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Abstract: It is widely acknowledged that the performance of a piezoelectric stack would decline with the temperature
decreasing, which will exert negative influence on its application in low-temperature environment. Therefore, a
convenient and efficient warming structure for the piezoelectric stack is proposed in this paper to solve this problem.
Based on the theoretical analysis of heat transfer, two heating modes, namely, overall heating and local heating are
analyzed and compared. Moreover, experimental tests are conducted to evaluate the effectiveness of the structure.
Based on the results, it can be concluded that the theoretical results are confirmed with experimental results. Besides,
the temperature and performance of the piezoelectric stack are kept stable as temperature varies from 10 C to —70 C,
which manifests the feasibility of the structure. Therefore, this paper could be an available reference for those engaged

in cryogenic investigation of smart materials and structures.
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0 Introduction

Piezoelectric stack actuators have superior elec-

tromechanical coupling characteristics, fast re-

sponse and large output force "

, and thus they are
widely employed in precise actuation, micro-posi-
tioning systems, active vibration control of the
sting used in wind tunnel, vibration isolation sys-
tem of helicopter and non-destructive evaluation,

[59]

etc””. In recent years, piezoelectric stacks have

been extensively used in extreme environments
such as high temperature, vacuum and radiation, of
which cryogenic temperature applications are the

[10

most exemplified cases'*’. For example, the piezo-

electric stack is put to use for the purpose of active
vibration control of the cantilever sting in the cryo-

1{ 11-13]

genic wind tunne , where the ambient tempera-

ture would drop to —150 °C. It is worth mentioning
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that the temperature drop will directly affect the
properties, output characteristics and driving load
capability of a piezoelectric stack, resulting in the
This phe-

nomenon results from piezoelectric ceramic material

degradation of working efficiency '

composition, dopants, grain size and internal de-
fects, and is dependent on the change of tempera-
ture'"”’. Hence, as for applications in low tempera-
ture environment, feasible warm-maintaining mea-
sures are required to keep the temperature at room
temperature to ensure the working performance of
the stack. On the other hand, piezoelectric stacks
generate heat after running for a long time under
high frequencies

or high electric field magni-

tudes '

. Up to now, the majority of the current re-
search lays emphasis on the design and testing of
the heat dissipation structures for the piezoelectric

transformers, but the heating and insulation struc-
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tures for the piezoelectric stacks have been rarely
studied. Rivers et al. conducted a preliminary study
in the cryogenic wind tunnel, but the internal heat-
ing of the piezoelectric device turned out to be un-
successful, and thus they designed and applied a
new heating system for the recent low temperature
tests. Their results indicated that the damper piezo-
electric elements were kept at room temperature
when the out temperature was — 150 “C'""). Howev-
er, there is a lack of details or working principles
about the heating system. For the purpose of ensur-
ing the normal performance of the piezoelectric
stack in cryogenic environment, it is highly signifi-
cant and necessary to keep the piezoelectric stack
working at appropriate temperature.

In this paper, a simple and effective insulation
structure is presented on the basis of theoretical anal-
ysis and experiments. In accordance with the theo-
retical analysis of the axial heat conduction of the
piezoelectric stack, the temperature distributions of
the stack in the axial direction under two different
heating modes-overall heating and local heating are
compared. Furthermore, experimental tests are car-
ried out under local heating conditions to evaluate

the thermal insulation effect of the structure.

1 Structural Design and Theoreti-

cal Analysis

1.1 Structural design

According to previous study, it can only be
heated and insulated in the radial direction of the
piezoelectric stack for the reason that the two ends
of the stack are directly installed to the mechanical
structure to transfer the force. The schematic of the
heating and insulation structure is shown in Fig. 1.
As can be seen, the heating film is attached to the
outer surface of the piezoelectric stack with the pack-
aging housing, and then the outside of the heating
film 1s wrapped with the heat insulation materials.
Moreover, the entire structure is installed in the me-
chanical structure, which is exposed to cryogenic en-

vironment.

