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Abstract: There exists inlet-engine match conflict between high and low speeds for a non-adjustable bump inlet. A

scheme of using a bistable bump surface at the throat region of the inlet is proposed to adjust the throat area. The

FEM model of the bistable surface is established with hinged constraint, and the bistability condition and structural

transition process are investigated in detail. Moreover, the effects of loading method, loading position and struc-

tural parameters on critical driving force, input energy and structural strain are studied. Finally, the influences of

an elastic boundary condition on the structural bistability are discussed. The results show that the bistability of the

adjustable bump surface requires a certain boundary constraint and geometric parameter combination,and that there

are local and overall snap-through phenomena during transition which are related to the loading position and struc-

tural parameters. Therefore, suitable loading position and structural material could reduce input energy and meet

the demand of structural strain.
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0 Introduction

With the development of smart materials and
structures, various morphing structures have
been designed and applicated to aircraft. These
novel structures can help to improve aircraft per-
formance, such as aerodynamic efficiency, stealth

[1-3]

performance and multi-mission ability Over

the years, most research and programs'®’ have
focused on wing morphing, and shape memory
materials (SMA, SMP, etc.) and innovative me-

( flexible honeycombs™*7,

[10]

chanical structures
jointed rib segments"'", etc. ) have been used to
achieve continuous variation of wing platform
shape or airfoil camber. However, few researches
have been conducted on adaptive structures for
aircraft inlets. Comparing with morphing wing, a
morphing inlet only requires a small local part to

change shape, thus it would be easier for future

engineering practice.
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The representative research on morphing in-
let was conducted in the Smart Aircraft and Ma-
rine Project System Demonstration (SAMPSON)
program funded by Defense Advanced Research
Projects Agency (DARPA)!!,

ing Phantom Works designed an adaptive struc-

Engineers of Boe-

ture referred to as "Smart Flex Skin" consisting of
rubber, structural rods and SMA rods. This a-
daptive structure was adopted in the lip-'* and in-
ternal wall''® of F-15 fighter engine inlet to real-
ize the variation of capture and throat area. Now-
adays, an advanced three-dimensional bump inlet
has been widely used in new-generation fighters,
but the inlet-engine match problem still exists.
Therefore, designing adaptive structures are quite
meaningful for a morphing bump inlet.

Classified by morphing effects, adaptive
structures mainly produce a continuous shape

changing or a multi-stable configuration transi-
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tion. For the flexible structures capable of chan-
ging shape continuously, they need extra energy
to keep the equilibrium state besides the driving
energy. In contrast, multi-stable structures such

DBl and  prestressed

as asymmetric laminates
shells™® are able to sustain each stable configura-
tion without a continuous power supply. Hence,
bistable structures are considered as one possible
way to ease the configuration conflict of a non-ad-
justable inlet between low and high speeds.
Schultz proposed a concept design of a transform-
able duct consisting of asymmetric cross-ply lami-
nate sides and flexible material top and bottom,
of which the section shape could be changed by
two stable configurations of the sides to achieve a
flow control™™. Daynes et al. investigated a no-
vel form of bistable composite structure through
bending stiffness tailoring and prestress tech-
nique, and applied it to a morphing air inlet dem-
onstrator to control a special region open or
closed™®,

tice structure consisting of tri-stable lattice cell

Dai et al developed a multi-stable lat-

which is made of bistable laminates. The multiple
stabilities highlight a potential to realize a smooth
shape variation in large area multi-stable struc-

(120] - However, limited by the boundary

tures
constraint and boundary shape, these bistable
laminated composites are not suitable for applica-
tion in morphing bump inlet design.

In our present research, targeting a mor-
phing bump inlet, a concept design is proposed as
shown in Fig. 1. A bistable bump surface is local-
ly used to replace the original non-adjustable sur-
face in the inlet throat region, forming a "mor-
phing surface”. The two stable configurations of
the morphing surface can be interchanged by ac-
tive loading to improve the inlet-engine match in
high and low flight speeds. To carry out the con-
cept design, a series of work on the mechanical
properties of the morphing surface needs to be
done, such as the transition processes subject to
different loadings, the structural strain level to
satisfy the target deformation, and optimal load-
ing schemes for less energy input.

