequeney in nature
gnd is consequently ignored,
Turbine, The direct approach to modeling

turbine is to apply overall steady state performance
maps, Usually these maps relate the turbine speed
factor, the flow factor, the turbine isentropic effi-
ciency, and the turbine pressure ratio. To facilitate
the digital simulation by the computer, it had better
rearrange the maps to digitsl tables according to
following formulae;

W = W log Tq) (16)
Ne =Ny, Tg) (16}
where,
Wr = W\/T,;I/PTl (17
oy = n/\/ﬁﬁ Ap = PTl/PTz (18)

Angular momentum:

szTg-‘tl = Qo-Qn (19)

whete Qr i8 resistant torque acting on the shaft,
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Power released by the air expansion:
Np = WOpTry (1-7°H) nq (20)
where K=(v-1)/v
Totque equation;
Qr = Nz/2 Tnp (21)
The discharge temperature of turbine:

Trz = Tpy 1-(1-77%) 9 q) (22)

As in the case of turbine, the over-
map is aldo used to describe the

Compressor.
all performance

compressor., Sample map is shown in Pigure 5.

g=1

EFFICIENCY

PRESSURE RATIO

CORRECTED FLOW RATE

Figure 5. Sample Map

accurately determine com-
pressot’ s characteristics by such map, for there
exists & surge line, Some transformation must be
made about the mep. A intervariable q is intreduced
In other words, edd g lines in the map, the line ¢=1

It is very difficult to

is just surge line, then gradually moves the line
tight downwards until meets the maximum operating
boundary of compressor as shown in Figure 5 The
transformed maps atre shown in Figure 6. Based on
Figure 6, rearrange the maps into digital tables
according to following formulae;
Wie = W (he (l) (23)
Tg = Tglngq) (24)
Ne = Mgl Q) (25)
where,
Yo = WT,,/Pes (28)
e = ﬂ/\/ﬂl; Tg = Poi/Pea @7




EFFICIENCY

CORRECTED SPEED

CORRECTED SPEED

PRESSURE RATIO

|

CORRECTED FLOW RATE
CORRECTED SPEED

Figure 8. Transformed Maps

Angular momentum:
d
27 Jogy = Qeafo (28)

where Qca is the driving torque from the turbine
Power:
No = WCpTes (%-1 )/ 1m0 (29)
Totque equation;
Qo = No/27n (30)
Discharge temperature:

Tez = Tey {1-(T%-1}/ 0 0) (31)

Fan, Fans discussed in this paper, can be
clagsified into two types (according to their usage) -
blowing cooling air or merely absorbing the turbine
power. The best way to predict the steady-state per-
formanece is by their performance maps, but because
the maps are not available, the approximate method-
the principle of similitude, is used, which is ap-
proved efficiently in practical use

Angular momentum:
d
2 HJFd_;I = Qea-Qr (32)

whete Qea i8 the driving torque from the turbine

when the conditions under the design case are

known, the off-design conditions ecan be predicted
by the prineiple of similitude,
Nao - na P aa
Ne n®p (33)
where P is ambient air density of fan
Torque:
Qs = Ng/2 71 (84)

Link of Rotors. Turbine, compressor and {(or) fan
are fixed in the game shaft, so their rotational
speeds are the same, The work released by the expan-
sion of high pressure and temperature is extracted
by compressor and (or) fan, To determine the rota-
tional speed of ACM, rotors must be linked together

Cortesponding to different structure ACM, combine
respective angular momentum equations and ignore
frictional torque, Take an example of the ACM used
in simple cycle, then the resistant torque equals
the driving torque of the faf, therefore:

27 (Untle) 82 = greqy (36)

Valves

Valves are primarily used in ECS to regulate air-
flow, temperature and pressire. Sometimes, the flow
comptressibility must be taken inte consideration,
for the presstre ratio across valves is larger than
critical pressure ratio,

When the flow is sub-eritical, then:
W= oFP/VT ( (7 2/¥-m (ven/v) )iz (3p)

whete ¢ is flow rate coefficient depending on the
experimental data,
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When the flow is super-eritical, then:

W= efP/vT (37)

Orifice is used in ECS to limit maximum flow rate.
The form of its formular is the same as that of
valve, the difference is that the area of orifice
can not be adjusted

Pressure State

Because flow dynamics are typically high frequency
and significantly increase the execution time of the
digital simelation, It is not necessary to analyze
all the pressure states of eameh components, Instead
the flow compressibility effects are lumped at iso-
lated pressure nodes, and flows are pgenerated at
orifice-type devices such as turbine and valve ‘®

dP _ RT
'&'t' = T ZW (38)

If some components need special consideration of
flow compressibility, for example, large voliume,
we can add more pressure nodes,

. Solution of Models

As mentioned above, there are two types models-
partial differential equations for heat exchangers
and ordinary differential equations for duet, ACM and
pressure nodes, The former equations are &solved by
finite-difference method, while the latter equa-
tions, after linearized, are solved by state-apace
technique., The reason is that the pressure states
have higher frequencies than thermal states, That
is to say, the method of solution to pressure states
must in accordance with thermal states in computing
time step so0 as to minimize the CPU time,

The FORTRAN program has been developed to analyze
either steady or dynamie behaviotr of ECS, The dynamic
mathematical models are implemented in FORTRAN sub-
routines for different system components, Other com-

ponents could be included in subroutines, The equa-
tions solved by state-space method are linearized
based on non-steady state points rather than steady

gtate paints, and the matrices of state-space
equations are changing with each computing step,
Therefore, the results are the same as obtained hy

original non-linear equations solved by Gear or

other stiff methods,

The schematic of the simple system to be simulated
is shown in Figure 7, The high temperature and
pressute bleed air from aireraft engine compressor
stage is precooled in the annular  heat exchanger,
the cool side of which is part of the engine inlet
The precooled air enters the cross-counter flow two-