Heating film

Piezoelectric stack
Packaging housing

Thermal insulation material

RGN

Mechanical structure

Fig.1 Schematic diagram of the heating and insulation

structure

1.2 Theoretical analysis

Energy generated by the heating film leads to a
rise in the temperature of the stack, and since the in-
sulating effect merely exists in the radial direction,
energy 1s mainly transferred in the axial direction.
According to the heat transfer theory, when a
steady state is reached, the heat generated per unit
time is equal to the heat dissipated by external heat
conduction, which means the generated heat and re-
leased heat reach a thermal equilibrium. That is to
say, if the temperature of the piezoelectric stack can
be stably maintained at normal temperature, the
structure can be regarded as effective.

1.2.1 Overall heating theoretical analysis

The outer surface of the piezoelectric stack
with the packaging housing is integrally attached
with a heating film, which belongs to the overall
heating theoretical model. For the convenience of
analysis, the layer of insulating material is regard-
ed as an adiabatic boundary, and thus all the ener-
gy generated is transferred to the package hous-
ing as well as the piezoelectric stack in turn. Sub-
sequently, the heat is transferred along the axial
direction of the stack. The hemispherical top of
the packaging housing is linked to the mechanical
structure by means of point contact. Hence, the
top 1s considered to be an adiabatic boundary as
well, indicating that the entire energy can only be
transferred to the external environment by way of
the bottom of the stack. The schematic diagram
of the overall heating conduction model is shown
in Fig.2.

In accordance with heat conduction theory, rel-
evant studies of geometric effects, material proper-

ties as well as boundary conditions, the two- or
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Fig.2 Whole heating thermal conductivity model

three-dimensional heat conduction model can be rea-
sonably simplified into a one-dimensional heat con-

duction model™”

. A piezoelectric stack with a pack-
aging housing can be deemed as a cylindrical mem~-
ber, and consequently the thermal conduction in the
radial direction is the steady-state heat conduction of
the composite cylinder, while that in the axial direc-
tion is the steady-state heat conduction of the multi-
layer plate. As the consequence, in line with the

concept of thermal resistance, the thermal resistanc-

es of the piezoelectric stack in the radial (x direc-

tion) R, and the axial (y direction) R,*" can be cal-
culated and compared. To be specific, the radial
thermal resistance can be calculated from », =1 mm
in the radial direction to the package housing radius

ri=7.5mm as follows

1 (In(r,/r) | In(r/r)|
Ro= g | T =50 kW)
R—-b b _oppok/w (@
Y kA, k e r

where r,,/,, A, and &, are the radius, length, cross-
sectional area and thermal conductivity of the piezo-
electric stack, respectively. k; represents the ther-
mal conductivity of the packaging housing. The val-
ues of r,,/,, A, are listed in Table 1 and the values
of k,, k; are listed in Table 2. The results show that
the radial thermal resistance is much less than the
axial thermal resistance. In addition, the boundary
condition of the piezoelectric stack is a constant heat
flux rather than convective heat transfer. Therefore,
the radial temperature gradient of the piezoelectric
stack is much smaller than the axial temperature gra-
dient, which means that the radial temperature vari-

ation can be negligible'*".

Table 1 Relevant dimension parameters of structure

Parameter Description Value
r,/ m Radius of the piezoelectric stack 6.5X10°
A,/ m’ Cross-sectional area of the piezoelectric stack 1.33X10°"
L,/ m Length of the piezoelectric stack 0.04
r/ m Radius of the packaging housing 7.5X107°
A/ m’ Cross-sectional area of packaging housing 4.39X107°
li/ m Length of the packaging housing 0.047
P/m Perimeter of the packaging housing 0.047
A,/ m’ Area of the heating film 2.2 X107°
Ay, / m? Area of the bottom of the packaging housing 1.77x107"
rn/ m Radius of the mechanical structure 3.2X10°°
A,/ m’ Area of the mechanical structure 3.2X10°
[,/ m Thickness of the mechanical structure 1.6x10 ¢
Table 2 The thermophysical properties
Parameter Description Value
T,/ C External environment temperature —70
hy / (We(m®K) ") Heat transfer coefficient 60
k, / (We(m-K)™") Thermal conductivity of the piezoelectric stack 1.5
ki / (We(m-K)™) Thermal conductivity of the packaging housing 16.2
ko / We(m ) D) Thermal conductivity of the mechanical structure 10
R,/ (m*KW ) Thermal contact resistance per unit area 5.8X10°*
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Then, the simplifying assumptions can be sum-
marized as:

(1) The steady state conduction is achieved.