In this paper, a hinge supported shallow thin

" Stable configuration
for high speed
\

Sble configuration

Section view 4-4 for low speed

N Inlet cowl
Morphing bump surface

Fig. 1 Concept design of morphing bump inlet

shell of elliptical planform is used to model the
morphing surface. For the model under different
quasi-static loads, simulation analyses are per-
formed to study its mechanical behaviors, inclu-
ding the existing conditions of bistability phenom-
enon and typical transition processes. Also the
effects of loading conditions and geometric param-
eters on the design variables, such as the mini-
mum driving force, input energy and maximum
structural strain are discussed in detail. Moreo-
ver, the effects of elastic constraints on the me-
chanical properties of the bump surface are dis-

cussed.

1 Simulation Analysis on Mechanical Be-
haviors of Morphing Surface

1.1 Geometry model and FEM solution

According to the geometric features of the
morphing bump surface, a shallow thin shell
model of elliptical planform is adopted as shown
in Fig. 2. The geometric parameters include the
curvature radius R, (R,), the semi axis length of
bottom surface a (b), the height of central point
h, and the uniform shell thickness 7z, which varies
within the following range: t/min(R,, R,) <1,
h/min(2a, 26)<1/5, h/t<50. Referring to the
bump inlet structure, the initial parameter values
are a = 500 mm, 6= 300 mm, A =50 mm,t=
2 mm.

The boundary of the morphing surface
adoptsa single-row bolt connection which is mod-
eled as hinge support in the view of engineering.
The driving forces will be applied along an ellipti-

cal path similar to the elliptical planform r, (r,) is
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Fig. 2 A doubly-curved shallow thin shell model of el-

liptical planform

the curvature radius of the loading path and A the
similarity ratio representing the loading posi-
tion), and the loading methods include concen-
trated load, uniform line load and multi-point
load of equal angular interval 6.

The bistable behaviors of shallow thin shells
have been thoroughly studied; however, the tran-
sition processes between two stable configurations
under different load methods are less researched.
Theoretical methods can hardly describe transi-
tion process'?’. Therefore, the finite element
method (FEM) based on ABAQUS is chosen for
the model in the paper.

The element type of the model is S4R. Mate-
rial design is part of the research. In the early de-
sign stage, an isotropy material of Yong's modu-
lus with E=70 MPa, Poisson ratio v=0. 3 is cho-
sen, and assumed to be linear elastic during the
structural deformation process. The driving force
will be applied under a certain rate. In Ref. [22]s
experimental study on the bistability of a disc, a
loading rate up to 400 mm/min was proved to be
a quasi-static load™. Thus, the static displace-
ment load is applied to the model to simulate the
driving force.

To validate the simulation method, an exam-
ple of solving critical buckling load of a shallow
thin spherical shell (R,=R,=R, h/t<11) sub-
ject to a central concentrated load is shown. Sim-
ulation results are compared with the analytical

[23] [24]
b

solutions and experimental results

shown in Table 1. The critical buckling load F., is

converted to dimensionless one as F. R/(Et).

as

The results obtained by different methods are in

accordance, which validates the feasibility of the

simulation approach.

Table 1 Critical buckling load of a sample model by differ-

ent research approaches

Parameter ratio h/t 3.1 5.3 6.2 9.5 10.7
Simulation 1.3 2 2.4 3.7 4.1
% Analytical 1.2 2.0 2.3 3.6 4.1

wl
W~
()
=~
w

Experimental 1.3 2.0  2.F

1.2 Transition process of the model and its typi-

cal types

The deformations of the model under differ-
ent loading methods including a central concen-
trated load, uniform line load and multi-point
load are analyzed, and the variation curves of
driving force and structural strain energy versus
structural deformation are given to describe the
typical transition processes of bistable configura-
tions. The horizontal axis of the curves repre-
sents the deflection of the load acting point w, ,
and it is converted to dimensionless one as w, /h,
(h, is the local height of the load acting point).
1.2.1 Case of a central concentrated load

