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Abstract; The reliability and safety of the pneumatic ducts are essential for flight safety. A beam element model of

the duct system is developed and the factors that impact the stress performance of the duct system are investigated,

such as stress check standards, flight acceleration, internal temperature and internal pressure. The results show

that the stress synthetic method as the stress check standard can obtain the more safety design results. The maxi-

mum stress of straight pipe is affected significantly by the acceleration in a plane perpendicular to straight pipe, while

the maximum stress of bend pipe is greatly affected by the acceleration in the direction perpendicular to plane of the bend

pipe. Meanwhile, internal pressure has little effect on the maximum stress of bend pipe and straight pipe. Temperature

has little effect on the maximum stress of bend pipe while has a big impact on the maximum stress of straight pipe.
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0 Introduction

High temperature pneumatic duct system of
the aircraft is bled from the engines, auxillary
power unit(APU) and ground responsible for the
anti-icing system, environment control system,
hydraulic system and so on. The duct system is
routed throughout the airframe, wings and engine
pylon. The accidental rupture can not only make
pressure drop dramatically in the ducts, but also
lead to the malfunction of the corresponding sys-
tem and the equipments around it. Therefore,
the reliability and safety of the ducts are very im-
portant for flight safety"®. In the flight, the
duct system suffers many kinds of loads such as
temperature, pressure, acceleration and so on. Al-
so, a set of metallic duct system are containing
welded

parts, valves and etc. Furthermore, the structure

curved and straight sections, joints,

of the duct system is complex and connected with

the frame of the aircraft. As the key issue of de-

» Corresponding author, E-mail address:shihong@nuaa. edu. cn.

Article ID: 1005-1120(2017)02-0220-09

sign of the bleed air management systems, the
safety design of high temperature pneumatic duct
system  involves  heat-liquid-solid  coupling
process. Therefore, the safety design is in highly
complex analysis.

The finite element method was widely used
for the strength calculation in civilian industries,
so we could expand it into pneumatic duct sys-
tem. The key is to choose the reasonable finite el-
ement model and to convert the loads the ducts
suffering to their equivalent nodal loads. Also the
element model of the relevant key part such as
ball joint and heat exchanger should be estab-
lished. Unfortunately, so little literatures aiming
at strength calculation have been referred for
maintaining secrecy. The material behaviors of ti-
tanium ducts for use in aircraft pneumatic sys-
tems have been studied 7). Nayfeh et al. fo-
cused on acoustics of aircraft engine-duct sys-
[8]

tems Simulations of bleed-air duct rupture

have been conducted by using a CFD tool™'. All
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these works provide some means of use for refer-
ence to this paper but not the key techniques.

In this paper, in order to investigate the safe-
ty performance of the duct system, the influences
such as stress check standards, temperature,
pressure, location of the components on the duct
system are analyzed based on the beam element

model.

1 Pneumatic Duct System

The schematic of the pneumatic duct system

is shown in Fig. 1.

Fig. 1 Schematic of typical bleed-air duct system

During service operation, the pneumatic duct
system of a commercial aircraft is subjected to
thermodynamic and pressure cycles. In the nor-
mal flight process, the bleed air from the engine
maintains in high temperature and pressure.
Sometimes the requirments of the bleed-air sys-
tem could be much higher than that of the anti-ice
and other air demand system. Therefore, after
the engine, there are pressure regulator and shut-
off valve(PRSOV) and pre-cooler(PCE), respon-
sible for decreasing the pressure and temperature.
In the pipeline, there are also some flow control
valves such as wing anti-ice valve (WAIV) and
flow control valve(FCV). The bleed-air filter and
ozone converter are the air treatment equipment

responsible for the air supply quality.