(2) The temperature of cross section in the axi-
al direction is uniform.

(3) All the properties of materials remain con-
stant.

The heat conduction in the axial direction of
the piezoelectric stack can be simplified to a one-di-
mensional heat conduction, and the thickness of the
packaging housing is sufficiently small (1 mm) so
that the temperatures of the packaging housing and
the piezoelectric stack remain unchanged in the
same cross section. Therefore, the packaging hous-
ing (in the black dotted rectangle in Fig.2) as the
analysis object, the micro-element of length dy is
adopted as the control volume. As shown in Fig.3,

the energy balance equation is

T b %i
dp.— T . T
AV

L,

Fig.3 Schematic drawing of the energy balance

¢.\r + d¢r - ¢y+dy (3)
where ¢, and ¢, . 4, are the heat transfer that enters
into and dissipates from the control volume, respec-
tively; d¢. represents the constant heat transfer at
the boundary of the control volume. According to

[22]

the Fourier’s law'* , the corresponding compo-

nents can be expressed as

_ A 4T
¢, = —hkiA; 0 (4)
dg,
¢y+dy - ¢y + dl;}dy (5)
d¢. = q-dA, (6)

where T is the temperature, ¢ the heat flux, A, and

A the area of the heating film and the cross-section-
al area of packaging housing, respectively. Substi-
tuting Egs. (4)—(6) into Eq.(3), the energy bal-
ance equation can be written as
2

/efA[‘iyf +q d;;l‘ =0 (7)
The perimeter of the heating film is P, then
dA, = Pdy, thus Eq.(7) can be further simplified as
T qP

dy? kiAy

Considering the constant n=gP / kA, Eq.(8)

0 (8)

can be written as
d*T
dy”
The two boundary conditions are
y:O,T:Tb;y:ZP,dT/dy:O (10)

+n=0 9)

where T, is the temperature at the bottom of the
piezoelectric stack.

According to the above derivation, the temper-
ature distribution function of piezoelectric stack in
the axial direction can be solved from Eqs.(9)
and (10).

n o,
T(y):*?y“Jrnlper T, (11)
The heat flux ¢ 1s determined based on its con-
cept

Q. Q_ Q
4 Ah P'Z( 27['7’['[{

(12)

where /; is the length of the packaging housing, Q
the heat generated by the heating film, and thus the
constant n can be solved. Besides, the only un-
known parameter in the temperature distribution
function (Eq.(11)) is the temperature value T}.

Since the bottom of packaging housing with
small size is also covered by the heating film, it can
be claimed that the bottom temperature of the pack-
aging housing is equal to the bottom of the piezoelec-
tric stack 7). As shown in Fig.4, the heat is trans-
ferred to external environment through the mechani-
cal structure.

Here, T, is the temperature of external envi-
ronment with heat transfer coefficient A,. T,, 1s the
temperature at the top of the mechanical structure,
which is lower than T, because of the thermal con-

tact resistance between the two different structures.
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Fig.4 Schematic diagram of heat conduction of the struc-

ture bottom

Based on the concept of the thermal contact re-

sistance per unit area R, >’

, the heat conduction for-
mula through the thermal contact resistance is ob-

tained as

Q—a, 1 tn ;C KL A . ;p Lo )
where Ay, is the area of the bottom packaging hous-
ing. The heat conduction formula through the me-
chanical structure is obtained as follows, which is re-
garded as the one-dimensional steady-state conduc-

tion through the plane wall.

T.— T , Tuw— T
Q=A, T =mreT— (14
R o

where A.,,, 7., k., and /, are the area, radius, ther-
mal conductivity and thickness of the mechanical
structure, respectively. Then the temperature value
T, can be calculated in a combination of Egs.(13)
and (14).

7= Y TRE)Q QR,'; +T, (15

2
hokaW’m Ty

Parameters mentioned above are listed in Ta-
ble 1.