The variation curves of the driving force and
strain energy versus the deflection of the load act-
ing point are shown in Fig. 3. Point A represents
the initial stable configuration of the model as
shown in Fig. 4(a). As the structural deflection
spreads outwards, an overall structural buckling
occurs at peak point B, and the force reaches a
critical buckling load. As the model is deflected
further after the buckling, the resistance to a load
decreases until the strain energy reaches a peak at
point C. At this moment, shown in Fig. 4(b),
the model gets into an unstable state, and vricl
snap-through quickly into the second stable con-
figuration at point D, shown in Fig. 4(c). During
the snap-through process (the dashed part), the
strain energy releases rapidly and no external
force is needed. The whole transition process of
the model contains only an overall snap-through,
so it is categorized as "type 1.

1.2.2 Case of a uniform line load

Considering the effect of loading position on
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Force / 10° N

1.0 1.5

Structural deflection w,/ A,

Strain energy /

0.5 1.0 1.5

Structural deflection w,/ A,

Fig.3 Force and energy versus stroke curves under a

central concentrated load

Fig. 4

Shell surface shapes during the stroke under a

central concentrated load

the transition process, the elliptical loading path
of different sizes (similarity ratio A=0. 05, 0. 2,
0.6) is selected.

For A=0. 05, the structural deflection stroke
is basically the same as the one under a central
concentrated load, because the loading position is
close to the central point. The transition process
is type [.

For A=0. 2, the variation curves of the driv-
ing force and strain energy versus the deflection
of the load acting point are shown in Fig. 5. As
the force reaches the first peak at point B, , a lo-
cal buckling occurs around the loading position.
At point C,, the strain energy reaches the first
peak, and the model will undergo a local snap-
through, which leads to a concave region between

the loading position and the center as shown in

Force / 10° N

0.5 1.0

Structural deflection w,/

Strain energy / 10° r

0.5 1.0

Structural deflection w./ h,

Fig. 5 Force and energy versus stroke under a uniform

line load along the loading path of A=0. 2

Figs. 6(a,b). After the snap-through, the model
can still bearing load, and the deflection region
spreads outwards. As the force reaches the sec-
ond peak point B, , the overall structural buckling
occurs. When the deflection extends to the whole
shell surface at point C,, shown in Fig. 6 (¢),
structural strain energy reaches the second peak.
The mill would experience an overall snap-
through process, during which the strain energy
releases rapidly, leading to a large displacement
slide (the dashed part). Finally, the model stabi-
lizes at point D, shown in Fig. 6(d). The whole
transition process of the model contains a local
snap-through, and an overall snap-though, so it
e 11",

. . "
is categorized as 't

Fig. 6

Shell surface shapes during the stroke under a

uniform line load along the loading path of A=

0.2
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For A=0. 6, the variation curves of the driv-
ing force and strain energy versus the deflection
of the load acting point are shown in Fig. 7, and
the transition process is type [[. The shapes of
the model before and after the snap-through
process are shown in Fig. 8. Comparing Fig. 8(b)
with Fig. 6(b), as the loading position is off the
center of the model, the concave region after a lo-
cal snap-through becomes larger. This leads to a
large increase of the local bucking force at point

B, in the force-stroke curves.

Force / 10° N

0.5 1.0 L5

Structural deflection w,/ h,

Strain energy / 10° mJ

0.5 1.0
Structural deflection w,/ A,
Fig. 7 Force and energy versus stroke under a uniform

line load along the loading path of A=0.6

(a) Shape before local snap (b) Shape after local snap

Overall

—_—

(c) Shape before overall snap

(d) Shape after overall snap

Fig. 8 Shell surface shapes during the stroke under a
uniform line load along the loading path of A=
0.6
1. 2. 3 Case of a uniform multi-point load of

equal angular interval

A uniform multi-point load along the ellipti-

cal path is also a preconceived loading scheme.
The angular interval § could be chosen as 45°,
60°, 90°, etc. As an example, the transition
process of the model subject to a multi-point load
of 60° interval is analyzed, where different sizes
of the loading paths (A=0.05, 0.2, 0.6) are still
selected.

For A=0. 05, the structural deflection stroke
is basically the same as the one under a central
concentrated load. The transition process is type
I.

