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Abstract: Bleed air system is one of the most important components of air management system (AMS). It acts as

transfer pipes responsible for air supply at high temperature and pressure. The thermal and flow performance of

the bleed air system is a key issue for the design of AMS since the characteristics of air source have a great influ-

ence on the anti-ice system, the environmental control system and other downstream system in need of high tem-

perature pressurized air. Based on the one-dimensional lumped parameter technology, a computer analysis model of

bleed air system is developed in order to analyze the thermal and flow behaviors of the nodal points in the pipeline

network. The simulation are performed with a given flight assignment using the analysis model, and the results

verify that the system meets the design requirements.
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INTRODUCTION

An important energy source in commercial
aircrafts is the hot pressurized air that is bled
from the engines, asist power unit (APU) and
ground, and routed throughout the airframe to
secondary systems responsible for various on-
board purposes in a modern aircraft. Typically, a
stream of hot air bled from the engines is used to
provide an anti-icing function on the leading edge
of the wings as well as empennage of the aircraft,
and also used by the air conditioning units to sup-
ply fresh air to the cabin. Meanwhile, the hot
pressurized air provides pressure for the potable
water system, hydraulic system and engine start-
ers©'* ., The bleed air presents with heat and
pressure losses in the transporting process, and
may not fulfill the requirements for the down-
stream system. Therefore, the thermal and flow

characteristics of the bleed air system must be
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conducted in the initial stages of the design. A set
of metallic ducts of the bleed system consist of
welded

parts, and valves, etc. It is difficult to study the

curved and straight sections, joints,

thermal and flow behaviors of the duct system.
Over the past years, one-dimensional inter-
nal flow in the pipeline has been studied by vari-
ous researchers® including Ng and Tan'), who
studied the dynamic behavior of fuel during a re-
fuel process by means of an internal flow analysis
software program. Similar work was done by Tu
Yi and Lin Guiping''® , who studied transport air-
craft oxygen system, and a computer analysis
model of oxygen system was established by
FLOWMASTER software. The simulation re-
sults gave the oxygen consumption and the flow
rate of each oxygen supply points. It is noted that
all the efforts mentioned above reveal that the
one-dimensional lumped parameter method is a

simplified topological treatment to investigate the
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flow and heat transfer characteristics of the pneu-
matic duct system.

In this paper, in order to study the dynamic
behavior of bleed air in the flight process, one-di-
mensional internal flow and heat transfer model is
developed. The bleed air system is analyzed by
representing physical components as flow resist-
ances and control volumes. The steady state anal-
ysis is performed to identify whether the flow
rate, temperature and pressure meet the require-

ments of the downstream components.

1 PNEUMATIC DUCT SYSTEM

The schematic of the pneumatic duct system
is shown in Fig. 1. During service operation, the
pneumatic duct system of a commercial aircraft is
subjected to thermodynamic and pressure cycles,
accompanied with the pressure and thermal loss
that may cause the shortage of bleeding mass flow
for the anti-ice, air condition and so on. The com-
plexity and diversity of accessories result in the diffi-
culty of the analysis. Prior to the simulations, duct
characteristics, components property and boundary

condition are given firstly as follows.

Fig. 1 Schematic of typical bleed air duct system

2 MODELING OF BLEED AIR
SYSTEM

2.1 Computing method

The one-dimensional lumped parameter tech-
nology is used to model the pneumatic duct sys-
tem. The duct system is divided into a set of cal-
culation points, and the points connect into a net-

work. Based on the principle of mass conserva-

tion and pressure residual correction method, the
pipeline simulation can be in good numerical sta-
bility and convergence.

The internal flow of the bleed air flows in
straight duct, bends and components such as heat
exchanger and flow control valve. In this paper.
the bleed air is considered to be compressible fluid
flow. In the process of air routing, heat loss and
pressure loss are obvious although there are the
insulation layer out of the duct. Due to the high
pressure inside the duct, the turbulent flow is de-
veloped. The governing equations of compressible
fluid flow are shown as follows.

(1) Conservation of mass

For compressible flow, the mass-conserva-
tion equation for the calculate node is expressed
as

M=o

i=1
where Q is the mass flow rate. The formula re-
presents a state that mass flowing into a node
must equal the mass flowing out.