2 Beam Element Method

Since working conditions are complex in
flight, all these conditions should be concerned in

design in advance. In the initial design, solid ele-

ment model is not sensible enough to simulate
hundreds of conditions. Therefore, the beam ele-
ment model has been widely used in safety and
stability analysis of other piping systems/',
Due to the large length-height ratio of the pneu-
matic duct system, the beam element model can
be adopted in the initial design stage to investigate
the safety performance and to compensate stress

concentration.
2.1 Straight pipe model

According to the principle of virtual displace-
ment, the beam element as the elastomer has the

following formM#1*

ﬂJsTadV :J U'qdx +a" Pt D
l

where g the strain of the beam element, ¢ the
stress of the beam element, U the displacement of
the beam element, ¢ the uniformly distributed
load applying to the beam element, a‘ the vectors
of nodal of element, and P¢ the concentrated load
applying to the nodal of element. ¢ and g can be

expressed as

c6=D(E&—¢gr—¢g,) (2
g¢=Ba“ (3)
U=Na*
where D is the elastic matrix and B the strain ma-
trix.
E 0 0 0
0O E 0 O
D= 4
0O 0 E 0
0O 0 0 G
G1 GZ
G3 G4 GJ G6
B= (5)
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A =1—x/l,Ay=xa/l,A; =1 —=32* /1" +22° /1,
A, =1—322/422° /0 A, =x—22* )1+ 32° /1%,
A =322/ —22° /1P Ay =— 27 /L + 2F /1P LA, =
1—32%/1 + 22/ Ay = x — 2x%/1 + 32°/1%,
Ay =32°/1* — 223/ Ay =—2/l+ 2/ A, =
1—x/lAy=2x/l.
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where E is the elasticity modulus, G the shear e-
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In Eq. (11),I,= ﬂ z*dA and I.= ﬂysz are the
principal moments of inertia about y-axis and z-
axis, respectively. J, :ﬂ r*dA is the principal
moment of inertia about z-axis™'"'%,

2.2 Bend pipe model

Due to the compact space layout in the cabin,
For the

bend, there are three methods in modeling which

there are some bends in the pipeline.

are bend unit technology, straight pipe replace-

lasticity, a the coefficient of linear expansion, AT
the temperature variation, P the internal pres-
sure, D the radius of the duct, and § the thick-
ness of the duct.

Substituting Egs. (2)—(8) into Eq. (1), we

can obtain the following expression

MBTDBade :JNqu:r + P+

JHBTDerVJr”BTDs,,dV 9)
K :MBTDB % (10)
symmetry
AEI .
[
A (1D
0 e
~ 6EI. 0 12EI.
Z Zi{
0 0 0 IZE,,Iy
Zo
0 0 0 0 GJ
l
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72%‘1: 0 0 0 0 0 41?1

ment technology and elastic hinged model™™",
For the small radius of curvature (The radius of
curvature and diameter is less than 3), we can
choose the last model for high efficiency. Fortu-
nately, in the high temperature pneumatic duct sys-
tem, the bends almost belong to the small radius of
curvature category. The schematic of the bend with
small radius of curvature is shown in Fig. 2.

The elbow of the elastic hinged can be seen
as flexible structure, the flexural rigidity of the

elastic hinged can be expressed as
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Small radius of curvature

Fig. 2 Schematic of bend with small radi-

us of curvature

_EJ

~ R0 (12)

where k& is the flexibility factor of the bend, & =
2

l.ggr . R is the radius of curvature and @ the in-

tersection angle. J is the rotational inertia, J =
o,
Considering the influences of the internal

pressure, the flexural rigidity of the elastic

hinged become
4/3

k-t () T

where r is the radius of the pipe.

Element stiffness matrix of the bend is given by

[ 10" b
0 10"
0 0 10" symmetry
0 0 0 10"
0 0 0 0 K
0 0 0 0 0 K

K =

—10" 0 0 o 0 0 10"
0 —10" 0 0 0 O 0 10"
0 0 —10" 0 0 O 0 0 10"
0 0 0 —10" 0 0 0 0 0 10"
0 0 0 0 —K 0 0 0 0 0K
0 0 0 0 0 —K 0 0 0 0 0K]

a4

where n is the particularly large number.

It is worthy of note that the stress of the
bend is much larger than that of the straight pipe
when they suffer the same load. The ratio of
those two kinds of stress is the stress concentra-
tion factor which only has the effect on the longi-
tudinal bending stress. According to ASME B31,

the stress concentration factor is given by
_ 0.9

B* /\2/3

where A is the flexibility characteristic parameter,

A=Rs/r.