For A=0. 2, the structural deflection stroke
is basically consistent with the one under a uni-
form line load, because the load acting points are
close to each other and their dispersion is not ob-
vious. The transition process is type [I.

For A=0. 6, the distance between two adja-
cent load acting points becomes large, showing an
obvious dispersion. Hence, the deflection stroke
is different from the one under a uniform line
load. Fig. 9 shows the force-stroke and strain en-
ergy-stroke curves. As the force reaches the first
peak at point B,, a first local buckling occurs
around the load acting points. At point C,, the
strain energy reaches the first peak, and the mod-
el will undergo a first local snap-through, produ-

cing several isolated concave regions from loading

Structural deflection w,/ A,

(a) Loading displacement

=
S|
S
—
>
&0
£
Q
=
[]
.8
<
=
k=
7]

Structural deflection w,/ A,
(b) Energy displacement
Fig. 9 Force and energy versus stroke under a uniform

multi-load of 60° interval along the loading path
of A=0.6
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position to the edge of the model, as shown in
Figs. 10 (a, b). As the force reaches the second
peak point B,, a second local buckling occurs. At
point C,, the strain energy reaches the second
peak, and the model will experience a second lo-
cal snap-through, leading to a larger concave
which connects the former isolated concaves as
shown in Figs. 10(c,d). As the force reaches the
third peak point B;, the overall structural buck-
ling occurs. At point C;, the strain energy rea-
ches the third peak. The model would experience
an overall snap-through process, shown in
Figs. 10(e, ), during which the strain energy re-
leases rapidly until the model re-stabilizes at point
D. The whole transition process of the model

contains twice local snap-through, and an overall

snap-though, so it is categorized as "type [II".

Ist local

2nd local
——

Overall

—_—

Fig. 10  Shell surface shapes during the stroke under a
uniform multi-load of 60° interval along the

loading path of A=0.6

As a summary, the hinge supporting model
under external loadings in the cases has three
types of transition process, and its second stable
configuration is basically symmetric with the ini-
tial stable configuration. Table 2 shows the effect
of the loading position (A is used to indicate the
location of the elliptical loading path of the range
from 0 to 0. 7) on the transition process type of

the model.

Table 2 The effect of loading position on the transition
process type of the model
Loading Loading Transition
method position A process type
Concentrated
0 1
load
Uniform line 0.05—0.09 I
load 0.11—0.7 11
Uniform 0.05—0.09 I
multi-point load 0.11—0.5 il
of 60° interval 0.55—0.7 1

1.3 Effects of geometric parameters on structural

bistability and transition process

1.3.1 Geometric parameter requirements for bi-
stability

In the aforementioned cases, the common
feature during the transition process is that the
model could experience an overall buckling and
snap-though, after which it could stabilize at the
second stable configuration with no more driving
force. However, for the hinge supporting model
holds bistability, the geometric parameter needs
to satisfy a certain limited conditions. Theoretical
analysis on the stability of a shallow thin spheri-
cal shell with certain constraint indicates that only
if the parameter ratio h/t was over a critical val-
ue, would the buckling and snap-through oc-

23-2/
CUI”[‘3 ‘l

1, which would lead the following parame-
ter analysis to structural bistability.

Taking the model with initial parameter val-
ue as the benchmark, and by varying the geomet-
ric parameters, loading methods and loading posi-
tion, we discuss whether there exists a certain
critical A/t value which affects the bistability of
the model. The results are shown in Fig. 11.

In Fig. 11(a), the bottom surface size of the
model remains initial value, while the parameter
h varies from 30 to 70 mm of a 10 mm interval.
The horizontal axis gives the critical shell thick-
ness t corresponding to a variable h, less than
that of the the bistability model could own . It is
found that the ratio h/t approximately equals a