(2) Conservation of energy

The energy equation for the fluid flow is

known as the Bernoulli equation, shown as
2
E=gz+ L +Z
0 2

where E is the total energy perunitmass, g the
gravitational acceleration, z the elevation, p the
static pressure, p the density, v the velocity.

(3) Pressure loss

The equation of pressure loss is shown as

2
1%

PR
Ap=kEY

where £ is the loss coefficient based on the config-
uration of the duct and characteristics of the
equipment. In this paper, in order to make com-
puting process convenience , the formula of pres-
sure loss is unified when the air is passing
through the duct or resistance components.

(4) Heat transfer

The equation of heat transfer is shown as

AE = Ae, — Ney — Ag + Aw

where AE is the accumulation term, Ae; the

transport term in, Ae, the transport term out,Agq
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the energy loss (by radiation/conduction/convec-
tion), and Aw the work done on the fluid to over-

come pressure forces.
2.2 Design criterion

(1)Characteristics of duct

The duct is composed of CRES 321 (A312
TP321) steel tube. The density of the material is
7 900 kg/m®,and heat conductivity is 50 W/(m

K). Table 1 gives characteristics of cross section.

Table 1 Cross section characteristics of duct

Cross section Insulating layer

Diameter/ Thickness/ Density/ Thickness/
mm mm (kg * m™*) mm
77 0.6 48 25

The heat conductivity of the insulation layer is
0.04 W/(m « K), and the heat transfer coefficient
outside the insulation layer is 8 W/(m” + K).

(2)Characteristics of component

As we all know, the bleed air from the en-
gine maintains high temperature and pressure.
Sometimes they could be much higher than the
requirements of the anti-ice and air condition. Af-
ter the engine, there are pressure regulator and
shut-off valve (PRSOV) and pre-cooler (PCE),
responsible for decreasing the pressure and tem-
perature. In the pipeline there are also some flow
anti-ice valve

(WAIV) for regulating the flow rate. The heat

control valves such as wing
transfer and flow resistance of the components are
shown in Table 2.

Table 2 Characteristics of pre-cooler

Parameter Experssion
Loss coefficient in hot side  ¢Ap=5.98X10"" « Q"™
Pipe area in hot side/m* 0.004 319
Loss coefficient in cold side gAp=3.38X107"° « Q""
Pipe area in cold side/m?* 0.012

In Table 2., Q represents the flow rate, the
pressure loss function is obtained from the experi-

ments, and ¢ is defined as follows
o= (D

where p is the density of the fluid, and p, the ref-
erence density.
A common expression of pressure loss is giv-

en by

QZ
20A°

where K is the loss coefficient, and A the cross

Ap=K

(2)

sectional area.

Thus the loss coefficients K, and K. become
K,=3.257TXxQ "% (3)
K.=0.393 x Q™ 4)

Exchanger efficiency 7 is the ratio of the ac-

tual heat transfer Q. and the theoretical heat
transfer Q,, that is

. Qc
(e

where Q. and Q; can be expressed as
Q.= rnthh<Thi — Ty =m, Cpc (T —T) (6)

(5

Qi :(n’lcp)min(Thi _Tci) D
Then
7]:%9(7”(;[))min :mhcph (8)
hi ci
7:%’0)1(1.))“\;“ =mCp (9
hi — ci

where m;, and m. represent mass flow rates of the
hotside and coldside of the heat exchanger, re-
spectively, Ty and T, the inlet and outlet tem-
perature of the hotside, T, and T, the inlet and
outlet temperature of the coldside, C,, and C,. the
heat capacity of the hotside and coldside at con-
stant pressure.

Meanwhile, the exchanger efficiency is also a
function of flow rate of the exchanger, and it can
be achieved from the experiment. In this paper,
we assume the efficiency characteristic follows the
curve as shown in Fig. 2.

Combining Fig. 2 and Eqgs. (8 —9), the per-

formance of the heat exchanger can be calculated.

Effectiveness of PCE

Fig. 2 Exchanger efficiency with flow rate
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Flow resistance of PRSOV and WAIV follows the
curve as shown in Fig. 3. The fluid passing
through a valve can be obtained.