The packaging housing is made of stainless
steel, so the thermal contact resistance per unit area
R. can be calculated according to the empirical val-
ue between stainless steel at normal pressure and

2] The mechanical is made of

surface roughness'
Invar with low thermal expansion to accommodate
cryogenic temperature. The thermal conductivity of
the piezoelectric stack %, can be obtained from the
company’s product manual. The low temperature
test chamber used for testing whose available low-

est temperature T, is 70 °C. That is to say, under

that circumstance the convective heat transfer is
forced convection, and the heat transfer coefficient
h, can be determined according to the empirical val-
ue'®. Relevant thermophysical properties men-
tioned above are listed in Table 2.

When the thermal power of heating film Q is
2.7 W, the bottom temperature of the stack T, =
—45.8°C, which can be obtained on the basis of
Eq.(15), then the axial temperature distribution of
piezoelectric stack can be obtained by substituting

the bottom temperature T\, into Eq.(11), as shown

in Fig.5.
20
10}
0_
1
o -10L
g
2 9
8 ol
g
H
-30}
_40.
-50 L L A . . . .
0 5 10 15 20 25 30 35 40

Axial location / mm
Fig.5 Temperature distribution of piezoelectric stack in the

axial direction under whole heating condition

It can be inferred that the axial temperature gra-
dient is quite large under overall heating condition,
with the maximum temperature difference of 61 °C,
which may be harmful to itself.

(1) Different degrees of thermal expansion and
change of the preloading force will be triggered due
to the large temperature gradient which will further
impose great impact on its driving capability ulti-
mately.

(2) The gradient distribution of the piezoelec-
tric constant will be present in the axial direction,
which is influential to the driving capability as well.
1.2.2 Local heating theoretical analysis

Since the heat loss mainly comes from the bot-
tom of the piezoelectric stack, for the purpose of re-
ducing the temperature gradient, it is considered to
adopt a local heating method, which means that the

heating film covers only the bottom of the piezoelec-



718 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 37

tric stack. The length of the heating film is H, and
the length of the heating film covering area is H,.

Similarly, based on the above three simplifying
assumptions, it is assumed that the temperatures of
the package housing and the piezoelectric stack are
equal in the same cross section. The packaged hous-
ing cover by the heating film (in the black dotted
rectangle) is selected as the analysis object.

The piezoelectric stack is divided into a heating
section (0<{y<CH,) and an unheated section (H,<<
y<</,) as shown in Fig.6.

Hemisphere T,
head — —}—Mechanical
I structure
Piezoelectrid|
stack —|
/Packaging
T,y =H) 1— housing
~
Heating \\
film™— Thermal
Heat Heat insulation
material

Low
temperature T,
environment Mechanical
structure

L.

Fig.6 Local heating thermal conductivity model

The heat conduction equation is the same as
Eq.(9), but the boundary conditions in the heating
section are different.

d*T
dy”
y=0,T=Tyy=H, T=T, (17)

+n=0 (16)

Then the temperature distribution function of
piezoelectric stack in the axial direction can be
solved from Eqs.(16) and (17).

ny* T, — T nH
T(y)_—g—l—( S AR Zp)y+ir.,
p

0<y<H, (18)
The heat flux ¢ can be determined as
Q Q Q (19)

A, PH  2nreH

When H, <<y<</,, the energy balance equa-
tion is as follows

¢y =¢,+a (20)

By substituting Eqgs.(4) and (5) into the ener-

gy balance Eq.(20) , the heat conduction equation

in the unheated section can be obtained as

d’T
0’ =0 (21)
The boundary conditions are
dT
y:Hp,T:TH;y:ZP,d—y:O (22)

The temperature distribution function in the ax-
ial direction can be solved from Eqs.(21) and (22).
T(y)=TuH,<<y</|, (23)
Eq.(23) shows that temperature distribution is
uniform in the unheated section, and the tempera-
ture value 1s equal to the temperature of Ty. There-
fore, the temperature distribution function can be
solved by the calculation of Ty and T5,.
According to the Fourier’s law, the heat of the

heating section can be obtained from Eq.(18).

dT
Q)= kA, =
- o T]_[in HI_Ip
/epA,,( ny + i, + 2) (24)

When y=H, , the heat is

nH Ty — T,
Q(H,))——*k,A (— L4
p p4ip 2 Hp

) (25)