constant of 1. 5. In Fig. 11 (b), the structural



616 Transactions of Nanjing University of Aeronautics and Astronautics Vol. 32
Central concentrated load
70 h/t=471 _»o
70[with / P 200 \ 6
E 60 tbistability & E 60 /,e -5 . I
E s = E 50 Type II/Q/ ; ‘. ype 3 __-0
< 0 ,x’OWithout < I3¢mmormmommwomo < 40 ypg/ Type 1 4 Somgome®
40 L bistability 30 S ; Type 1
308 - - oL . 10 12 14 1
20 30 40 50 300 400 500 600 700 6 8 10 6 300 400 500 600 700 300
t/ mm b/ mm
t /mm b /mm
(a) Effectof h/tat A=0.3 (b) Effectofbat 1=0.3
(a) Effect of A/t (b) Effect of &
_ 0
2.0 . . 2.0 [ A uniform multi-point 70 hit=471 . 8
A uniform line load _ 60 &
loadat 1=0.3 E L =7 Type 11 »
§ 1.5yo-w---v----v-v i 1L.5§---8----B---53---8 = 30 Type/l/l/ﬁ = 6 \9\0 ’0’,/"/
40 » Type 1 “~-"" Type 1
5 NG
1.0 : : ) 1.0 . 300 400 500 600 700 800
0.0 02 0.4 0.6 n/6 n/4 w3 w2 =
Loadi iton 4 Angular i » t/ mm b/ mm
oading positon t
ep guiar fujerva (c) Effectof hitat A=0.6 (d) Effectof bat A=0.6
(c) Effect of loading position (d) Effect of angular interval

Fig. 11  The critical parameter ratio h/t for the model

owning bistability

bottom surface size is variable; however, the rati-
o h/t yet keeps the constant value of about 1.5
over which the model could own bistability. This
indicates the size of the bottom surface has little
relation to the structural bistability. The effect of
loading position on the structural bistability is
considered under a uniform line load in
Fig. 11(c), and the critical A/t value remains the
same. Fig. 11(d) shows different multi-point load
methods have no effect on the critical i/t value.
Hence it could be summarized as: for the hinge
supporting model, the bistability is structural in-
herent feature which requires geometric parame-
ter ratio h/t over a critical constant, and has little
to do with the bottom surface size and external
loadings.
1.3.2 Effects of geometric parameters on struc-
tural transition process type

The parameter ratio h/t has an effect on
structural bistability, which could potentially af-
fect the transition process of the model. In pa-
rameter analysis, the load method remains the
same in order to exclude its effect on structural
transition process. Taking a uniform line load at
different loading positions for example, how the
geometric parameters affect the transition process
type of the model is shown in Fig. 12.

In Fig. 12 (a), the semi axis lengths of the

Fig. 12 The effect of geometric parameters on the tran-

sition process under a uniform line load

bottom surface are fixed, while the parameter h
varies from 30 to 70 mm of a 10 mm interval.
The horizontal axis gives several critical shell
thicknesses ¢ corresponding to different h, which
draws a curve separating the transition process.
The critical ratio h/t approximately equals a con-
stant. As a ratio h/t varies from below the con-
stant to over the constant, the transition process
would change from type [ to type II.

In Fig. 12 (b), the semi axis length of the
bottom surface b is altered leading to variations of
the size and eccentricity of the boundary ellipse.
The critical i/t values corresponding to different
h which separate the transition process types are
calculated. It is found that unlike the structural
bistability condition, the critical A/t value is re-
lated to the bottom surface size. As the eccentric-
ity of the bottom ellipse decreasing, the critical
h/t value decreases (the minimum value occurs
when the bottom shape is circular). Figs. 12(c,d)
show similar variations to in Figs. 11(c,d), how-
ever, the critical A/t values are different mainly

due to different loading positions.

2 Effects of Loading Conditions and
Geometric Parameters on Design
Variables

2.1 Minimum driving force

2.1.1

The purpose of discussing the effects of load-

Effect of loading conditions
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ing conditions on driving force is to provide design
laws for the optimal driving scheme. During the
transition process, there could exist more than
one force peak including the local and overall crit-
ical buckling forces. The minimum driving force
to implement the transferring of the bistable con-
figurations should be over the maximum force
peak.

Taking the uniform line load and multi-point
load of 60° interval for examples, Fig. 13 shows
all the critical buckling forces varying with the
loading position under different transition process
types. In Fig. 13, the gaps between the dash-
dotted lines are the transition regions of different

transition process types which are not discussed.