To
INLET
avionics FAN
ORIFICE :
i |
] HEX) HEX? TURBINE [
3
‘__,_.____..____l
'
:
CONTROLLER [ ~———-1-1 CABIN

Figure 7. Simple-Cyele ECS Schematic

pass heat exchanger to be further cooled, then the

air is expanded through an air cyeling machine

After the power absorbed by the fan, a significant
lowet turhine discharge temperature results, By
propet mixing with the hot -air direetly from bleed

port regulated by a valve, the air is provided to

modulate the cabin temperature,

The dynamic mathematical models must reflect not
only the dynamie but also the steady performances, It
te becatse ECS works in rather wide operating ranges
and the system dynamic performances direetly depend
on the operating points. In this way, a good dynamic
model should track the steady performance well and
ite simulation must reflect the probleme of change
of state, variable thermodynamics properties, non-
linear effects,

IV. Results of Digital Simulation

To verify the dynamic models, the dynamic be-
havier of a simple cycle ECS at two cases is
gimulated, Two cases are desctibed as follows:

1. aircraft ascent in 300 seconds from take-off
2, the sudden step change of bleed pressiure,

Case 1 shows the effect of flight conditions on
the system, During this period of 300 seconds, the
aircraft takes off dnd ascends to 8000 m The ambient
temperature decreases from 37.2 C ( stmmer ) to
-20.7 C (high altitude). The maximum Mach number is
0.83. Case 2 shows the effect of sudden change of
bleed pressure on the system, including temperature,
pressure, flow rate, and rotational speed of ACM

Case 1

Because the cabin temperature ia very high in
summer, the regulating valve is fully elosed in add-
heat line, while fully open in cool line, The dis-
charge temperature of turbine, after a little grow-
ing up in the beginning 40 seconds, then gradually
runs down, The agreement of eimulation results with
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flight test data is not very good in 40 seconds at
first, but the results track well in remainning times,
especially the pressure and flow rate, (Figure 8)
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Figure 8, Aircraft Ascent

Case 2

The bleed pressure suddenly changes from 7,57 bar
to 10.0 bar, (remainning parameters are the same as
those at t=60 sec. in case | ) The pesitian of the
valve is the same as in case 1, The discharge temp-
erature of the turbine decreases rapidly in 2  sec,
at first (the effect of pressure dynamiece on  the
turbine), then gradually increases to a constant (the
effect of temperature), The time constant of ACM
inertia is approximately equal to that of pressure

dynamics, (Figure 9)
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Figure 9. Sudden Pressure Change
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V. Concluding Remarks

The dynamic mathematical model for a typical
air-cyele system has been presented, The annular
heat exchanger is modeled by thermal resistance and
capacitance, The models of heat exchanpers are formu-
iated by physical approach, which assures the proper
simulation over the full operating range of systems,
Only the effect of ACM rotor inertia is conmidered

The simulation methods also have been proposed
and proved to be efficiently in practical use, The
digital simulation helps to better understand the
dynamic hbehavior of air-eycle systems and to design
or improve the ECS controller, furthermore, it can
provide a tool to find potential problems in ECS
design and hard ware test

Nomenclnture

A = heat transfer, m?®

Cp = unit heat capacity of core material, J/kg- K

F = cross-sectional area, m®

h = thermal conduetance per unit heat transfer
atea, W/C - m?

J = inertia, kg- m®
L = fluid flow length of exchanger, m
M = mass, kg
N = power, W
n = rotational speed, RPM ( t/s )
P = pressure, bar
q = torque, N-m
R = thermal resistor, K/W
and gas constant {(287.4 J/kg- K
t = time, second
T = temperature, C
V = volume, m®
W = mass flow rate of fluid, kg/s
X = distance from air a entrance, m
Y = distance from air b entrance, m
¥ = ratio of specific heats, dimensionless
p = air density, kg/m®
n = efficiency, dimensionless
m = pressure ratio, dimensionless

Subseripts

1 = inlet

2 = outlet

g = hot fluid,

b = cool fluid

¢ = inlet air of the engine
Cl = compressor inlet

C2 = compressor oitlet
D = duet
d

F

T

T

W

s = design point
= fan
= turbine inlet
= turbine outlet
= wall,

References

(1) SAE Aerospace Applied Thermodynamie Manual, SAE
committee AC-9, Aircraft Environmental Systems, SAE,
Ine, 1969.

(2) Londen A. L., F.R., Bianardi and J. W, ,Mitchell,

* The Transient Response of Gas-Turbine-Plant Heat
Exchangers-Regenerators, Intercoolers, Precoolers,
and Ducting *, ASME Journal of Engineeing for Power,
1959, pp 433-438.

(3) Myers, G.E., Mitchell,J. W, and Norman, R T.,
‘The Transient Response of Crossflow Heat Exchangers,
Evaporators, and Condensers ', ASME Journal of Heat
Transfer, Vel, 89, 1967, pp. 75-80.

(4) "General Design Specification Environmental
Controls”, Airborne, MIL-E-87145

(5) Tian, T.C., Shou,R.2Z., and He, H. 8., * Dydamic
Performance of the Annular Heat Exchanger °, ACTA
AERONAUTICA ET ASTRONAUTICA SINICA, Series B, Vol
13, NO. 2) Feb¢ 1992: B94“B97.

{6) Defenbaugh, J.F.,W 8, ,Heglund and A L., Markunas,
* A Dynamic Model for Vapor-Cyele Cooling Systems
SAE, 1989.

(1) Szuch,d. R, 'Models for Jet Engine Systems",
Control and Dynamic Systems, Edited by C.T. Leonds,
Vol, 14, 1978,

1335