Since the temperature in the unheated section
is uniform, namely the temperature gradient and the

heat input in this section are zero, Eq.(25) can be

set to 0.
- ~ nH, Tu—T,|
lepAp( 5 + i, )O (26)
J— 1 2
T“—E(HanrZTb) (27)

The whole generated heat is transferred to the
external environment through the bottom of the
stack due to the fact that the heat input in unheated
section is zero, so the temperature value T, can be
calculated by Eq.(15) as well. In consequence, the
axial temperature distribution of the stack under lo-
cal heating condition can be acquired by substituting
the temperature value T, and T, into Egs. (18)
and (23).

It is further necessary to determine the power
and size of the heating film so that the piezoelectric
stack can satisfy the following requirements: (1) Its

temperature is higher than 0 ‘C; (2) the axial tem-
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perature gradient is small.

With regard to the size of the heating film, the
width is determined by the perimeter of the piezo-
electric stack. According to the result of the whole
heating theoretical model, it can be inferred that un-
der the constant heating power, the smaller the
length of the heating film is, the smaller the stack
temperature gradient is. Through the investigation,
the length of the heating film H is 10 mm, which is
the minimum size of heating film available in the
market, and the thickness of the bottom packaging
housing i1s measured as 4 mm, so the length of the
heating section H, is 6 mm.

Regarding the power of the heating film, for the
reason that the bottom temperature of piezoelectric
stack descends to its lowest point on the basis of the
calculated results, the whole temperature of the stack
should be higher than 0 °C provided that the bottom
temperature is higher than 0 °C. Taking the tempera-
ture value at the height of 1 mm, the poweris 7.2 W ,
which can ensure that the bottom temperature is not
lower than 0 °C by setting the T(0.001) =0 °C. The
heating power is set to Q=7.3 W in practice.

According to the two temperature distribution
Egs. (18) and (23), the temperature gradient only
exists in the heating section, and the temperature
difference between two ends of the heating section is
the maximum. Therefore, by calculating tempera-
tures at the height of 1 mm and 6 mm, we can ac-
quire the minimum temperature difference (AT, =
12.8°C) when the heating power is the minimum
value (Q=7.3 W). In conclusion, when the heating
power Q and the length H of heating film are 7.3 W
and 10 mm respectively, a minimum temperature
gradient of the piezoelectric stack can be attained,
which is satisfying. The axial temperature distribu-
tion of piezoelectric stack is shown in Fig.7.

Comparing two heating modes, as shown in
Fig.8 and Table 3, it can be conclude that, after
adopting the local heating mode, the maximum tem-
perature difference of the stack can be reduced by
80%, and the two requirements mentioned above

can be achieved.

15
O 10f
5
2
2
g
2 5t
0 . . . A A . .
0 5 10 15 20 25 30 35 40

Axial location / mm
Fig.7 Temperature distribution of piezoelectric stack in the

axial direction under local heating condition
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Fig.8 Comparison of the axial temperature distribution of

piezoelectric stack under two heating conditions

Table 3 Comparison of two heating modes C
Overall Local
Temperature ) )
heating  heating
The maximum temperature 18.7 13.0
The minimum temperature —42.6 0.9
The maximum temperature difference 61.3 12.1

2 Experiments

2.1 Experimental setup

For the sake of verifying the effectiveness of
the heating and insulation structure, it is part and
parcel to measure the temperature as well as the
properties of the piezoelectric stack. To be exact,
the electromechanical properties of the piezoelectric
stack are described by three sets of matrix coeffi-

cient values describing the piezoelectric, dielectric
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and elastic properties of the stack'”'. A piezoelectric
stack produced by Harbin Core Tomorrow Science
and Technology Co., Ltd, is put to use in this ex-
periment, which is a conventional piezoelectric
stack with a packaging housing (PSt 150/10X 10/
20), as shown in Fig.9.