Local buckling
Overall buckling

"Eype Type 11

Buckling force / 10' N

00 01 02 03 04 05

Loading position A

1st local buckling
-~~~ 2nd local buckling

213 e Overall buckling Type I1I
l)’r Type 1l

3

01 02 03 04 05 06 07

Loading position A

7
:
=
=
S
o
I
RS
B8]
o
)
£
=2
2
e
M

Fig. 13 The effect of the loading position on the critical

buckling forces

For types I and [[ . the overall buckling
force changes slowly with increasing A because the
model has similar surface shape at overall buck-
ling moment, like Figs. 4(c), 6(c), 8(c). How-
ever, the local buckling force increases rapidly as
the loading position is leaving the center since the
local snap-through area (covering from the center
After
about A=0. 3, the critical buckling force is higher

to loading position) is becoming larger.

than the overall buckling force. For type [l in
Fig. 13 (b), as the loading position moving
towards the boundary, the first local snap-though

area (covering from the loading position to the

boundary) reduces which leads to a decrease of
the first local buckling force; while the second lo-
cal snap-through area (covering the distance be-
tween two adjacent load acting points) becomes
larger, which results in an increase of the second
local buckling force.

Fig. 14 shows the minimum driving force un-
der uniform multi-point loads of different angular
intervals. The dashed connecting lines in the gaps
are just for a convenient view. It could be found
that reducing the number of the load acting points
has a small effect on the minimum driving force;
but the increase of the distance between adjacent
load acting points will make the transition process

"type II" appear earlier.

30° interval

Type 1I Type III

60° interval

Type 11 Type III

90° interval

Type Il

<
=
—
=
]
2
S
1
on
=]
g
=
g
o
o
g
=1
=
=]
=
=1
=

Type III
0.3 0.4 0.5 (1X9) 0.7

Loading position A

Fig. 14 Minimum driving force under multi-point loads

of different angular intervals

2.1.2 Effect of geometric parameters

Although the final choice of the material is
unknown, it is necessary to understand the varia-
tion laws of the driving force versus structural ge-
ometric parameters. For the uniform line load at
the position of A = 0. 2, parameter analyses are
conducted based on the model with initial geomet-
ric size. The results are shown in Fig. 15. Within
the variation range of geometric parameters, the
minimum driving force increases obviously as the
shell height & and shell thickness ¢ are increasing;
while it decreases gradually as the structural bot-

tom surface size is expanding.
2.2 Minimum input energy

2.2.1

The minimum necessary input energy is also

Effect of loading conditions
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Minimum driving
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Minimum driving
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Minimum driving
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Fig. 15
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A uniform line load at A = 0.2
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1.2
0.8
0.4
0.0

1.0 1.5 2.0 25 3.0
t/ mm
(c) The driving driving v.s. parameter ¢
The effects of geometric parameters on the

minimum driving force

cause the surface shapes of the model at overall
snap-through moment are similar. However, as
the transition process changes from types [[ to
I,
through moment becomes different (comparing
Fig. 10(e) with Fig. 8(c¢)), which cases an obvi-

ous jump of the input energy.

the shell surface shape at overall snap-

2.2.2 Effect of geometric parameters

The influences of geometric parameters on
the minimum necessary input energy are shown in
Fig. 17. Taking a uniform line load at the position
of A=0. 2 for example, within the range of geo-
metric parameters, the minimum input energy in-
creases rapidly with the increase of the shell
height & and shell thickness ¢; while it decreases
gradually as the structural bottom surface size is

expanding.