(15)

2.3 Equivalent nodal load

Gravity and acceleration as the uniformly dis-
tributed load can be converted to the equivalent nodal
load. The schematic of conversion of gravity and ac-

celeration is presented as shown in Fig. 3.

NI ol

Fig. 3 Schematic of conversion of distributed loads

Then equivalent nodal load of gravity f7 is

f;:J [N "q,de (16)
q, =pAgcos(x,X) an
- . Jqﬂdq' .

Lo —x 2] g

A A , 2

F, P

’ 0 1 — 2 1 qu.rdf _ql”
L [ 12
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M, 2 ¢ qu dx 2

0o —+ 1 1 a.l”

- & qu.l"{dl' L 12
(18)

where g, is the uniformly distributed load of gravity,
cos(x,X) the cosine of the local coordinate system
and the global coordinate system, and / the length of
the element. F; and M, are the force in y-axis and
moment in z-axis of node 7, F,; and M,; the force
in y-axis and moment in z-axis of node j.

And equivalent nodal load of acceleration f% is

f :J" N7 7q.dx (19)
q. = pAacos(x, X) (20)
el
2
Ey ql’
M. 12
fo= = @D

’ F R . %
M, 2
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where q,is the flight acceleration.

2.4 Global stiffness matrix and nodal load matrix

of duct system

After all the element stiffness matrix is de-
veloped, we can obtain the global stiffness matrix
by superposition method and expanding matrix
method. Assuming that the number of the nodes
is n, the global stiffness matrix K§,.s, can be ex-

pressed as

K; K,
Guxcon = 22)
Kﬂ ij

In Eq. (22), the dot and blank in the matrix re-
The node

numbers 7 and j are listed in an ascending order.

present the six-by-six zero matrix.

Sub-matrixes of the element matrix are added into
the global matrix by superposition method. For
the nodal force, the superposition method is also

used

(23)

f— Zf

Then we obtain the global equilibrium equations
Ko =f @y
where f is the global nodal force matrix, é the
global nodal displacement matrix, K the global
stiffness matrix. It can be known that K., is a
singular matrix, So Eq. (24) can be solved by

method of multiplication by a large number.
2.5 Computational flow diagram

Computational flow diagram is shown in Fig. 4.

Straight| Bend | |Temper- ccelera-
‘ pipe pipe ature | [Pressure ’A tion
e — — ————
Beam Equivalent
element nodal
load
Finite element model
system
¢<— Load

Global stiffness matrix
and nodal load matrix
of duct system

!

Stress and -
displacement Safety evaluation
Stress
check
standard

Fig. 4 Computational flow diagram

3 Analysis of Influence Factors

Prior to the analysis, material properties of
the duct are given. The duct is made of CRES 321
(A312 TP321). The density p of CRES 321 is
7 900 kg/m’ and Poisson’s ratio v is 0. 3. The other
properties of CRES 321 are shown in Table 1, where
F 1 is the plastic limit andFy the yield limit.

Table 1 Properties of CRES 321
Temperature/ E/ a/ Fr/ Fr/
C MPa (mm « C)™! MPa MPa
20 195 000 16. 00E-6 665 200
200 186 000 16. 50E-6 515 157
300 179 000 17. 00E-6 490 147
500 165 000 18. 00E-6 413 119

3.1 Stress check standard

There are two kinds of stress check stand-
ards evaluating the stress of the high temperature
pneumatic duct system, which are stress classifi-
cation method and stress synthetic method.

(1) Stress classification method

Stress classification method divides the stress
into two kinds, namely the primary stress and
secondary stress. The checking formulas of the

primary stress are given by

PD | 0.75{M, :
614:T8+$<[o‘]] (25)
PD |, 0.75:M 0. 75iM '
ow ="ty g < 1 2le ]
(26)

where g, is the sum of the longitudinal stress re-
sulting from the sustained load such as pressure,
gravity and acceleration, [¢]" the allowable stress
of longitudinal stress, i, the stress intensity fac-
tor, M, the sum of the bending moment resulting
from the pressure and gravity, W the modulus of
section, o the one kind of the primary stress re-
sulting from accidental load such as wind, earth-
quake and vibration, and Mj the bending moment
resulting from accidental load.