Fig.9 Conventional piezoelectric stack used in the experi-

ment

In addition, an impedance analyzer (ZX80A-
5M) manufactured by Changzhou Zhixin Precision
Electronics Co., Ltd, a low-temperature test cham-
ber (HRHO0270type) and a temperature sensor
(WZP) are adopted. The conventional piezoelectric
stack pasted by a heating film (HXDR-PI) at the

Impedance
analyzer

D C power
supplier

Thermal insulation
material

Top temperature

bottom is installed inside of the mechanical struc-
ture. In detail, the rated power of the heating film
which is made of polyimide is 10 W, and the resis-
tance is 30 Q. What’ s more, two thermocouple
probes, which are connected by two digital multi-
meters (LINI-T UT71C and FLUKE 17B) , are
installed at the top and bottom of the packaging
housing respectively to measure the temperature at
both ends, as shown in Fig.10. Then the stack,
wrapped by a layer of thermal insulation material as
described before, is connected to the impedance an-
alyzer. Furthermore, the mechanical structure is
pasted with a temperature sensor to measure its sur-
face temperature. All data cables connect the inter-
nal measured stack with the external instruments
through the hole at the side of the test chamber.

Fig.11 displays the experimental arrangements in

Top
temperature
test point

Piezoelectric
stack

Heating film

Bottom Data cable

temperature
test point

Fig.10 Diagram of piezoelectric stack temperature test

Bottom
temperature sensor

(c) Photograph inside heating and insulation structure

Fig.11 Display of the experimental devices
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detail.

For further research, it is significant to com-
pare the experimental results with and without the
warming structure, while the used conventional
piezoelectric stack will sustain a damage when it is
directly exposed to cryogenic environment. There-
fore, another low-temperature-resistant piezoelec-
tric stack without a packaging housing (Harbin Core
Tomorrow Science and Technology Co., Ltd. PSt
150/20) which can be exposed to low temperature
is employed in the experiment without the warming

structure, as shown in Fig.12.

Conventional
resistant piezoelectric  piezoelectric stack
stack

Low-temperature-

Fig.12 Two kinds of piezoelectric stacks

Additionally, the materials of the two stacks
are exactly the same so that the properties including
piezoelectric constant, elastic compliance, relative
dielectric constant and electromechanical coupling
coefficient could be compared, which can guarantee
the validity of the comparison of the results.

As described before, the low-temperature-re-
sistant piezoelectric stack is put in the low-tempera-
ture test chamber, and then the impedance analyz-
er and the temperature sensor are utilized to test its
properties and surface temperature separately. The
piezoelectric stack is connected to the impedance
by the cable which is packaged with the thermal in-
sulation material to protect it from the low tempera-
ture. The experimental facilities are shown in

Fig.13.

1\\ Temperature display

(a) External overall layout of the experiment

Cablerof the
impedance analyzer \

¥ Temperature
® \ sensor

=Y

Thermal
insulation material

Piezoelectric stack

(b) Setup inside the test chamber

Fig.13 Experimental setup without the warming structure

2.2 Experimental results and discussion

2.2.1 Temperature testing results

In the experiment, four different temperatures
are measured varying with time, including the bot-
tom and top temperatures of the conventional piezo-
electric stack, the surface temperature of the me-
chanical structure as well as the ambient tempera-
ture. Specifically, the ambient temperature inside
the chamber could be reduced from 20 C to —70 °C
by control and then maintained at —70 °C for 1 h in
order to reach the steady-state conduction. The heat-
ing film generates the heat increasing gradually as
the ambient temperature declines by adjusting the
of the supply
(IT6302) , in order to keep stack’s temperature as

excitation voltage DC power
steady as possible. As for the heating power of the
heating film, it is maintained at 7.3 W eventually in
line with the results of theoretical analysis. Each
temperature value is recorded at every two-minute
interval during the decline of ambient temperature,
as shown in Fig.14.

It can be inferred that the surface temperature
of the mechanical structure drops along with the de-

crease in the ambient temperature. Meanwhile, the
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I 0 —— Ambient temperature

= —— Surface temperature of the

i mechanical structure

g 20}l Bottom temperture of the stack
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Fig.14 Comparison of the four different temperatures varia-

tion with time

top and bottom temperatures of the piezoelectric
stack, however, are almost stable. The bottom

temperature drops a little due to more heat loss at

the bottom but it is still above 0 °C, which proves
that the temperature of piezoelectric stack can re-
main normal under low temperature environment.
Besides, it i1s clear from Fig.14 that the tempera-
ture of the piezoelectric stack could still be main-
tained normal for a long time after that the ambient
temperature has dropped to —70 °C, which could
reflect the thermal stability of the warming struc-
ture.