101 A uniform line load at =02

Minimum input
energy / 10°J

a factor to consider for the optimal driving scheme
design. Fig. 16 gives the effect of loading position
on the input energy under different load methods.
The dashed connecting lines in the gaps are just
for a convenient view. The minimum input ener-
gy seems to be sensitive to the transition process:

For types | and ][, it charges very slowly be-

Minimum input
energy / 10°J

6

4

2

030 35 40 45 50 55 60 65 70 75
h/ mm

(a) The driving force v.s. parameter /

300 400 500 600 700 800

O = N Wh W

-
‘é [ ——
Eﬁ 2 -’Il‘ypei i Type 11
5} . L s s L L )
| O0 01 02 03 04 05 06 07
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—_ 1 ’ ———
é 4. 11 ::
=~ N 1 1 Typelll
;g:,; 2 ']iypei i Type 11 . P
o 1 1 L L 1 1 1
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Loading position A
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Fig. 16 The effect of loading position on the minimum

input energy under different loads

b/ mm

(b) The driving force v.s. parameter b

S W o 0

Minimum input
energy / 10°J

1.0 1.5 2.0 2.5 3.0

t/ mm

(c) The driving force v.s. parameter ¢

Fig. 17 The effects of geometric parameters on the

minimum input energy
2.3 Maximum structural strain

2.3.1

Analyses on the maximum strain level of the

Effect of the loading conditions

model during its transition process would help to
design the material and structural of the mor-
phing surface. For different transition process

types, the surface shapes of the model are differ-
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ent, which affects the strain distribution. In our
work, the principal logarithmic strain (including
tension and compression states) is used as an in-
dex.

During the transition processes, the maxi-
mum principal strain appears around the overall
snap-through moment, and its distribution on the
shell surface is shown in Fig. 18. For transition
processes "type [I" (taking the uniform line load
at A=0. 2 for example), the maximum tension
strain lies on the raised crest near the shell edge
(Fig. 18 (a)).

strain lies

And the maximum compression

around the loading position,
(Fig. 18(b)). For transition processes "type [I”
(taking the multi-point load of 60° interval at A=
0. 6 for example)., the maximum tension strain
lies on the raised crest along the symmetric axis
(Fig. 18 (¢)) and the maximum compression
strain lies around the loading position (Fig. 18

(d).

(b) Max compression strain
of type II

(a) Max tension strain
of type II

(c) Max tension strain
of type Il

(d) Max compression strain
of type 1I

Fig. 18  The distribution of the maximum principal

strain around snap-through moment

Fig. 19 shows the maximum tension (com-
pression) principal strain varying with the loading
position under different transition process types.
The dashed lines are just for a convenient view to
connect different transition processes. For types
I and ]I, the maximum tension strain varies
very slowly around a level of 9 000 pe, and the
maximum compression strain decreases gradually
as A is increasing. When the transition process
changes from type [l to [lI, the shape of the
model around overall snap-through moment be-

comes different, which leads to a different strain

distribution and a large increment of the maxi-
mum compression loading position where the

transition process is type [[[.

w
3
% 207 — Tension state
': 1.5 —— Compression state
§ L0} e e
2 05{Type T —
g Type Il

00— - - - . - ;
£ 700 01 02 03 04 05 06 07
§ Loading position 1

(a) Uniform line load

E
< 2.0 —— Tension state
— 1.5} —— Compression state
£ 10 m_\_ﬁ“‘#
& Type
; 0.5 I Type 11 Type III
2 0.0 . . . ] . . )
g 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
=
§ Loading position A

(b) Multi-point load of 60° interval

Fig. 19 The effects of loading position on the maximum
principal strain

In addition, for the uniform multi-point
load, the effect of the number of loading acting
points on the maximum principal strain is shown
in Fig. 20. The loading position is chosen at A =
0. 05 for example. As the number of loading act-
ing points is increasing, the maximum tension
strain changes little because where it appears is
insensitive to the loading condition. However,
for the maximum compression strain locating a-
round the loading position, adding more loading

acting points would help reduce the level of strain

concentration.

8 .
k) 20 ulti-point load at A = 0.05 Tension state

— L5 —— Compression state
s~

g 10

E 05

=

X 0.0 - , ’ . . '

s 0 2 4 6 8 10 12

Number of loading acting points
Fig. 20

The maximum principal strain under multi-

point load of different loading acting points

2.3.2 Effect of geometric parameters
The magnitude of the maximum strain and
its variation law versus the geometric parameters

would help the material selection to meet the ex-
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pected structural deformation. Taking the uni-
form line load at A=0. 2 for example, (parameter
analyses are conducted to the model with initial
geometric values and the maximum strain level
(tension state) is shown in Fig. 21.) In the varia-

tion range of parameters, the maximum strain is

approximately linear to parameters h and b.