According to Fig. 3, the pressure loss when

the fluid passing through a valve can be obtained

easily.
2.3 Boundary condition

When the bleed air passes through these

32
20" components, the pressure and temperature loss
28 .\-\ will be developed. In order to investigate the flow
L .— . . .
= 26 "~ and thermal behavior during the flight state, all
= L
é 2l situations that may appear should be checked in
g nt the design stage. In this paper, three typical ca-
g 20t ses are selected to investigate the flow distribu-
=t
18F tion, temperature change and pressure drop for
161 the purpose of illustrating the computing meth-
141 ) ) ) ) od. The boundary condition and design parame-
0.0 0.2 Vgiicopenl(')a;téio 0.8 L0 ters are listed in Tables 3 —4, and in Table 3,
Fig. 3 Loss coefficient with valve open ratio ECS is the environment control system.
Table 3 Boundary condition
Bleed air PRSOV PCE Nacelle ECS WAIV Anti-ice
Control Control Control Back
Case Pressure/ Temperature/ Flow rate/ Flow rate/
. pressure/  temperature/ pressure/ pressure/
bar C R (kg +s™ ) (kg s s
bar C bar bar
Climb 9.2 293 4.1 225 0. 245 0. 326 3.1 0.1
Cruise 3.9 222 3.8 225 0.235 0.326 2.8 0.697
Descent 4.2 291 3.8 228 0.225 0. 326 2.9 0.572
Table 4  Design criterion pressure analysis tool. The steady state calcula-
Overati Min. flow rate T . Max. flow rate tions are conducted. Fig. 4 shows the flow direc-
perating . emperature )
condition of anti-ice/ loss/C of bleed air/ tion in the duct system.
R ss/ L R - .
— (kg +s ) kg +s ) As shown in Fig. 4, starting at the left of the
Clim 0.41 10 1.15 . Lo
Crui 0. 36 10 L1s figure, the source of the bleed air is bled from the
ruise . . 10
Descent 0.38 10 115 engine. Due to the high pressure and high tem-

It is deserved to be mentioned that the tem-
perature loss is calculated from the node after pre-

cooler and before piccolo.
2.4 Computation model

The system is modeled by FLOWMASTER

software which is a one-dimensional fluid flow and

T p

US|

:} Piccolo - _13

Piccolo <:

perature of the bleed air which are much higher
than the design requirements, PRSOV will regu-
late the bleed air into the design value. Follow-
ing, PCE makes the temperature lower into
225 °C. Then the air routes through the duct sys-
tem, dividing to nacelle, ECS, and anti-ice sys-

tem. PRSOV and WAIV are controlled by the

pressure of the control point after the valve.

) \ I
PRSOV WAIV

Nacelle <———

ECS

© [PCE}—©)
PRSOV

Engine

— Nagcelle

ECS

Fig. 4 Flow direction in duct system
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PID control logic is widely used in the simu-
lation, responsible for flow control, pressure con-
trol and valve opening control.

As shown in Fig. 5, the pre-cooler is a flow
resistance, and the flow rate of the cold side is
controlled by the PID control logic based on the
temperature of specified node after the heat ex-
changer.

Pressure control node

Temperature control

i L
7]

| %

N—y

Fig. 5 PID control logic in pipeline

The duct system from the bleed air source to
the anti-ice is called branch 1 while that to ECS is
branch 2.

3 SIMULATION RESULTS

In order to investigate whether the character-
istics of the system meet the requirements of the
design, the steady state simulations are carried
out. The detailed information is shown as fol-
lows. Table 5 gives the results of the pre-cooler
and the engine bleed air, where T, is the actual
temperature of the control node while T, the
theoretical value, ¢ the error percentage, Frecooler
the mass flow rate at the cold side of the pre-cool-
er, and F,. the mass flow rate at the hot side of
the pre-cooler.

From Table 5, it can be obtained that the
relative error between the actual temperature and

Table 5 Characteristics of pre-cooler and bleed air

< Tm-l/ Tlhem/ Fprccoolvr/ me]/
Case . .
C C (kges ') (kges ")
Climb 224.97 225 1.3X10°* 0.68 0.98
Cruise 221.88 225 0.013 0. 00 0.95
Descent 225.16 225 7.1X107* 0.51 0.93

the theoretical temperature of the control node is
less than 2%, which meets actual requirements.
Better results can be improved by optimizing the
PID control logic. The flow rate of the cold side
of exchanger depends on the temperature of the
control node, and is evaluated by iterative analyti-
cal method based on the exchanger efficiency. In
the cruise state, the flow rate of the cold side is
0, mainly because the temperature of the control
node is lower than the design valve, namely the
pre-cooler does not need to work for this case.
The total flow rates of the bleed air from the en-
0.95 and 0.93,

which are lower than the design value of 1.15.

gine are 0.98, respectively,
That is to say, characteristics of the pre-cooler
and the flow rate of the bleed air in the three ca-
ses can meet the requirements.