The comparison between the theoretical and
experimental results of the top and bottom tempera-
tures of piezoelectric stacks, as shown in Table 4,
indicates that as far as the temperature at both ends
of the stack is concerned, the theoretical results are
consistent with the experimental ones with a maxi-

mum temperature difference of 3.4 °C.

Table 4 Comparison between the theoretical and experimental results C

Difference between theoretical

Temperature Theoretical results Experimental results .
and experimental results
Top temperature 13.0 16.0 3
Bottom temperature 0.9 4.3 3.4
In consequence, the consistency between the equations'**’,
measurement results and theoretical results has veri- - 1 (28)
S33 — P B
fied the correctness of the theoretical analysis. doof +(t,m
2.2.2 Properties measurement C'e,
€33 A (29)
The elastic, dielectric, and piezoelectric coeffi- b
. . . . . 2 - -y
cients of piezoelectric ceramics are determined by Ky E-élan (Tf_fa fr) (30)
. 2
the resonance method, outlined in the IEEE Stan- 1= Ka 2 /) z2 /)

dard 176" which is able to determine the material
properties of piezoelectric stack as well®. The
range of testing frequency, including the fundamen-
tal resonance frequency f; and anti-resonant frequen-
cy f. of the stack, is 10—26 kHz. With the change
of the ambient temperature at which the resonance
measurement is taken, the properties of the piezo-

electric stack are calculated through the following

dyy = Ko\ e35055 (31)
where s%, is the elastic compliance, ej; the relative di-
electric constant, K,; the electromechanical cou-
pling coefficient, and d;; the piezoelectric constant.
The other relevant parameters are listed in Table 5.
The temperature dependence of the properties can
be determined through experiments and the results

are as demonstrated in Figs.(15—18).

Table 5 Parameters of piezoelectric stacks

Values of the conventional Values of the low-temperature-resis-

Parameter Description ) ) ) )
piezoelectric stack tant piezoelectric stack
n Layer number 400 180
£,/ pm Thickness 1.0x107*
o/ (kgem ?) Density 8333
A,/ m* Cross-sectional area 1.33X10* 1.00X10*
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It can be observed that when the piezoelectric
stack 1s installed with the warming structure, the
properties are almost invariable and not affected by
the ambient temperature drop, which verifies the
feasibility of the heating and insulation structure
within the range from normal temperature to
—70°C. Relatively speaking, the properties all de-
crease 40% approximately as the ambient tempera-
ture declines when the piezoelectric stack is directly
exposed to low temperature environment, which
has been mutually verified with Ref.[27]. Accord-
ing to the local heating thermal conductivity model,
the size and heating power of a heating film can be
estimated and chosen on account of such factors as
the ambient temperature, heat transfer coefficient as
well as the required temperature of the piezoelectric
stack, etc. Consequently, this heating and insula-
tion method could be universally adapted and is also
applicable for other ambient temperature condi-
tions, so long as some essential adjustments of de-
sign are made. On the aforementioned basis, it is
imperative to continue developing a warming struc-
ture that is applicable in lower temperature environ-
ment using a chamber cooled by liquid nitrogen in re-

cent future.

3 Conclusions

A warming structure for the piezoelectric stack

applied in low temperature has been successfully de-
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signed in this paper. Thermal conductivity models
under two different heating modes are analyzed and
validated by testing as well. In addition, heating and
insulation experiments have been conducted to mea-
sure the variation of the temperature and the proper-
ties of piezoelectric stack with ambient temperature
drop and the experiment without the warming struc-
ture performed for comparative purposes. In conclu-
sion, the results reveal that the theoretical analysis
are consistent with the experimental results closely.
Furthermore, the properties are kept stable for a
long period of time as temperature varying from nor-
mal temperature to —70 °‘C, which confirms the ef-
fectiveness and reliability of the structure. Conse-
quently, the design philosophy has highly significant
reference under different temperatures. In short,
this structure can be popularized and widely imple-

mented in lower temperature environments.
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