w
3
= 2.01 A uniform line load at 1 =10.2
g 15
g 1.0

0.5
=
5 0.0L : : : : : : : : ]
p 30 35 40 45 50 55 60 65 70 75

h/ mm
© (a) The maximum strain v.s. parameter /
3
= 12
~ 09
g
g 0.6
g 0.3
g , . . . . .
=00
5 300 400 500 600 700 800
= b/ mm
(b) The maximum strain v.s. parameter b
Fig. 21  The effects of geometric parameters on the

maximum principal strain

For the morphing surface design., the change
of the bottom surface size off the initial value is
small, while an enough delta air flux (mainly de-
termined by parameter h) is expected, hence the
limit elastic strain of the selected material should

better be over 10 000 pe.

3 Effects of Elastic Contraints on
Bistable Behaviors

The boundary constraint of the morphing
surface has an important impact on its bistable
behaviors. A single-row bolt is tentatively used to
connect the morphing and non-adjustable sur-
faces, which is simulated as hinge supporting
constraint in the above study as engineering sim-
plification. Actually, the boundary could provide
a certain rotational stiffness, so the effects of an
elastic constraint need to be considered for integ-
rity.

At the boundary of the hinge supporting

model, rotational spring elements are added to

simulate the elastic constraint. The boundary
condition could be considered as a hinge support
as the rotational stiffness 8 is very small, while a
clamped support as the rotational stiffness is very
large.

For the benchmark model with different
boundary constraints subject to the central con-
centrated load, Fig. 22 illustrates how the driving
force varies with the deflection stroke (the red
dashed part represents the unstable snap-through
process). As the elastic constraint is approaching
to a clamped boundary, the unstable process dur-
ing the deflection stroke disappears, and the

model does no longer hold bistability.

Hinge support Central concentrated load

B=1X10° (N » mm)/rad
S=1X10" (N * mm)/rad
Clamped support

0.5
Structural deflection w,/ h,

Fig. 22 Force versus the deflection stroke for different

boundary constraints

Fig. 23 further shows the effect of boundary
rotational stiffness on the minimum driving force
and structural bistability between the hinge and
clamped support. For the benchmark model,
there exists a critical rotational stiffness (B) of
about 1.1 X107°(N *» mm) /rad beneath which the
model would still owe bistability, and the mini-

mum driving force has a visible change (increas-

Without

With bistability bistability

k=
2
=
Q
o
=
L
S
)
g
=~
>
=]
=
3
o
g
=
=
g

2 3 4

log(8)/ (N * mm * rad )
Fig. 23  The effect of rotational stiffness on the mini-

mum driving force and structural bistability
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ing by about 7%) with the rotational stiffness of
the range approximately from 1.0 X107 * to 1. 1 X
107°(N « mm)/rad. In addition, unlike the case
of hinge support boundary, an elastic boundary
would make the second stable configuration of the
model no longer approximately symmetric with
the initial configuration, and there would be more
residual strain energy in the second stable config-

uration.

4 Conclusions

Focusing on the inlet-engine problem of a
non-adjustable bump inlet, a plan of using a mor-
phing bump surface to locally adjust the inlet
throat area is proposed. The morphing surface is
modeled as shallow thin shell of elliptical plan-
form and its mechanical behaviors are analyzed in
detail for further structural and driving design of
the inlet. The major conclusions are drawn as fol-
lows:

(1) The morphing bump surface has two sta-
ble configurations under the conditions that the
boundary constraint is hinged or weak clamped
and the geometric parameter ratio h/t exceeds a
certain critical value. The two stable configura-
tions can be shifted to achieve better inlet-engine
match performance in both high and low fight
speeds.

(2) During the transition process of the two
stable configurations, different loading position
can lead the morphing bump surface to different
snap types consisting of local and overall snaps.,
which directly affects the shape control of the
morphing bump inlet.

(3) Driving force, input energy and structur-
al strain are the key factors to be considered in
morphing bump inlet design. Simulation results
have provided a suitable loading position range for
small driving force and input energy, as well as
the material strain range for the structural de-

formation requirement.
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