Fig. 6 indicates the heat transfer perform-
ances of PCE. It can be seen that the outlet air
temperature remains control temperature when
the inlet air temperature is higher than the control
temperature of PCE. It is deserved to be men-
tioned that the air temperature will remain un-
changed when the inlet air temperature is lower

than the control temperature of PCE.

225.5
2250
2245 +
224.0 1
2235 +
223.0 +
2225 +
2220 F =
221.5

~ »

PCE outlet temperature / “C

220 240 260 280 300 320 340 360
PCE inlet temperature / ‘C

Fig. 6  Variation of outlet temperature with inlet tem-

perature of PCE

Characteristics of valves are shown in
Table 6, where P, is the actual pressure of con-
trol node while P,.. the theoretical value, and e
the error percentage.

From Table 6, it can be seen that the relative
error between the actual pressure and the theoret-
ical pressure of the control node is less than 2%.

The open ratio of the valve can be obtained. The
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Table 6 Characteristics of valves

C PRSOV WAIV
~ase
P, /bar P o/ bar e Ratio P./bar P o / bar e Ratio
Climb 4.106 4.1 1.4X107° 0.314 3.134 3.1 1.0X10°* 0.396
Cruise 3.771 3.8 7.6X107° 0. 855 2.942 2.9 1.4x10? 0.426
Descent 3.792 3.8 2.1X107° 0.628 2. 820 2.8 7.1X107% 0. 381
results show that fairly spare capacity of the valve 226 Clilmb
open ratio is left for the unusual situation. 225 —— Cruise
. L. . . —— Descent
Characteristics of anti-ice are shown in Table o 2247
7,where P, is the inlet pressure before the picco- g 223
lo, T the outlet temperature of the piccolo, V and g oo b
F,. are the air velocity and the mass flow rate E) o1l
from the piccolo.
220
Table 7 Characteristics of anti-ice
219 L 1 1 1 1 1
Piccolo 10 20 30 40 50 60
- Node
Case o v/ Fou/
Py, /bar T/C (mes ) (kge s Fig.7 Temperature variation in branch 1
Climb 3. 008 97 222. 411 407. 338 0.422 444 Climb
Cruise 2.825 27 219.130 405.988  0.397 707 225 —o— Cruise
—— Descent
Descent 2.729 28  222.286 407.292  0.379 822
From Table 7, it is shown that the flow rate L 24|
[
routing to the anti-icing passage in the three cases Jg
. o . . (3
is larger than the minimum valve in Table 4. The & 23
g L
velocity of the air from the piccolo is about &
405 m/s, larger than the speed of sound. And the
) o 222 L . . . ’
temperature is about 220 °C. All these results can 5 10 15 20 25
Node

meet the requirements of the anti-ice system.
Temperature variations in branch 1 and
branch 2 are shown in Figs. 7—8. From Figs. 7—
8, the temperature variation of the duct system
accessing to anti-ice direction is much like the sit-
uation that the duct system accessing to ECS.
The total temperature drop along the pipeline is
less than 10 °C, which is within the design re-
quirements. In Figs. 7—38, the large temperature
drop comes from the mixing and diverging of the

fluid with different properties.

4 CONCLUSIONS

In this paper, the flow and thermal behavior
of the pneumatic duct system is investigated using
FLOWMASTER software. Main conclusions are
as follows:

(1) The one-dimensional lumped parameter
technology can be used to model the flow and

thermal characteristics of the bleed air system .

Fig.8 Temperature variation in branch 2

Components such as pressure regulator and shut-
off valve, pre-cooler, and flow control valves,
etc. can be verified according to the requirements
and optimized further for size and structure.

(2) The valve open ratio is determined by the
parameter of the control node, and the PID con-
trol logic is applied to the system. The computing
results show that the actual values sometimes de-
viate from the design value to a small extent, and
better control logic can improve the results.

(3) Numerical simulation of the pneumatic
duct system of aircraft enables better understand-
ing the system characteristics, lowering the de-
sign time and cutting down the in-flight testing

time.
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