The checking formula of the secondary stress

is given by
O — % = [UE] < f(L 25([6]( + I:G]h ) —ov)

@27
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where o is the displacement stress resulting from
thermal expansion and contraction and the joint
displacement, M. the bending moment resulting
from thermal expansion, [ | the allowable stress
of secondary stress, and [¢]° the allowable stress
in room temperature.

(2) Stress synthetic method

According to distortion energy theory, the
checking formula of stress synthetic method can

be expressed as

\/%(0'1 *0'2)2_’_(0‘2*0‘3)2 +(O'), *0'1)2 < I:O‘]

(28)
where ¢, 505+ 05 are the three principal stresses in
three directions, respectively. [ ]is the allowable
stress of stress synthetic method.

(3) Comparison of two methods

To compare the two methods in safety de-
sign, we take a set of the duct in trim system as
an example, which is shown in Figs. 5,6. The in-
ternal temperature is 220 “C,the internal pressure
is 0. 8 bar. In that situation , [¢]" is 155. 0 MPa,
[or] is 282. 8 MPa, [s] is 155.0 MPa. From
Fig. 7, we can see that the primary stress and sec-
ondary stress are less than those of the allowable
stress value. Von Mises stress of Node 5 and
Node 6 in the same situation is greater than the
allowable stress value 155. 0 MPa corresponding
to allowable stress of secondary stress. There-
fore, different stress check standards can obtain
different results. Considering the high require-

ments for the safety and reliability, we suggest the

Fig.5 A set of the duct in trim system

Fig. 6 Node number of the duct

Secondar
Prima
Von M
of Von Mises stress and primary stress
ss of secondary stress

<
£
>
~
12}
n
o
L=
2

Fig. 7 Comparison of the stress results using two stress

check standards

stress synthetic method for safety checking work to

obtain the more safety design results.
3.2 Flight acceleration

The high temperature pneumatic duct system
can be divided into two kinds of structure, which
are straight pipe and bend pipe. Therefore, we
choose straight pipe and bend pipe as the study
objects to investigate the influences of the follow-
ing influencing factors on safety design. The di-
ameter of the pipe is 38. 1 mm, the internal pres-
sure is 0. 8 bar, and the internal temperature is
60 °C. The direction of gravity is vertically down-

ward, that is z-axis in Figs. 8,9.

Vg (1.5,0,0)
S )

((XX0)]

Fig. 8 straight pipe
(1.5,1.5,0)
(1.5,1.25,0)
(1.5,1,0)

(0.25,0,0)

(0,0,0) (1.5,0.5,0)

(U=XX0)] (1,0,0)

(1.5,0,0)

Fig. 9 Bend pipe

In flight, the aircraft are not only subject to
the pressure, temperature and nodal displacement

load, but also suffering the acceleration load. In
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order to investigate the influence of acceleration
load on the stress performance, we study the
stress performances of straight pipe and bend pipe
in the x,y and % direction under acceleration load.
The influences of acceleration load on the maxi-
mum stress of straight pipe and bend pipe are

shown in Figs. 10,11.
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Fig. 10  Influence of acceleration on the max
stress of straight pipe
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Fig. 11 Influence of acceleration on max stress

of the bend pipe

In Fig. 10, the acceleration in x direction has
little effect on the maximum stress of straight
pipe while acceleration in y and z direction makes
a big impact on the maximum stress of straight
pipe. Meanwhile, the maximum stress of straight
pipe decreases first and then increases with accel-
eration from —6g to 6g. Therefore,the maximum
stress of straight pipe is greatly affected by the
acceleration in a plane perpendicular to straight
pipe.

From Fig. 11, we can see that acceleration in

x and y direction has little effect on the maximum

stress of bend pipe while acceleration in z direc-
tion makes a big impact on the maximum stress
of bend pipe. Meanwhile, the maximum stress of
bend pipe decreases first and then increases with
acceleration from — 6g to 6g,and such effect of
acceleration on the bend pipe is more serious than
that in straight pipe. Therefore, for the bend
pipe, the maximum stress of bend pipe is greatly
affected by the acceleration in the direction per-

pendicular to plane of the bend pipe.
3.3 Internal pressure

To transport the air to the downstream sys-
tem, the bleed air has a certain pressure of up to
10 bar. Therefore, we take pressure as a variable
and keep the temperature and acceleration con-
stant. The temperature is 60 ‘C and the accelera-
tion is 0.

As is shown in Fig.12, when the internal
pressure increases from 0. 8 bar to 8. 8 bar, it can
be seen that internal pressure has little effect on
the maximum stress of bend pipe and straight
pipe although the maximum stress increases with
the internal pressure. Therefore, it tells us that
we should not focus on the internal pressure when

conducting the safety design.

80}k
<
% 701
| —m—Straight
2 60 —®—Bend
& 50F
&
g,
% 40}
2
;zd 30F
& 20p
10}
0 2 4 6 8 10
Internal pressure/ bar
Fig. 12  variation of the max stress of the duct

system with the internal pressure

3.4 Gas temperature

The air in the duct system is at high temper-
ature of up to 260 °C. Therefore, we take tem-
perature as variable and keep the pressure and ac-
celeration constant. The pressure is 0.8 bar and

the acceleration is 0.
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As is shown in Fig. 13, temperature has little
effect on the maximum stress of bend pipe while
it makes a big impact on the maximum stress of
straight pipe. Meanwhile, the maximum stress of
bend pipe and straight pipe increases with tem-
perature from 50 ‘C to 90 C. Combined Egs. (1),
(2) and (7), we have the beam element stress de-
pending on the temperature, pressure and distri-
bution load. From the Fig. 12, we obtain that in-
ternal pressure load has little effect on the maxi-
mum stress of bend pipe and straight pipe. And
from the Figs. 10, 11, we know the acceleration
with 1g in x,y and % directions has little effect on
the maximum stress of straight pipe. Therefore,
the maximum stress of straight pipe mainly de-
pends on the temperature. Eq. (7) tells us the
strain of the beam element shows significant line-
ar correlations with temperature. That is the rea-
son why the maximum stress of straight pipe al-
most linear increases with temperature. There-
fore, it tells us that it is essential to pay more at-
tention to the straight pipe in the high tempera-

ture compared with the pressure.

180

—_

(=)

(=]
T

< .

= —a— Straight

% 140F —e— Bend

% 1201

2 100

< 80f

2 60

&

% 4ot

= 20t — o o o o e
0 ) ) . A )

50 60 70 80 90
Internal temperature/'C

Fig. 13 Variation of the max stress of duct sys-

tem with internal temperature

4 Conclusions

The main aim of this paper is to investigate
the influences such as stress check standards,
flight acceleration, internal temperature and in-
ternal pressure on the stress performance of the
duct system from the numerical point of view.
Key findings and conclusions from the simulation

studies performed are as follows:

(1) Different stress check standards can ob-
tain different results. Considering the high re-
quirements for the safety and reliability, we sug-
gest the stress synthetic method for safety chec-
king work to obtain the more safety design re-
sults.

(2) The maximum stress of straight pipe is
greatly affected by the acceleration in a plane per-
pendicular to straight pipe while the maximum
stress of bend pipe is greatly affected by the accel-
eration in the direction perpendicular to plane of
the bend pipe.

(3) It can be seen that internal pressure has
little effect on the maximum stress of bend pipe
and straight pipe although the maximum stress
increases with the internal pressure. Therefore,
it tells us that we should not focus on the internal
pressure when conducting the safety design.

(4) Temperature has little effect on the max-
imum stress of bend pipe while impacting signifi-
cantly on the maximum stress of straight pipe.
Therefore, it tells us that it is essential to pay
more attention to the straight pipe at high tem-

perature in the safety design.
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